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1.  INTRODUCTION

Habitat use information for juvenile stages of
large, migratory shark species is generally sparse
(Dahlgren et al. 2006, Heithaus, 2007, Heupel et al.

2007). In general, sharks play a vital role in marine
ecosystems (Dulvy et al. 2014), and while coastal
nursery grounds and juvenile aggregation areas
have been observed, further details are not well
characterized (Vélez-Marín & Márquez-Farías 2009,
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Oñate-González et al. 2017), especially for juvenile
white Carcharodon carcharias and shortfin mako
sharks Isurus oxyrinchus. Previous studies suggest
that juvenile habitat selection is driven by high food
availability and predator avoidance (Krausman
1999, Heithaus 2007). For ju venile white sharks and
shortfin mako sharks, understanding ecological
niche, habitat preference, and resource use has
direct implications for development of optimal man-
agement and conservation strategies (Bethea et al.
2009, Kinney & Simpfendorfer 2009).

Both white and shortfin mako sharks are globally
distributed and found in tropical and temperate
oceans (Compagno 2002) and are classified as Vul-
nerable based on the International Union for Conser-
vation of Nature (IUCN) ranking system (Fergusson
et al. 2009, Cailliet et al. 2009). Mexican regulations
prohibit fisheries from targeting white sharks (Mex-
ico 2007) but allow commercial catch of shortfin
mako sharks. Some artisanal fisheries directly tar-
get juvenile shortfin mako sharks but capture juve -
nile white sharks as by-catch (Cartamil et al. 2011,
Castillo-Géniz et al. 2016, Oñate-González et al.
2017). The long lifespans and low fecundity rates of
both species (Castro 1993, Compagno 2002) mean
that juvenile survival rates strongly influence popu-
lation growth rates (Castro 1993, Simpfendorfer &
Heupel 2004).

Adult white and shortfin mako sharks largely uti-
lize different marine habitats. Adult white sharks
aggregate near pinniped colonies in California
(Klim ley et al. 2001, Le Boeuf 2004, Weng et al.
2007), Australia (Bruce 1992), South Africa (Martin
et al. 2005), and Mexico (Hoyos-Padilla et al. 2016),
while seasonally making long-distance, offshore
migrations (Boustany et al. 2002, Bonfil et al. 2005).
Adult shortfin mako sharks are primarily oceanic
and epipelagic in the Pacific Ocean (Holts &
Bedford 1993, Abascal et al. 2011, Sippel et al.
2004). However, there is evidence of high habitat
overlap for juvenile nursery areas of these 2 species.
Tagging studies in the eastern Pacific Ocean sug-
gest that young-of-the-year (YOY) and juveniles of
both species are distributed close to shore, utilizing
surface waters off the California and Baja California
coast (Holts & Bedford 1993, Dewar et al. 2004,
Weng et al. 2007, 2012, Lowe et al. 2012, Medina-
Trujillo 2013). Previous studies document overlap-
ping nursery areas for young sharks of different
 species and underscore the importance of these
sites as essential habitats for shark development
and population growth (Kinney & Simpfendorfer
2009). Nursery or juvenile aggregation areas require

a confluence of biological and physical attributes,
such as highly productive coastal regions with shal-
low waters (<50−100 m) that offer high food avail-
ability and protection (Dahlgren et al. 2006, Heit -
haus 2007). Researchers hypothesize that YOY and
juvenile white and shortfin mako sharks share com-
mon prey resource and metabolic needs (Ezcurra et
al. 2012, Semmens et al. 2013) that could contribute
to co-occurring nursery areas. However, the hypoth-
esis of spatial and resource overlap among YOY and
juvenile white and shortfin mako sharks lacks quan-
titative evidence.

A proposed aggregation area for YOY and juvenile
white and shortfin mako sharks, based on relatively
high artisanal fisheries catch of both species, is
Sebastian Vizcaino Bay (SVB) in northern Baja Cali-
fornia Sur, Mexico (Cartamil et al. 2011, Santana-
Morales et al. 2012, Medina-Trujillo 2013, Oñate-
González et al. 2017, Conventional Tagging program
of INAPESCA unpubl. data). This bay is an area
of high productivity due to its coastal topography,
winds, strong upwelling, and consequently high
chlorophyll concentrations. The confluence of cur-
rents with the flow of the California Current (CC)
and the bathymetric configuration of the bay create a
restricted, productive region with an anti-cyclonic
gyre present in its central area (Amador-Buenrostro
et al. 1995, Hernández-Rivas et al. 2000). These con-
ditions support a productive ecosystem (Hernández-
Rivas et al. 2000, Martínez-Fuentes et al. 2016),
which is intensively harvested by an artisanal fishery
that targets bony fishes, elasmobranchs (sharks and
rays), lobsters, and mollusks (Hernández-Rivas et al.
2000, Cartamil et al. 2011, Ramírez-Amaro et al.
2013). This fishery captures juvenile mako and white
sharks, but the residency and resource use of these
species in SVB and surrounding areas is unknown.

Diet characterization and trophic level are tradi-
tional components used to describe shark resource
use. Traditionally, shark diet characterization was
based on stomach content analysis (SCA), which pro-
vides a snapshot of a shark’s diet over the timescale
of one or several days (Shiffman et al. 2012). These
studies suggest that young white and shortfin mako
sharks feed primarily on fish, squid, and small
 elasmobranchs, then may expand their diet to larger
prey items with growth (Dewar et al. 2004, Le
Boeuf 2004, Weng et al. 2007, Mucientes-Sandoval &
Saborido-Rey 2008, Carlisle et al. 2012, Preti et al.
2012, Lyons et al. 2015). However, SCA provides a
short snapshot of diet and requires large sample sizes
to quantify long-term feeding patterns (Wetherbee
& Cortés 2004), so ontogenetic shifts are difficult to
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assess over large spatial and temporal scales. More
recent shark diet studies use stable isotope analysis
(SIA), a technique based on natural tracers of carbon
and nitrogen isotope values (δ13C and δ15N) to track
resource flow within and across ecosystems. Individ-
uals acquire the isotopic composition of consumed
prey, which varies depending on environmental con-
ditions (i.e. productivity regimes) and trophic level
(Post 2002, Graham et al. 2010). The δ13C patterns in
marine ecosystems are largely influenced by primary
production, and in the eastern Pacific, higher δ13C
values are typically related to coastal regions (up -
welling zones), while lower δ13C values are more
 frequent in less productive, offshore regions (Niño-
Torres et al. 2006, Graham et al. 2010, Layman et al.
2012). Baseline δ15N values are dictated by different
nitrogen sources in aquatic systems (e.g. nitrate,
ammonium, N2, etc.): higher δ15N values are typical
of regions where denitrification processes recycle
nitrates (high upwelling regions), while lower δ15N
values are generated from N2-fixation processes from
cyanobacteria (oligotrophic regions) (Vanderklift &
Ponsard 2003, Graham et al. 2010). In addition to
these baseline differences, biochemical reactions
during metabolism cause fractionation in isotope
composition, causing systematic increases in δ15N
and δ13C from prey to predator, defined as trophic
enrichment factors (TEFs). Generally, trophic level
estimates use δ15N values because TEFs are gener-
ally 3 to 4‰ compared to δ13C TEFs of 0 to 1‰ (Post
2002, Martínez del Rio et al. 2009). Further quantita-
tive analyses using Bayesian statistics on stable iso-
tope data are available to describe niche width (e.g.
Newsome et al. 2007, Parnell et al. 2008, Jackson et
al. 2011) and estimate relative contribution of prey
source inputs (e.g. Moore & Semmens 2008, Parnell
et al. 2013). Overall, SIA has become a powerful tool
to compare movements and resource use among
shark species and across size classes, as isotopic dif-
ferences reflect habitats and/or trophic differences
integrated over a period of time (Peterson & Fry 1987,
Hobson 1999, Post 2002, Graham et al. 2010, Bird et
al. 2018).

This study uses SIA to characterize and compare
habitat and resource use in shortfin mako and white
sharks in the potential nursery and juvenile aggre-
gation area of SVB. We compare SIA values of both
species to evaluate resource partitioning, as has
been previously reported (Malpica-Cruz et al. 2013).
We apply Bayesian mixing models to stable isotope
data collected from both shark species and their
potential prey to assess ontogenetic changes in
habitat use.

2.  MATERIALS AND METHODS

2.1.  Study area and sample collection

Samples were collected in 2015 and 2016 from
SVB (28° 14’ 52’’ N, 114° 04’ 10’’ W to 27° 41’ 30’’ N,
114° 53’ 00’’ W), which is a semicircular bight (100 ×
200 km) with a large, shallow continental shelf
(20 km wide), with a mean depth of 25 to 30 m and a
maximum depth of 200 m near Isla Cedros (Amador-
Buenrostro et al. 1995, Hernández-Rivas et al. 2000)
(Fig. 1). SVB is a biological hotspot with high primary
productivity, high chlorophyll a concentrations, an
anticyclonic gyre in the center of the bay, and a large
phytoplankton community, mainly formed of cyano-
bacteria (Amador-Buenrostro et al. 1995, Palacios-
Hernández et al. 1996, Hernández-Rivas et al. 2000).

Shark samples were provided by longline or gill-
net artisanal fisheries, which operate mainly in the
central part of the bay and close to Isla Cedros
(28° 10’ 58’’ N, 115° 13’ 04’’ W; Fig. 1). All sharks were
landed at fishing camps at Laguna Manuela (28°
14’ 52’’ N, 114° 04’ 10’ W) and Bahía Tortugas (27° 41’
30’’ N, 114° 53’ 00’’ W) from August to November, when
young white Carcharodon carcharias and shortfin
mako Isurus oxyrinchus sharks are caught (Conde-
Moreno & Galván-Magaña 2006, Castillo-Géniz et al.
2016, Oñate-González et al. 2017). For all sampled
sharks, the following data were recorded: total length
(TL), fork length (FL), pre-caudal length (PCL), sex,
maturity stage, site of capture, and fishery methods
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Fig. 1. Study area in Sebastian Vizcaino Bay (SVB), Baja
California Sur, Mexico. Small dark shaded circles are the
landing locations. The grey shaded area is the main area in 

which longline and gillnet fisheries operate
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(longline or gillnets). We collected ~10 mg of muscle
tissue from the dorsal region of the body behind the
head and stored samples at −20°C in the field with
transport on ice to the laboratory. Samples were col-
lected with support of trained technical staff from
Programa Tiburón from National Fisheries Institute
of Mexico in Ensenada (INAPESCA) and the Fishery
Ecology Laboratory of Centro Interdisciplinario de
Ciencias Marinas (CICIMAR) of the Instituto Politéc-
nico Nacional (IPN).

Since some local fishermen remove the head of
white sharks at sea, the total length (TL) could not be
measured. For these individuals, we used the trunk
length (measured from the cut of the head to the pre-
caudal fin) or alternative length (measured from the
first dorsal fin to the pre-caudal fin) to estimate TL
(see Fig. 2a). We estimated the body proportion be -
tween trunk or alternative length vs. TL, for some
specimens, using photographs of newborn white
sharks (n = 5) (C. G. Lowe et al. unpubl. data, J. L.
Castillo-Géniz pers. obs.) with the program Sigma
Scan Pro 5 (Copyright 2017 Systat Software). Then,
we established a linear regression between the trunk
or alternative length vs. TL, and we used this relation-
ship to estimate TL for sharks with only trunk or alter-
native length (Fig. 2b; p < 0.05, r2 = 1 for both equa-
tions). This method was necessary for some white
sharks in this study (n = 7; indicated with * in Fig. 4).

Each sampled individual was classified into new-
born, YOY, juvenile, or adult age groups based on
species-specific reports of birth and maturity sizes.
For shortfin mako sharks, birth TL = 70−74 cm (Mol-
let et al. 2000, Joung & Hsu 2005) and size-at-matu-
rity TL = 180−210 cm for males and 256−278 cm
for females (Cailliet et al. 1983, Joung & Hsu 2005,
Semba et al. 2011). The threshold between YOY

(<102 cm TL) and juvenile (>102 cm TL) individuals
was determined using shortfin mako parameters
from von Bertalanffy equations (Ribot-Carballal et al.
2005) as there is no previously reported size thresh-
old for YOY shortfin mako sharks. For white sharks,
birth TL = 120−150 cm, YOY TL < 175 cm (Bruce &
Bradford 2012), and  minimum size-at-maturity TL =
350 cm for males and 480 cm for females (Francis
1996, Uchida et al. 1996, Bruce & Bradford 2012).

We collected muscle samples from consumed prey
(from shortfin mako shark stomachs) and potential
prey for both shark species. For shortfin makos, stom-
ach contents were collected from newborn and juve-
niles and contained fishes and invertebrates, which
were identified to the lowest taxonomic level possi-
ble (e.g. Tylosurus spp., Prionotus spp., Coryphaena
spp., Ophidion spp., Lophiodes spp., Synodus lucio-
ceps, Scomber japonicus, and Pleuroncondes pla-
nipes) and sampled for isotopic analysis (n = 21). For
white sharks, we collected potential prey samples
(n = 54) of different species (i.e. Mustelus californi-
cus, Mustelus lunulatus, Mustelus henlei, Myliobatis
californica, Galeorhinus galeus, Cynoscion spp., Scor -
paena spp., and Cynoscion albus), based on white
shark diet described in previous studies (Weng et al.
2007, Santana-Morales et al. 2012) and availability of
taxa within the study area.

2.2.  Sample preparation

Shark and prey tissue samples were prepared for
isotopic analysis at CICIMAR. Samples were freeze-
dried (LABCONCO) for 48 h, then a subsample
(~5 mg) was homogenized to a fine powder using
an agate mortar and pestle. Approximately 0.5 mg of
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muscle powder was weighed with an analytical micro -
balance (precision of 0.001 mg) into an 8 × 5 mm tin
capsule. Results are expressed in delta notation as
follows:

δX = (Rsample/Rstandard − 1) × 1000 (1)

where X is 13C or 15N, Rsample and Rstandard are the iso-
topic ratios (13C/12C or 15N/14N) of the sample and the
standard, respectively, and units are parts per thou-
sand (‰). The standards used were Vienna Pee Dee
Belemnite (VPDB) and atmospheric nitrogen (AIR)
for δ13C and δ15N values, respectively. Species or
regional prey stable isotope data are reported as
mean ± SD in the results and discussion.

Untreated, bulk samples were analyzed for SIA at
the CICIMAR-IPN Laboratory of Mass Spectrometry
(LEsMa) in La Paz, Baja California Sur, Mexico, on a
Costech 4010 elemental analyzer interfaced with a
Delta V Plus isotope ratio mass spectrometer (IRMS;
Thermo-Electron) via a Conflo IV. Samples were ana-
lyzed in 3 runs, each with 70 samples. The average in-
strumental precision for δ13C and δ15N values is
±0.3‰ based on reference materials from each run
(IAEA-NO−3 n = 16; IAEA-N−1 n = 16; USGS-40 n = 16;
USGS-63 n = 16). Urea-extracted samples were run at
the Stable Isotope Lab at the University of  California,
Merced, and were also analyzed on a Costech 4010
Elemental Analyzer coupled to a Delta V Plus IRMS
with a Conflo IV. Again, samples were analyzed in 3
runs with 70 samples each. The average instrumental
precision for both stable isotopes values is ±0.3‰
based on reference materials from each run (ace -
tanilide n = 21; USGS-40 n = 21; USGS-41a n = 21).

2.3.  Treatment of urea and lipid effects on stable
isotope values

Several studies recommend lipid and urea extrac-
tion for shark muscle samples due to isotopic effects
of these compounds (Kim & Koch 2012, Li et al. 2016,
Carlisle et al. 2017). Lipids are 13C-depleted relative
to proteins, and different lipid content can bias δ13C
values (Newsome et al. 2010, Li et al. 2016, Carlisle et
al. 2017). Urea ((NH2)2CO) and trimethylamine oxide
(TMAO, C3H9NO) are produced by sharks as waste
and used for osmoregulation. Urea is 15N-depleted,
which can bias δ15N values (Kim & Koch 2012,
Churchill et al. 2015, Li et al. 2016, Carlisle et al.
2017). TMAO also contains carbon, which may bias
δ13C values (Kim & Koch 2012, Li et al. 2016, Carlisle
et al. 2017). While urea extraction has been deemed
necessary for reliable SIA values (Kim & Koch 2012,

Li et al. 2016, Carlisle et al. 2017), chemical lipid
extraction methods can also introduce error, particu-
larly for δ15N values (Post et al. 2007, Carlisle et al.
2017). Mathematical correction algorithms have
been proposed as equal or better treatment of lipid
content for correction of δ13C and have assumed
strong importance in the comparison of stable isotope
values across species (Shipley et al. 2017), particu-
larly in lean muscle from species with low lipid con-
tent (Post et al. 2007, Logan et al. 2008).

We extracted urea and TMAO from shark muscle
samples using 3 rounds of 15 min of sonication in DI
water according to methods reported by Kim & Koch
(2012). We then used mathematical correction algo-
rithms for δ13C values reported by Carlisle et al.
(2017). For white sharks, we used a white  shark-
specific algorithm, and for makos used a multi-species
algorithm (including shortfin mako, salmon sharks,
leopard sharks, white sharks, and blue sharks), as
reported by Carlisle et al. (2017):

Δ13C = β0 + β1Ln (C:NU) (2)

where β0 + β1 are species-specific coefficients deter-
mined by the model (β0 = −7.69 ± 0.82 and β1 = 6.74 ±
0.66 for mako; β0 = −7.80 ± 0.61 and β1 = 6.90 ± 0.48
for white sharks), and C:NU is the C:N ratio of the
sample after urea extraction (Carlisle et al. 2017). We
report carbon isotope values for untreated and cor-
rected δ13C values with subscripts ‘raw’ and ‘corr.’

We did not extract lipids from prey samples be -
cause C:N ratio was <3.5 in all prey samples (Post et
al. 2007) and there is evidence that apex predators
with lipid-rich diets may use this substrate for tissue
synthesis, causing lipid removal to confound predator–
prey isotopic comparison, including isotopic mixing
model results (Newsome et al. 2010).

2.4.  Quantification of isotopic niche

Ecological niche is defined as an n-dimensional
hyper-volume (Hutchinson 1978), which dimensions
can be quantified with SIA and referred to as ‘iso-
topic niche’ (Newsome et al. 2007). We quantified
isotopic niche for white and shortfin mako sharks
using SIBER (Stable Isotope Bayesian Ellipses in R)
in SIAR (Stable Isotope Analysis in R; Parnell et al.
2008, Jackson et al. 2011) with R (R Development
Core Team 2008). SIBER creates a convex hull that
encompasses all isotopic data, then fixes an ellipse
to represent the ‘core isotopic niche’ of consumers
(Jackson et al. 2011). This ellipse is generated with a
Bayesian approach and is corrected using a posteriori
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randomly replicated sequences (SEAC: standard
ellipse area correction; Jackson et al. 2011). This
ellipse is more robust as it is less sensitive to extreme
values and small sample sizes (Jackson et al. 2011)
and it represents isotopic niche width and allows
quantification of consumer niche overlap (Bearhop et
al. 2004, Newsome et al. 2007).

2.5.  Isotopic variation over ontogeny

We estimated incorporation rate of muscle based
on the observed natural diet ‘switch’ of juvenile
shortfin mako sharks. Large migratory sharks are
 difficult to keep in captivity, and feeding experi-
ments have generally used smaller, less active elas-
mobranch species (e.g. stingrays: Fisk et al. 2009;
and leopard sharks: Kim et al. 2012a, Malpica-Cruz
et al. 2012). The data here allow for opportunistic
quantification of isotopic incorporation rates in large,
wild, highly active sharks due to the apparent natural
diet switch from resources before entering SVB. We
used the exponential growth model used for captive
diet-switching experiments (Tieszen et al. 1983) and
fit parameters with the nls function in R (R Develop-
ment Core Team 2008):

δhXt = δhX∞ − (δhX∞ − δhX0)e−λt (3)

where δhXt is the isotopic value at time t, δhX∞ is the
isotopic value after steady state was reached with the
new diet, δhX0 is the initial isotopic value, and λ is the
fractional turnover rate (Tieszen et al. 1983).

2.6.  Bayesian mixing models and estimates of
habitat use

To estimate regional prey inputs into shortfin mako
and white shark diet, we characterized the isotopic
composition of prey from 4 broad regions known to
be used by juvenile shortfin mako and white sharks
(Sippel et al. 2004, Weng et al. 2007, Oñate-González
et al. 2017, N. Nasby-Lucas et al. unpubl. data). Since
juvenile shortfin mako and white sharks are known
to use waters of southern California (e.g. Southern
California Bight [SCB]/northern Baja) as well as
southern and central Baja (includes SVB and re -
ferred to as ‘southern Baja’ throughout results and
discussion), we collected prey data from these 2
regions. We then split the northern area (SCB/north-
ern Baja) and southern Baja into inshore and offshore
areas because reported prey δ13C and δ15N values
are different between inshore vs. offshore regions

(higher δ13C and δ15N inshore; Madigan et al. 2018).
Inshore and offshore regions were distinguished by
coastal vs. pelagic based on oceanographic charac-
teristics as in Madigan et al. (2018). The 4 charac -
terized regions considered in this study are SCB/
northern Baja offshore, SCB/northern Baja inshore,
southern Baja inshore, and southern Baja offshore.
We used stable isotope values of taxa known to be
prey for both species (Tricas & McCosker 1984, Preti
et al. 2012), which included forage fish (i.e. species
that serve as primary food sources for marine preda-
tors; Pikitch et al. 2014), cephalopods, and crusta -
ceans, and generated overall mean ± SD for each
region. Prey isotope values for northern regions were
taken from published values (Madigan et al. 2012a,
2018) and included fish (e.g. scombrids, sardine
Sardinops sagax, and anchovy Engraulis mordax),
squids (e.g. jumbo squid Dosidicus gigas and meso-
pelagic species), and pelagic red crab Pleuroncodes
planipes (see Table 2 for prey species and SIA val-
ues). Southern Baja offshore prey were taken from
pelagic waters off Magdalena Bay, Mexico, and
southern Baja inshore prey were taken from SVB
(as described above) as well as inshore waters of
Magdalena Bay, another semi-circular bay in BCS,
 Mexico. We evaluated the stable isotope differences
between all 4 regions (Kruskal-Wallis test) and suc-
cessively determined them graphically and statisti-
cally, using the Wilcoxon-Mann-Whitney rank-sum
test as a post-hoc analysis with pairwise regional
comparisons, to assess the appropriateness of these
groupings.

For mixing model analysis over ontogeny, shortfin
mako sharks and white sharks were grouped into
size classes (embryo, <80 cm, 80−100 cm, 100−120 cm,
120−140 cm, 140−160 cm, 160−180 cm, and larger
individuals >180 cm FL). The 4 estimated regional
prey means, as described above, were used as source
inputs. Shark-specific TEFs from Kim et al. (2012a;
Δ13C = 1.7 ± 0.5; Δ15N = 3.7 ± 0.4) were applied to
the data. We used the Bayesian isotopic mixing
model MixSIR (Moore & Semmens 2008) with un -
informative priors and 106 iterations. Reported pro-
portion of diet (%) are median estimate values from
mixing model runs.

3.  RESULTS

3.1.  Biological sampling

We obtained muscle tissue from 165 shortfin
mako sharks Isurus oxyrinchus, which included
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89 females (f) and 76 males (m) with the following
age classes: 15 embryos or newborns (<70 cm TL,
5 f, 10 m), 34 YOY (70−100 cm TL, 22 f, 12 m),
and 116 samples of juveniles (102−196 cm TL,
62 f, 54 m). We also sampled 1 adult pregnant
female, from which we collected muscle tissue and
2 embryos (2 m). A second set of 9 embryos (3 f,
6 f) came from an adult female shortfin mako
(captured at Isla Cedros), though muscle was not
available from the pregnant fe male. We collected
and analyzed 11 white shark Carcharodon carcha -
rias muscle samples (7 f, 4 m). Age classes were
5 newborns (130−155 TL; 3 f, 2 m), 3 YOY (175−
186 cm TL; 2 f, 1 m), and 3 juveniles (208−293 cm
TL; 2 f, 1 m).

Prey species from shortfin mako stomachs (n =
22) included corvina Cynoscion spp. (n = 4), sea
robins Prionotus spp. (n = 3), needlefish Tylosurus
pacificus (n = 2), Pacific mackerel Scomber japoni-
cus (n = 2), pelagic red crab, unidentified squid,
and other demersal and pelagic species. Inshore
species from Magdalena Bay included small black
skipjack Euthynnus lineatus (n = 3), gonatid squid
(n = 4) and pelagic red crab (n = 4), and these SIA
values from these species collectively composed the
southern Baja region. Offshore species sampled
from southern Baja included Pacific saury Cololabis
saira, jack mackerel Trachurus symmetricus, Pacific
mackerel, pelagic red crab, and cephalopods in -
cluding Dosidicus gigas, Argo nauta spp., and pe -
lagic octopus. Analysis of δ13C and δ15N values in
these species revealed strong differences between
inshore and offshore southern/central Baja (de -
scribed below; see Table 2). We found sig nificant
differences between the stable isotopic composition
of all 4 regions (Kruskal-Wallis test, δ15N values:
K-W = 3697.5, p = 0.0002 and δ13C values: K-W =
29.2, p = 2 × 10−6).

3.2.  Stable isotope results

To assess the effects of urea, we compared muscle
tissue from both shark species with no urea extrac-
tion (n = 159) and only urea extraction (no lipid
extraction: n = 159). The average difference between
untreated and urea-extracted values was low for δ13C
values (0.3 ± 0.6‰) and high for δ15N values (1.3 ±
0.6‰). The mean C:N ratio for untreated tissues was
3.0 ± 0.2 and for urea-extracted tissues was 3.3 ± 0.1,
which is similar to protein values (Post et al. 2007),
indicating that mathematical correction for lipid con-
tent for δ13C values was of minimal importance. We
applied the mathematical lipid correction based on
C/N values, which slightly increased δ13C values for
both species. For mako sharks, the urea extracted
mean δ13C value was −17.8 ± 0.6 ‰ and δ13Ccorr value
was −17.4 ± 0.5‰; for white sharks, the urea ex -
tracted δ13C value was −17.1 ± 0.1‰ and δ13Ccorr

value was −16.5 ± 0.7‰.
Shortfin mako δ13Ccorr values ranged from −18.3 to

−15.4‰ (−17.4 ± 0.5‰) and δ15N values ranged from
14.3 to 21.3‰ (19.1 ± 1.4‰) (Table 1). The isotopic
composition of shortfin mako sharks did not vary by
sex (Fig. 3; Wilcoxon signed-rank test, δ15N values:
W = 3697.5, p = 0.2 and δ13C values: W = 3384, p =
0.9), but there was variation based on size class. The
muscle tissues were 15N-enriched with the increase
of TL among embryo, YOY, and juvenile shortfin
mako sharks as described by a logarithmic regres-
sion (Fig. 4; n = 165, p < 0.05, r2 = 0.7). The isotopic
incorporation rate model for muscle estimated the
residence time from initial (i.e. newborn) to final (i.e.
juvenile) diet as 0.7 yr (~255 d; δhX∞ = 20, SE = 0.1, t =
138.2, Pr(>|t |) = <2 × 10−16; δhX∞ − δhX0 = 2.9, SE = 0.2,
t = 15.8, Pr(>|t |) = <2 × 10−16; 1/λ = 0.7, SE = 0.1, t =
4.7, Pr(>|t |) = 4.01 × 10−6; residual SE = 0.8, df = 162).
The one mature, pregnant female in our sampled
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Size class n TL δ13C (‰) δ15 N (‰)
(cm) Min. Max. Mean SD Min. Max. Mean SD

Mako sharks
All 165 64.5−302 −18.3 −15.4 −17.4 0.5 14.3 21.3 19.1 1.4
Embryos 15 <70 −18.2 −16.6 −17.3 0.5 16.1 17.9 16.8 0.6
YOY 34 70−100 −18.0 −15.4 −17.1 0.6 14.3 20.1 17.4 1.2
Juveniles 116 102−196 −18.3 −16.0 −17.5 0.4 17.1 21.3 19.8 0.8

White sharks
All 11 130−293 −17.9 −15.6 −16.5 0.7 17.7 20.4 18.6 0.7
Newborns 5 130−155 −17.1 −15.7 −16.4 0.5 18.4 18.6 18.5 0.1
YOY 3 175−186 −17.9 −15.6 −16.8 1.1 18.3 20.4 19.3 1.0
Juveniles 3 208−293 −17.9 −16.0 −16.4 0.4 17.7 18.6 18.2 0.4

Table 1. Isotopic values for size classes of mako Isurus oxyrinchus and white sharks Carcharodon carcharias. YOY: young-of-the-year
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population was much larger than the other individu-
als and had a δ15N value of 17.3‰, which was incon-
gruous with the logarithmic ontogenetic trend for
immature shortfin mako sharks. The δ15N value of
the mature, pregnant female was more similar to the
embryos (including those not sampled from her; TL <
70 cm; δ15N values range 16.1 to 17.9‰, mean 16.8 ±
0.6‰).

White shark δ13Ccorr values ranged from −17.9 to
−15.6‰ (−16.5 ± 0.7‰) and δ15N values from 17.7 to
20.4‰ (18.6 ± 0.7‰) (Table 1). White shark isotopic
values did not vary by sex (Fig. 3; Wilcoxon signed-
rank test, δ15N values: W = 7, p = 0.2 and δ13C values:
W = 1, p = 0.4) nor did δ15N values vary by TL (Fig. 4;
linear regression fit: p = 0.5, r2 = −0.05). Five individ-
uals from Laguna Manuela, the most northern site,
had δ13Ccorr values that ranged from −16.6 to −15.6‰
and δ15N values from 18.2 to 18.6‰, which included
the 2 largest juveniles (TL = 208 and 272 cm) with
δ13Ccorr values of −16.3 and −16.0‰ as well as 1 new-
born and 1 YOY with the highest δ13Ccorr values
(−15.7 and −15.6‰). However, the δ15N values of all
Laguna Manuela white sharks were similar to others
sampled from the central part of Sebastian Vizcaino
and Cedros Island (n = 6), which had δ13Ccorr values of
−17.9 to −16.1‰ and δ15N values of 17.7 to 20.4‰.

Shortfin mako and white sharks had significant dif-
ferences in δ13Ccorr values (Wilcoxon signed-rank
test, W = 255.5, p < 0.0001) but not in δ15N values
(Wilcoxon signed-rank test, W = 1189.5, p = 0.08).
Shortfin mako and white sharks with similar TL had
similar δ15N values (Fig. 3). We quantified the similar-
ity in shortfin mako and white shark stable isotope
values using the isotopic niche analysis in SIBER.
The isotopic niche of shortfin mako sharks (black
ellipse in Fig. 3; SEAc = 2.1‰2) and white sharks (red
ellipse in Fig. 3; SEAc = 1.5‰2) yielded partially over-
lapping ellipse areas with an estimated mathematical
overlap of 0.2 and a Bayesian mean overlap of 0.3.
When the 2 smallest white shark individuals with the
highest δ13Ccorr values were removed, SIBER ellipses
had small increase in inter-species overlap (mathe-
matical overlap = 0.4, Bayesian mean overlap = 0.3;
shown as the red ellipse in Fig. 3; SEAc = 1.5‰2).

Regional prey groupings (as described in Sec-
tion 2.6) revealed significant differences in stable
 isotope composition (Fig. 5a, Table 2). Regional prey
values were: SCB/northern Baja offshore (δ15N =
13.8 ± 1.2‰, δ13C = −18.9 ± 0.7‰; n = 122); SCB/north-
ern Baja inshore (δ15N = 14.5 ± 0.9‰, δ13C = −17.1 ±
0.7‰; n = 30); southern Baja offshore (δ15N = 12.1 ±
1.5‰, δ13C = −19.3 ± 0.7‰; n = 65); and southern Baja
inshore (δ15N = 15.5 ± 1.9‰, δ13C = −17.6 ± 1.1‰;
n = 33) (Fig. 5a). The δ15N values in the southern
Baja inshore region were significantly higher than
all other regions (Wilcoxon-Mann-Whitney rank-sum
test; p < 0.01 for all pairwise regional compari -
sons). These high δ15N values for prey have overlap
with TEF-corrected δ15N values of juvenile shortfin
mako sharks, some of which had high δ15N values
(Fig. 5a).
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Fig. 3. δ15N and δ13C values for both species and by sex. The
black ellipse is the isotopic niche (SIBER analysis) for short-
fin mako sharks Isurus oxyrinchus (n = 165). The red ellipse
is the isotopic niche of all white sharks analyzed (n = 11).
The overlap between the isotopic niches of shortfin mako
and small white sharks suggest resource sharing at certain 
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Fig. 4. δ15N values related to the total length for (a) shortfin
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length (TL) for shortfin mako but not for white sharks. For
shortfin mako sharks, this relationship was best described
by a logarithmic regression, with equation and r2 values
shown. *TL estimated for sharks using trunk or alternative 
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Bayesian mixing models indicated large differ-
ences in regional prey use and changes with onto -
geny from the 4 regions analyzed (SCB/Northern
Baja inshore, SCB/Northern Baja offshore, southern
Baja inshore, and southern Baja offshore) for shortfin
mako and white sharks. Shortfin mako embryos
reflected offshore values from both southern Baja
 offshore (46%) and SCB/Northern Baja offshore
(31%) with likely maternal influence (see Section 4).

YOY shortfin makos (TL 80−100 cm)
reflected SCB/ Northern Baja offshore
prey inputs (75%) with minimal inputs
(>12%) from other regions (Fig. 5b),
then shortfin makos exhibited a shift to
southern Baja inshore prey inputs (e.g.
SVB) increasing to 52% at 100−120 cm
and >80% at 160−180 cm (Fig. 5b). The
remaining shortfin mako sharks in these
size classes showed isotopic composi-
tions reflecting offshore prey from SCB/
northern Baja offshore (15−40%) with
minimal inputs from the other 2 regions
(Fig. 5b). White sharks showed high
inputs from southern Baja inshore (25−
59%) across the sizes analyzed (120 cm
to >180cm) but also  relatively high in -
put from inshore SCB/northern Baja at
some size ranges (6 to 40%). Across the
white shark size classes analyzed, mix-
ing model results indicated some forag-
ing on prey from SCB/northern Baja
offshore (17−25%) and southern Baja
offshore (8−17%) but in low proportions
(Fig. 5b; see the Appendix Table A1 for
the density dis tributions of consumers).

4.  DISCUSSION

Our findings suggest high use of the
southern Baja inshore region (including
SVB) across many of the juvenile size
ranges analyzed, with differences in
ontogenetic isotope dynamics between
shortfin mako Isurus oxyrinchus and
white sharks Carcharodon carcharias
at the SVB aggregation site in BCS,
 Mexico. Results for shortfin makos indi-
cate significant and consistent isotopic
changes throughout onto geny. This shift
in isotopic values is likely due to move-
ments from offshore regions with lower
δ15N values to SVB (similar local envi-

ronments) with high δ15N values but could also rep-
resent a shift from a maternal isotopic signal to local
foraging (discussed in Section 4.3). The similarity in
isotopic niche between shortfin mako and white
sharks in this sampled population indicates shared
resource use in SVB and/or surrounding habitats in
southern Baja California, an inference supported by
known movements from fisheries capture and con-
ventional/electronic tagging studies as well as simi-
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Fig. 5. δ13C and δ15N values in shortfin mako and white sharks compared to
prey of known foraging habitats for both species. (a) Biplot of all sharks ana-
lyzed, as well as mean (±1 SD) values of prey from 4 regions: southern Cali -
fornia/ northern Baja (SCB) offshore, southern California/northern Baja in-
shore, southern Baja offshore, and southern Baja inshore including Sebastian
Viz·caino Bay (SVB). Shark values are trophic enrichment factor  (TEF)-
corrected based on Kim et al. (2012a). Red arrow indicates the single large
(302 cm) pregnant female analyzed. (b) Results of Bayesian mixing model
showing habitat use across ontogeny. Smaller shortfin makos reflected off-
shore, northern Baja waters and then the SVB region, while white sharks used 

a mix of inshore waters in northern and southern Baja including SVB
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larly high δ15N values among both species, which
reflects the regional baseline. This study reinforces
the assertion that SVB, and potentially similar areas
in the region, are aggregation sites with resource
sharing among newborn, YOY, and juveniles of these
2 species. Furthermore, the consistent increase in

shortfin mako δ15N values from newborns to larger
juveniles, which reached apparent steady-state of
δ15N values, presented a natural diet switch ‘ex -
periment’ that provided the first estimated muscle
 tissue incorporation rate (~255 d) in shortfin mako
sharks.
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Prey type Species δ13C (SD) δ15N (SD) Reference

Southern Baja Inshore
Pacific mackerel Scomber japonicus −17.8 (0.6) 15.7 (0.9) This study
Black skipjack Euthynnus lineatus −16.8 (0.4) 18.3 (0.8)
Corvinas Cynoscion spp. −15.7 (0.8) 16.4 (1.0)
Lizardfish Synodus lucioceps −19.1 (−) 16.8 (−)
Needlefish Tylosurus spp. −17.1 (0.2) 18.3 (0.6)
Scorpionfish Scorpaena spp. −17.9 (0.2) 15.9 (0.6)
Goosefish Lophiodes spp. −17.8 (−) 15.8 (−)
Sea robins Prionotus spp. −18.0 (1.5) 15.5 (0.8)
Dolphinfishes Coryphaena spp. −18.4 (−) 13.4 (−)
Cusk eels Ophidion spp. −17.1 (−) 16.7 (−)
Pelagic red crab Pleuroncodes planipes −18.4 (0.5) 13.4 (1.3)
Armhook squid Gonatidae spp. −18.4 (0.1) 14.6 (0.3)
Squid Unid. spp. −17.7 (1.3) 12.7 (2.5)
Mean −17.6 (1.1) 15.5 (1.9)

Southern Baja Offshore
Pacific saury Cololabis saira −19.7 (0.5) 10.7 (1.5) This study
Lanternfish Myctophidae −20.1 (0.5) 12.2 (0.7)
Pacific mackerel S. japonicus −18.6 (0.1) 14.6 (0.2)
Jack mackerel Trachurus symmetricus −19.4 (−) 12.2 (−)
Halfbeak Hyporhamphus naos −19.2 (0.2) 8.6 (0.3)
Pelagic triggerfish Canthidermis spp. −20.1 (−) 11.1 (−)
Flyingfish Exocoetidae spp. −20.1 (−) 12.4 (−)
Humboldt squid Dosidicus gigas −19.4 (0.2) 13.1 (0.6)
Armhook squid Gonatidae spp. −19.5 (0.3) 12.6 (1.2)
Pelagic octopus Ocythoe tuberculata −19.3 (0.9) 13.7 (1.9)
Cephalopod Unid. spp. −18.7 (0.5) 12.1 (0.5)
Pelagic red crab P. planipes −19.0 (0.9) 11.6 (0.9)
Large krill Euphausidae spp. −18.7 (0.4) 13.0 (0.5)
Mean −19.3 (0.7) 12.1 (1.5)

Northern Baja/SCB inshore
Sardine Sardinops sagax −16.9 (0.4) 13.9 (0.5) Madigan et al. (2018)
Jack mackerel T. symmetricus −18.2 (0.8) 14.2 (0.9) Madigan et al. (2018)
Pacific mackerel S. japonicus −17.6 (0.9) 15.1 (0.9) Madigan et al. (2018)
Market squid Doryteuthis opalescens −16.5 (0.5) 15.5 (0.4) Madigan et al. (2018)
Topsmelt Atherinops affinis
Mean −17.1 (0.7) 14.5 (0.9)

Northern Baja/SCB offshore
Sardine S. sagax −19.8 (0.2) 13.6 (0.6) Madigan et al. (2018)
Pacific saury C. saira −18.9 (0.3) 13.2 (0.8) Madigan et al. (2018)
Jack mackerel T. symmetricus −18.9 (0.6) 14.0 (0.8) Madigan et al. (2018)
Pacific mackerel S. japonicus −18.3 (0.6) 14.4 (1.0) Madigan et al. (2018)
Rockfish (juvenile) Sebastes spp. −19.1 (0.8) 13.8 (0.4) Madigan et al. (2018)
Midwater eelpout Melanostigma pammelas −19.0 (0.3) 13.9 (0.3) Madigan et al. (2012a)
Duckbill barracudina Magnisudis atlantica −18.9 (0.3) 13.6 (0.2) Madigan et al. (2012a)
Market squid D. opalescens −18.6 (0.6) 14.5 (0.7) Madigan et al. (2018)
Humboldt squid D. gigas −18.4 (0.2) 15.4 (0.5) Madigan et al. (2012a)
Armhook squid Gonatidae spp. −19.5 (0.3) 13.6 (1.3) Madigan et al. (2012a)
Argonaut Argonauta spp. −19.2 (0.4) 13.5 (0.1) Madigan et al. (2012a)
Pelagic red crab P. planipes −18.7 (0.2) 14.0 (0.7) Madigan et al. (2018)
Mean −18.9 (0.7) 13.8 (1.2)

Table 2. Isotopic values for prey species of the different regions, used in the mixing model
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4.1.  Resource use across size classes of shortfin
shortfin mako and white sharks

Juvenile and YOY stages of different shark species
are known to frequent the same nursery areas for
several months after birth (Heupel et al. 2007, Con-
ventional Tagging program of INAPESCA unpubl.
data, J. L. Castillo-Géniz pers. obs.), but the extent of
resource sharing can be difficult to discern. The
 similarity between δ13C and δ15N values in juvenile
shortfin mako sharks and YOY white sharks with
similar TL (shortfin mako sharks >102 cm TL and
white sharks <186 cm TL) suggested similar habitat
and resource use in SVB. Our results indicate that
stable isotope values of juvenile shortfin mako sharks
and YOY white sharks are 13C- and 15N-enriched
compared to other age classes for both species. It
is notable that the shortfin makos analyzed in this
study had δ15N values significantly 15N-enriched
(mean 19.8‰, with many >20‰) compared to all
white sharks analyzed here (Fig. 5a) and most juve-
nile shortfin makos analyzed in the SCB in a previous
study (16.4 ± 0.8‰; Madigan et al. 2012a). This is
likely driven by the values of prey in the Southern
Baja region, which are 15N-enriched compared to the
prey of SCB/Northern Baja region. Prey in SVB also
had 15N-enriched isotope values compared to prey
analyzed from SCB (Fig. 5a); these 15N-enriched
prey values (fish species δ13C = −18.2 ± 1.4‰ and
δ15N = 16.2 ± 1.3; invertebrates δ13C = −20.1 ± 1.1‰
and δ15N = 10.6 ± 2.7‰) result in differentiation of
sharks consuming the prey. Hence, SVB shortfin
makos foraging on SVB prey differ from those sam-
pled in northern areas.

Isotopic mixing model results quantified the use of
prey resources in SVB and other coastal southern
Baja prey and suggest that juvenile shortfin mako
and young white sharks consume these local SVB
prey or those with similar isotopic composition
(Fig. 5). These results are also supported by the
alignment between the isotopic results of juvenile
shortfin mako and YOY white sharks and the isotopic
values of fish species (δ13C = −18.2 ± 1.4‰ and δ15N =
16.2 ± 1.3‰) found in the stomach contents of short-
fin mako sharks caught in SVB, after the application
of shark specific muscle TEF (Kim et al. 2012a). How-
ever, the mixing model results should be interpreted
with caution because the low sample size of white
sharks and the TEF used, which was developed for a
smaller and less active species (Triakis semifasciata)
and may differ for the species and the life stages con-
sidered in this study. In addition, it should be noted
that the prey and error demonstrated in Fig. 5a are

means ± 1 SD and the entire prey variation is not
 captured in this depiction. However, we would high-
light that external sources of variation, such as high
levels of nitrogen in resource consumed, can affect
the TEF and the general accuracy of the model
 (Parnell et al. 2010, 2013). This external variation in
15N-enriched sources, like those of SVB, can explain
the high levels of nitrogen in juvenile mako sharks
and the apparent lack of inclusion of these samples
into the isoscape. Generally accepted explanations
for the presence of consumer values outside of the
resource polygon include (1) misrepresentation of
potential food sources or (2) misrepresentation of the
consumer TEF (Brett 2014). However, recent studies
demonstrate the ‘point-in-polygon’ assumption is not
substantiated because the Bayesian approach recog-
nizes that source data are distributions and assumes
mixing polygons are from a probability function, not
average values. This distinction affects the simula-
tion produced from Bayesian mixing models and,
consequently, interpretation of the polygon geometry
(Smith et al. 2013). Although we examined TEF, iso-
tope source variability, and metabolic characteristics
of young sharks, our results provide preliminary in -
sight to the pre-adult ecology of 2 large sharks spe-
cies that are difficult to study.

The extent of isotopic overlap among species, qual-
itatively and based on SIBER-generated isotopic
niches (Fig. 3), indicated some resource overlap at
certain sizes (Bayesian mean overlap of 0.3). This
partial similarity in diet and habitat for juvenile
shortfin mako and YOY white sharks parallels re -
source sharing in other co-existing elasmobranch
species with similar sizes and morphologies across
different life stages (Ellis et al. 1996, Bethea et al.
2004, Tilley et al. 2013). Isotope-inferred resource
use overlap in SVB by juvenile shortfin mako and
YOY white sharks complements other examples of
little resource partitioning in co-occurring and resi-
dent elasmobranch species in communal nursery
areas where prey availability is not limited (i.e. Dale
et al. 2011, Kinney et al. 2011, Tilley et al. 2013).

Previous studies suggest resource partitioning be -
tween juvenile shortfin mako sharks and YOY white
sharks in SVB (Weng et al. 2007, Malpica-Cruz et
al. 2013). Malpica-Cruz et al. (2013) sampled short-
fin mako and white sharks with similar body sizes to
our specimens and found δ13C and δ15N values com-
parable to those in this study. Malpica-Cruz et al.
(2013) showed an increase of δ15N values with body
size for both species, while in our study white
sharks showed no change over the sizes analyzed.
Our results indicated similar δ13C values in juvenile
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shortfin mako and YOY white sharks, though white
sharks showed slightly higher δ13C values. For
shortfin mako sharks, results here indicated an
inflection, or change from increasing to steady-state
values, of δ15N values over ontogeny at 100 cm
(compared to 85 cm in Malpica-Cruz et al. 2013).
The change observed here cor responded more
closely with the juvenile TL size threshold, and this
difference was likely driven by our larger dataset
(n = 165) compared to that of Malpica-Cruz et al.
(2013; n = 23). Furthermore, Malpica-Cruz et al.
(2013) attributed high δ13C values of YOY white
sharks to consumption of benthic fishes inside this
bay, which differs from the pelagic feeding strategy
of shortfin mako sharks. We compared δ13C and
δ15N values for benthic prey we collected in SVB
(δ13C = −16.8 ± 1.0‰ and δ15N = 15.6 ± 1.9‰) with
our YOY and newborn white shark muscle tissue
and did not find alignment between these stable
isotope compositions. At certain sizes in our study,
white and shortfin mako sharks δ13C values were
dissimilar, with higher δ13C values in the 2 smallest
white sharks; this could be interpreted as more ben-
thic foraging in white sharks (e.g. Malpica-Cruz et
al. 2013), but additional support is needed to sup-
port this inference. Overall, the alignment of stable
isotope values of both species at certain sizes may
demonstrate more similar feeding patterns in the
area than previously thought.

The high δ15N values for the juvenile shortfin mako
sharks in this study indicated an ontogenetic change
in diet, which could be attributed to local foraging
shifts or to incorporation of stable isotope values
from distinct ecoregions during different life-stages.
Malpica-Cruz et al. (2013) related the high δ15N
 values of shortfin mako sharks to a dietary change
from the incorporation of exogenous prey after birth.
Based on regional prey characterizations and mixing
model results here, we suggest that high δ15N values
of juvenile shortfin mako sharks here could be due to
the same process (a shift from offshore prey inputs
from maternal signature) or foraging shifts from off-
shore regions to southern Baja California. The off-
shore stable isotope signal is apparent in embryo and
YOY shortfin mako sharks, as well as the large preg-
nant female (Fig. 5a), which may be due to direct
maternal transference during gestation rather than
direct foraging. However, future studies could use
retrospective methods to reconstruct shark life his-
tory (e.g. vertebral analysis; Kim et al. 2012b, Carlisle
et al. 2015) to clarify maternal signal versus migra-
tory shifts and elucidate birthing region of the sharks
in SVB.

The dynamics of isotopic change from neonates to
larger juveniles (Fig. 4) is similar to patterns attrib-
uted to diet shifts in other pelagic predators in both
captive (Kim et al. 2012a, Madigan et al. 2012b) and
wild (Graham et al. 2007) conditions. This signal
allows for estimates of turnover or incorporation rate
(λ) in YOY shortfin makos. We estimated a residence
time (1/λ) of ~255 d, which is faster than the esti-
mated rate of 475 d reported in leopard sharks
(Malpica-Cruz et al. 2012). This difference is proba-
bly due to the different resting metabolic rate of
 leopard sharks, which are less active and have lower
metabolic demands than partially endothermic, ram-
ventilating shortfin mako sharks. In addition, juve-
nile shortfin makos have higher relative growth rates
than adults, which means faster incorporation of prey
isotopic signal in muscle tissue (Reich et al. 2008,
Newsome et al. 2009). Isotopic turnover rates based
on allometric relationships in ectothermic fish (Wei-
del et al. 2011) estimate 229−350 d for shortfin mako
sharks with TL 100−196 cm (based on weight esti-
mates of 7.6 to 63 kg from relationships of TL in
Kohler et al. 1996), a range inclusive of our ~255 d
estimate. Although young, endothermic sharks have
higher relative growth and metabolic rates (Bernal et
al. 2001a, Carlson et al. 2004, Ezcurra et al. 2012), the
Weidel et al. (2011) relationship produces similar
incorporation rates as estimated in this study. We
note that our results, based on wild data, are prelim-
inary and can only be confirmed by captive studies
on juvenile mako or white sharks.

4.2.  Baseline shifts best explain variations in
isotopic values

The ontogenetic shift in δ15N values in juvenile
shortfin mako sharks and the high δ15N values of
YOY and newborn white sharks can be caused by a
change in localized prey or changes in prey isotopic
baseline due to shark migration. Ontogenetic shifts
in prey consumption are well supported in sharks,
where larger sharks forage on larger prey due to
 better hunting strategy (Klimley 1985, LeBoeuf 2004)
or physio logical capability (Gerritsen 1984). How-
ever, it is also possible that the isotopic composition
of SVB prey is different from maternal or primary
nursery areas and consequently reflects migration
from other eco regions.

Ontogenetic diet shifts are well described for white
sharks (Tricas & McCosker 1984, Klimley 1985,
Le Boeuf 2004, Kim et al. 2012b) and to a lesser de -
gree for shortfin mako sharks (Velasco-Tarelo 2005,
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Malpica-Cruz et al. 2013). However, the individuals
in this study had smaller body sizes than those
reported in the literature for ontogenetic dietary
changes to larger prey (Tricas & McCosker 1984,
Klimley 1985, Le Boeuf 2004). Our mixing model
results suggest that the isotopic change in shortfin
mako muscle reflects a shift from offshore areas in
northern Baja and southern California, likely due to
maternal foraging, to inshore regions of central-
southern Baja. A recent study of 113 shortfin makos
tagged in the SCB revealed movements of some
juveniles to SVB, and retention in the area for weeks
to months (N. Nasby-Lucas et al. unpubl. data). It is
thus possible that the ontogenetic change, particu-
larly for δ15N values, reflects a dietary shift associated
with migration from the SCB to inshore southern
regions of Baja California.

Meanwhile, white sharks reflect movements be -
tween inshore regions in both northern and southern
Baja (Fig. 5). The inference of migration driven iso-
topic changes aligns with tagging studies for both
species. However, this conclusion could be rein-
forced both by expanding diet studies of both species
within SVB, complementary tagging techniques (e.g.
acoustic arrays and tagging within SVB), and chemi-
cal tracer techniques that discern trophic and base-
line effects (e.g. amino acid compound-specific iso-
tope analysis; Madigan et al. 2014).

To further contextualize our results within preda-
tor–prey isotopic dynamics in SVB, we can compare
shark SIA values to known resident predators in
SVB. Adult California sea lions Zalophus californicus
from San Benito Archipelago have δ13C = −16.8 ±
0.4‰ and δ15N = 19.3 ± 0.4‰, and Isla Cedros sea
lions have δ13C values = −16.3 ± 0.4‰ and δ15N val-
ues = 20 ± 0.5‰ (values adjusted from pups; Elor-
riaga-Verplancken et al. 2016 unpubl. data). Califor-
nia sea lions are local residents and make short,
coastal foraging trips (Kuhn & Costa 2014), which
in this case would be near their rookeries and in -
side SVB. The similar isotopic composition between
 California sea lions, juvenile shortfin mako sharks,
and YOY white sharks supports the hypothesis that
these sharks reside and forage in SVB and/or similar
inshore regions along Baja California for extended
timeframes.

Newborn and YOY white sharks are present at
SVB every year during summer months (Oñate-
González et al. 2017), which coincides with their
 parturition season (Francis 1996, Uchida et al. 1996,
Domeier & Nasby-Lucas 2013). Parturition sites for
white sharks have remained enigmatic, but given the
small individuals caught in SVB, it is possible that

some white sharks are born and reside inside the
bay. Juvenile white sharks have been commonly
reported to be born in the SCB and then move to SVB
when they are larger (Weng et al. 2007, 2012, Lowe
et al. 2012, Oñate-González et al. 2017); our mixing
model results suggest a mix of southern California
and SVB isotopic signals in the smallest white sharks
analyzed (Fig. 5b). It is thus possible that parturition
sites occur in both regions; however, the small
 sample size for white sharks requires caution in the
interpretation of results.

4.3.  Potential maternal transference of stable
isotope values

Embryo and neonate shortfin mako sharks showed
considerable isotopic variability (Fig. 5a). Past stud-
ies have reported significantly higher δ15N values in
neonate muscle than their mothers (Pilgrim 2007,
Vaudo et al. 2010, Olin et al. 2011, Matich et al.
2015). The increased δ15N value of neonates in some
species is thought to be from 15N-enriched yolk
(McMeans et al. 2009, Vaudo et al. 2010, Olin et al.
2011) or from trophic enrichment in placentatrophic
viviparous sharks (Hussey et al. 2010, Vaudo et al.
2010, Matich et al. 2015). However, neonate sharks
here did not show δ15N values higher than the
mother. We found embryo stable isotope values (δ13C =
−18.2 to −16.6‰ and δ15N = 16.1 to 17.9‰) to be sim-
ilar to the adult, pregnant female shortfin mako
(δ13C= −17.4‰ and δ15N = 17.3‰) (Fig. 5a), suggest-
ing direct maternal transference of nutrients and
feeding resources without substantial fractionation to
neonate shortfin makos (Jenkins et al. 2001). In con-
trast to species in some previous studies, shortfin
mako and white sharks are aplacental viviparous
with oophagy (ingestion of unfertilized eggs) (Francis
1996, Uchida et al. 1996, Joung & Hsu 2005), such
that embryos rely solely on yolk and ingestion of
unfertilized eggs. We note that the δ13C values in
neonate shortfin mako sharks are lower than those of
the adult female, possibly due to re liance on lipid-
rich, 13C-depleted yolk (Murchie & Power 2004),
which could also explain previous observations of
SIA in neonate white sharks (Hussey et al. 2012).
Our results, showing similarity between maternal and
neonate δ15N values, suggest that yolk ingestion does
not cause substantial nitrogen isotope fractionation,
or that yolk nutrients are 15N-depleted from maternal
sources. Additional studies of sharks with different
reproduction modes and comparison of maternal,
yolk, and neonate isotopic composition are needed to
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yield additional insight to the physiological and bio-
chemical processes related to maternal transference.
Further confirmation of isotopic similarity between
embryo, newborn, and YOY shortfin mako sharks
and pregnant females could help establish the pre-
ferred habitat of mature adult females, as well as par-
turition habitat, which remains elusive.

5.  CONCLUSIONS

We used SIA to investigate habitat use of YOY and
juveniles of 2 vulnerable shark species in an aggre-
gation area in southern Baja California. At young life
stages, shortfin mako Isurus oxyrinchus and white
sharks Carcharodon carcharias couple long-distance
migrations with long-term residency in nursery
areas. Our results suggest that some YOY and juve-
nile shortfin mako and white sharks may migrate to
SVB from other regions, where they then forage and
share prey resources. The ontogenetic shift in short-
fin mako sharks with increasing δ15N values with size
can be explained by long-term use of prey resources
within SVB and potentially other isotopically similar,
surrounding areas. The large dataset we present
for shortfin mako sharks, including embryos, YOY,
 juveniles, and adult allowed us to provide a new esti-
mate for isotopic incorporation rate for shortfin mako
sharks (~255 d). However, our sampled population
in cluded few white sharks, and therefore, these in -
terpretations are preliminary. This study indicates
the importance of this region as a nursery, indepen -
dent of the high artisanal catch of YOY and juvenile
white and shortfin mako sharks. Identifying such
regions is crucial to protect these life stages and has
implications for conservation and management. Our
conclusions could be strengthened by future, com-
plementary studies; for example, SVB is an ideal
region to install acoustic receivers and tag juveniles
to assess residency, while other chemical tracer tech-
niques could be employed to evaluate residency in
the region. Management policies that focus on con-
servation of these vulnerable species should strive to
conclusively identify SVB and other regions as
shared aggregation areas for young shortfin mako
and white sharks and can thus employ management
measures that support sustained or increased popu-
lation growth of these species.

Acknowledgements. Programa Tiburón of the Centro
Regional de Investigación Pesquera de Ensenada (CRIP-
Ensenada) supported sampling in Laguna Manuela. The
Centro Interdisciplinario de Ciencias Marinas (CICIMAR),

the Proyecto Tiburones y Rayas of the Fish Ecology Labora-
tory in CICIMAR, and WWF-Fundación Slim provided valu-
able support and simple analysis. The Instituto Politecnico
Nacional (CONACYT, BEIFI, COFAA, EDI, and SIP Project
20150355, 20164779, and 20181417) provided fellowships
that made this research possible. INAPESCA provided valu-
able, complementary information and data. We thank Dr.
Justin van de Velde at the University of California Merced
Stable Isotope Lab for technical assistance. We are espe-
cially indebted to the fishermen communities of Bahía Tor-
tugas, Laguna Manuela and Isla Cedros, who support the
sampling for this project.

LITERATURE CITED

Abascal FJ, Quintans M, Ramos-Cartelle A, Mejuto J (2011)
Movements and environmental preferences of the short-
fin mako, Isurus oxyrinchus, in the Southeastern Pacific
Ocean. Mar Biol 158:1175−1184

Amador-Buenrostro A, Argote-Espinoza ML,  Mancilla-
Peraza M, Figueroa-Rodríguez M (1995) Variaciones de
periodo corto de la circulación anticiclónica en Bahía
Sebastián Vizcaíno, BC. Cienc Mar 21:201−223

Bearhop S, Adams CE, Waldron S, Fuller RA, Macleod H
(2004) Determining trophic niche width: a novel ap -
proach using stable isotope analysis. J Anim Ecol 73:
1007−1012

Bernal D, Dickson KA, Shadwick RE, Graham JB (2001a)
Analysis of the evolutionary convergence for high per-
formance swimming in lamnid sharks and tunas. Comp
Biochem Physiol A 129:695−726

Bethea DM, Buckel JA, Carlson JK (2004) Foraging ecology
of the early life stages of four sympatric shark species.
Mar Ecol Prog Ser 268:245−264

Bethea DM, Hollensead L, Carlson JK, Ajemian MJ and
 others (2009) Shark nursery grounds and essential fish
habitat studies: Gulfspan Gulf of Mexico FY’08—cooper-
ative Gulf of Mexico states shark pupping and nursery
survey. National Fish and Wildlife Service, Sustainable
Fisheries Division & NOAA Contribution Report pCB-
08/02, Highly Migratory Species Division, Narragansett,
RI, p 1−64

Bird CS, Veríssimo A, Magozzi S, Abrantes KG and others
(2018) A global perspective on the trophic geography of
sharks. Nat Ecol Evol 2:299−305

Bonfil R, Meÿer M, Scholl MC, Johnson R and others (2005)
Transoceanic migration, spatial dynamics, and popula-
tion linkages of white sharks. Science 310:100−103

Boustany AM, Davis SF, Pyle P, Anderson SD, Le Boeuf BJ,
Block BA (2002) Satellite tagging: expanded niche for
white sharks. Nature 415:35−36

Brett M (2014) Resource polygon geometry predicts Bayesian
stable isotope mixing model bias. Mar Ecol Prog Ser 514:
1−12

Bruce BD (1992) Preliminary observations on the biology of
the white shark Carcharodon carcharias in south Aus-
tralian waters. Aust J Mar Freshw Res 43:1−11

Bruce BD, Bradford RW (2012) Habitat use and spatial
dynamics of juvenile white sharks, Carcharodon car-
charias, in Eastern Australia. In: Domeier ML (ed) Global
perspectives on the biology and life history of the white
shark. CRC Press, New York, NY, p 225−253

Cailliet GM, Martin LK, Harvey JT, Kusher D, Weldon BA
(1983) Preliminary studies on the age and growth of the

120

https://doi.org/10.1007/s00227-011-1639-1
https://doi.org/10.7773/cm.v21i2.987
https://doi.org/10.1111/j.0021-8790.2004.00861.x
https://doi.org/10.1016/S1095-6433(01)00333-6
https://doi.org/10.3354/meps268245
https://doi.org/10.1071/MF9920001
https://doi.org/10.3354/meps11017
https://doi.org/10.1038/415035b
https://doi.org/10.1126/science.1114898
https://doi.org/10.1038/s41559-017-0432-z


Tamburin et al.: Stable isotopes in young sharks

blue shark, Prionace glauca, common thresher, Alopias
vulpinus, and shortfin mako, Isurus oxyrinchus, from
California waters. In: Prince ED, Pulos LM (eds) Pro -
ceedings of the international workshop on age determi-
nation of oceanic pelagic fishes: tunas, bill-fishes, and
sharks. US Dept Commerce, NOAA Tech Rep NMFS 8,
p 179−188

Cailliet GM, Cavanagh RD, Kulka DW, Stevens JD and
 others (2009) Isurus oxyrinchus. IUCN Red List of Threat-
ened Species 2009:e.T39341A10207466, http://dx.doi.
org/10.2305/IUCN.UK.2009-2.RLTS.T39341A10207466. en

Carlisle AB, Kim LS, Semmens BX, Madigan DJ and others
(2012) Using stable isotopes analysis to understand
the migration and trophic ecology of Northeastern
Pacific white shark (Carcharodon carcharias). PLOS
ONE 7: e30492

Carlisle AB, Goldman KJ, Litvin SY, Madigan DJ and others
(2015) Stable isotope analysis of vertebrae reveals onto-
genetic changes in habitat in an endothermic pelagic
shark. Proc R Soc B 282:20141446

Carlisle AB, Litvin SY, Madigan DJ, Lyons K, Bigman JS,
Ibarra M, Bizzarro JJ (2017) Interactive effects of urea
and lipid content confound stable isotope analysis in
elasmobranch fishes. Can J Fish Aquat Sci 74:419−428

Carlson JK, Goldman JK, Lowe CG (2004) Metabolism,
energetic demand, and endothermy. In: Carrier JC,
Musick JA, Heithaus MR (eds) Biology of sharks and
their relatives. CRC Press, Boca Raton, FL, p 203−224

Cartamil D, Santana-Morales O, Escobedo-Olvera MA,
Kacev D and others (2011) The artisanal elasmobranch
fishery of the Pacific coast of Baja California, Mexico.
Fish Res 108:393−403

Castillo-Géniz JL, Godínez-Padill CJ, Ortega-Salgado I,
Ajás-Terriquez HA (2016) La importancia pesquera de
los tiburones incluidos en el Apéndice II de la CITES
en aguas de México, litoral del Pacífico costa occidental
de Baja California. In: Instituto Nacional de Pesca-
INAPESCA (eds) Tiburones mexicanos de importancia
pesquera en la CITES. Instituto Nacional de Pesca, Méx-
ico DF, p 29−36

Castro JI (1993) The shark nursery of Bulls Bay, South Car-
olina, with a review of the shark nurseries of the south-
eastern coast of the United States. Environ Biol Fishes
38:37−48

Churchill DA, Heithaus MR, Grubbs RD (2015) Effects of
lipid and urea extraction on δ15N values of deep-sea
sharks and hagfish: Can mathematical correction factors
be generated? Deep Sea Res II 115:103−108

Compagno LJV (2002) Sharks of the world. An annotated
and illustrated catalogue of shark species known to date.
Part 1—Hexanchiformes to Lamniformes. FAO, Rome

Conde-Moreno M, Galván-Magaña F (2006) Reproductive
biology of the mako shark Isurus oxyrinchus on the
south-western coast of Baja California, México. Cybium
30:75−83

Dahlgren CP, Kellison GT, Adams AJ, Gillanders BM and
others (2006) Marine nurseries and effective juvenile
habitats: concepts and applications. Mar Ecol Prog Ser
312:291−295

Dale JJ, Wallsgrove NJ, Popp BN, Holland KN (2011) Nurs-
ery habitat use and foraging ecology of the brown
stingray Dasyatis lata determined from stomach con-
tents, bulk and amino acid stable isotopes. Mar Ecol Prog
Ser 433:221−236

Dewar H, Domeier M, Nasby-Lucas N (2004) Insights into

young of the year white shark, Carcharodon carcharias,
behavior in the Southern California Bight. Environ Biol
Fishes 70:133−143

Domeier ML, Nasby-Lucas N (2013) Two-year migration of
adult female white sharks (Carcharodon carcharias)
reveals widely separated nursery areas and conservation
concerns. Anim Biotelem 1:2

Dulvy NK, Fowler SL, Musick JA, Cavanagh RD, Kyne PM,
Harrison LR, White WT (2014) Extinction risk and con-
servation of the world’s sharks and rays. eLife 3:e00590

Ellis JR, Pawson MG, Shackley SE (1996) The comparative
feeding ecology of six species of sharks and four species
of ray (Elasmobranchii) in the northeast Atlantic. J Mar
Biol Assoc UK 76:89−106

Elorriaga-Verplancken FR, Sierra-Rodríguez GE, Rosales-
Nanduca H, Acevedo-Whitehouse K, Sandoval-Sierra J
(2016) Impact of the 2015 El Niño-Southern Oscillation
on the abundance and foraging habits of Guadalupe
fur seals and California sea lions from the San Benito
Archipelago, México. PLOS ONE 11:e0155034

Ezcurra JM, Lowe CG, Mollet HF, Ferry LA, O’Sullivan JB
(2012) Captive feeding and growth of young-of-the-year
white sharks, Carcharodon carcharias, at the Monterey
Bay Aquarium. In: Domeier ML (ed) Global perspectives
on the biology and life history of the white shark. CRC
Press, New York, NY, p 3−16

Fergusson I, Compagno LJV, Marks M (2009) Carcharodon
carcharias. The IUCN Red List of Threatened Species
2009:e.T3855A10133872, http://dx.doi.org/ 10.2305/ IUCN.
UK.2009-2.RLTS. T3855A10133872.en

Fisk AT, Sash K, Maerz J, Palmer W, Carroll JP, MacNeil
MA (2009) Metabolic turnover rates of carbon and nitro-
gen stable isotopes in captive juvenile snakes. Rapid
Comm Mass Spectrom 23:319–326

Francis M (1996) Observations on a pregnant white shark
with a review of reproductive biology. In: Klimley AP,
Ainley DG (eds) Great white sharks: the biology of Car-
charodon carcharias. Academic Press, San Diego, CA,
p 157−172

Gerritsen J (1984) Size efficiency reconsidered: a general
foraging model for free-swimming aquatic animals. Am
Nat 123:450−467

Graham BS, Grubbs D, Holland K, Popp BN (2007) A rapid
ontogenetic shift in the diet of juvenile yellowfin tuna
from Hawaii. Mar Biol 150:647−658

Graham BS, Koch PL, Newsome SD, McMahon KW, Auri-
oles D (2010) Using isoscapes to trace the movements
and foraging behavior of top predators in oceanic ecosys-
tems. In: West JB, Bowen GJ, Dawson TE, Tu KP (eds)
Isoscapes: understanding movement, pattern, and pro-
cess on Earth through isotope mapping. Springer, Dor-
drecht, p 299−318

Heithaus MR (2007) Nursery areas as essential shark habi-
tats: a theoretical perspective. Am Fish Soc Symp 50:
3−13

Hernández-Rivas ME, Jiménez-Rosenberg SP, Funes-
Rodríguez R, Saldierna-Martínez RJ (2000) El centro de
actividad biológica de la Bahía Sebastián Vizcaíno, una
primera aproximación. In: Lluch-Belda D, Elorduy-Garay
J, Lluch-Cota SE, Ponce-Díaz G (eds) BAC Centros
de Actividad Biológica del Pacífico mexicano. Centro
de Investigaciones Biológicas del Noroeste, México DF,
p 65−85

Heupel MR, Carlson JK, Simpfendorfer CA (2007) Shark
nursery areas: concepts, definition, characterization and

121

https://doi.org/10.2305/IUCN.UK.2009-2.RLTS.T39341A10207466.en
https://doi.org/10.1371/journal.pone.0030492
https://doi.org/10.1098/rspb.2014.1446
https://doi.org/10.1139/cjfas-2015-0584
https://doi.org/10.1016/j.fishres.2011.01.020
https://doi.org/10.1007/BF00842902
https://doi.org/10.1016/j.dsr2.2014.12.013
https://doi.org/10.3354/meps312291
https://doi.org/10.3354/meps09171
https://doi.org/10.3354/meps337287
https://doi.org/10.1007/s00227-006-0360-y
https://doi.org/10.1086/284216
https://doi.org/10.1002/rcm.3880
https://doi.org/10.1371/journal.pone.0155034
https://doi.org/10.1017/S0025315400029039
https://doi.org/10.7554/eLife.00590
https://doi.org/10.1186/2050-3385-1-2
https://doi.org/10.1023/B%3AEBFI.0000029343.54027.6a


Mar Ecol Prog Ser 613: 107–124, 2019

assumptions. Mar Ecol Prog Ser 337:287−297
Hobson KA (1999) Tracing origins and migration of wildlife

using stable isotopes: a review. Oecologia 120:314−326
Holts DB, Bedford DW (1993) Horizontal and vertical move-

ments of the shortfin mako shark, Isurus oxyrinchus, in
the Southern California Bight. Aust J Mar Freshw Res
44:901−909

Hoyos-Padilla ME, Klimley AP, Galván-Magaña F, Antoniu
A (2016) Contrast in the movements and habitat use
of juvenile and adult white sharks (Charcharodon car-
charias) at Guadalupe Island. Mexico. Anim Biotelem
4:14

Hussey NE, Wintner SP, Dudley SFJ, Cliff G, Cocks DT,
MacNeil A (2010) Maternal investment and size-specific
reproductive output in carcharhinid sharks. J Anim Ecol
79:184−193

Hussey N, McCann H, Cliff G, Dudley S, Wintner S, Fisk A
(2012) Size-based analysis of diet and trophic position
of the white shark, Carcharodon carcharias, in South
African waters. In: Domeier ML (ed) Global perspectives
on the biology and life history of the white shark. CRC
Press, New York, NY, p 27−50

Hutchinson GE (1978) An introduction to population biology.
Yale University Press, New Haven, CT

Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Com -
paring isotopic niche widths among and within com -
munities: SIBER − Stable Isotope Bayesian Ellipses in R.
J Anim Ecol 80:595−602

Jenkins SG, Partridge ST, Stephenson TR, Farley SD, Rob-
bins CT (2001) Nitrogen and carbon isotope fractiona-
tion between mothers, neonates, and nursing offspring.
Oecologia 129:336−341

Joung S, Hsu H (2005) Reproduction and embryonic de -
velopment of the shortfin mako, Isurus oxyrinchus
Rafinesque, 1810, in the Northwestern Pacific. Zool Stud
44:487−496

Kim SL, Koch PL (2012) Methods to collect, preserve, and
prepare elasmobranch tissues for stable isotope analysis.
Environ Biol Fishes 95:53−63

Kim SL, Martínez del Rio C, Casper D, Koch PL (2012a) Iso-
topic incorporation rates for shark tissues from a long-
term captive feeding study. J Exp Biol 215:2495−2500

Kim SL, Tinker MT, Estes JA, Koch PL (2012b) Ontogenetic
and among-individual variation in foraging strategies of
Northeast Pacific white sharks based on stable isotope
analysis. PLOS ONE 7:e45068

Kinney MJ, Simpfendorfer CA (2009) Reassessing the value
of nursery areas to shark conservation and management.
Conserv Lett 2:53−60

Kinney MJ, Hussey NE, Fisk AT, Tobin AJ, Simpfendorfer
CA (2011) Communal or competitive? Stable isotope
analysis provides evidence of resource partitioning
within a communal shark nursery. Mar Ecol Prog Ser
439:263−276

Klimley AP (1985) The areal distribution and autoecology of
the white shark, Carcharodon carcharias, off the West
coast of North America. Mem South Calif Acad Sci
9:15−40

Klimley AP, Le Boeuf BJ, Cantara JE, Richert SF, Van Som-
meran DS (2001) Radio-acoustic positioning as a tool for
studying site-specific behavior of the white shark and
other large marine species. Mar Biol 138:429−446

Kohler EN, Casey JG, Turner PA (1996) Length-length and
length-weight relationships for 13 shark species from the
Western North Atlantic. Fish Bull 93:412–418

Krausman P (1999) Some basic principles of habitat use. In:
Launchbaugh KL, Sanders KD, Mosley JC (eds) Grazing
behavior of livestock and wildlife. University of Idaho,
Moscow, ID, p 85−90

Kuhn CE, Costa DP (2014) Interannual variation in the at sea
behavior of California sea lions (Zalophus californianus).
Mar Mamm Sci 30:1297−1319 doi:10.1111/mms.12110

Layman CA, Araujo MS, Boucek R, Hammerschlag N and
others (2012) Applying stable isotopes to examine food
web structure: an overview of analytical tools. Biol Rev
Camb Philos Soc 87:545−562

Le Boeuf BJ (2004) Hunting and migratory movements of
white sharks in the eastern North Pacific. Mem Natl Inst
Polar Res 58:91−102

Li Y, Zhang Y, Hussey NE, Dai X (2016) Urea and lipid
extraction treatment effects on 15N and 13C values in
pelagic sharks. Rapid Commun Mass Spectrom 30:1−8

Logan JM, Jardine TD, Miller TJ, Bunn SE, Cunjak RA, Lut-
cavage ME (2008) Lipid corrections in carbon and nitro-
gen stable isotope analyses: comparison of chemical
extraction and modeling methods. J Anim Ecol 77:
838−846

Lowe CG, Blasius ME, Jarvis ET, Masori TJ, Goodman GD,
O’Sullivan JB (2012) Historic fishery interactions with
white sharks in the Southern California Bight. In:
Domeier ML (ed) Global perspectives on the biology and
life history of the white shark. CRC Press, New York, NY,
p 169−186

Lyons K, Jarvis ET, Jorgensen SJ, Weng K, O’Sullivan J,
Winkler C, Lowe CG (2013) The degree and result of gill-
net fishery interactions with juvenile white sharks in
southern California assessed by fishery independent and
dependent methods. Fish Res 147:370−380

Lyons K, Preti A, Madigan DJ, Wells RJD and others (2015)
Insights into the life history and ecology of a large short-
fin mako shark Isurus oxyrinchus captured in southern
California. J Fish Biol 87:200−211

Madigan DJ, Carlisle AB, Dewar H, Snodgrass OE, Litvin
SY, Micheli F, Block BA (2012a) Stable isotope analysis
challenges wasp-waist food web assumptions in an
upwelling pelagic ecosystem. Sci Rep 2:654

Madigan DJ, Litvin SY, Popp BN, Carlisle AB, Farwell CJ,
Block BA (2012b) Tissue turnover rates and isotopic
trophic discrimination factors in the endothermic teleost,
Pacific bluefin tuna (Thunnus orientalis). PLOS ONE
7:e49220

Madigan DJ, Baumann Z, Carlisle AB, Hoen DK and others
(2014) Reconstructing transoceanic migration patterns of
Pacific bluefin tuna using a chemical tracer toolbox.
Ecology 95:1674−1683

Madigan DJ, Snodgrass OE, Fisher NS (2018) From migrants
to mossbacks: tracer-and tag-inferred habitat shifts in
the California yellowtail Seriola dorsalis. Mar Ecol Prog
Ser 597:221−230

Malpica-Cruz L, Herzka SZ, Sosa-Nishizaki O, Lazo JP
(2012) Tissue-specific isotope trophic discrimination
 factors and turnover rates in a marine elasmobranch:
empirical and modeling results. Can J Fish Aquat Sci 69:
551−564

Malpica-Cruz M, Herzka SH, Sosa-Nishizaki O, Escobedo-
Olvera MA (2013) Tissue-specific stable isotope ratios of
shortfin mako (Isurus oxyrinchus) and white (Carcharo-
don carcharias) sharks as indicators of size-based differ-
ences in foraging habitat and trophic level. Fish
Oceanogr 22:429−445

122

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28308009&dopt=Abstract
https://doi.org/10.1071/MF9930901
https://doi.org/10.1186/s40317-016-0106-7
https://doi.org/10.1111/j.1365-2656.2009.01623.x
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1007/s004420100755
https://doi.org/10.1007/s10641-011-9860-9
https://doi.org/10.1242/jeb.070656
https://doi.org/10.1371/journal.pone.0045068
https://doi.org/10.1111/j.1755-263X.2008.00046.x
https://doi.org/10.3354/meps09327
https://doi.org/10.1007/s002270000394
https://doi.org/10.1111/fog.12034
https://doi.org/10.1139/f2011-172
https://doi.org/10.3354/meps12593
https://doi.org/10.1890/13-1467.1
https://doi.org/10.1371/journal.pone.0049220
https://doi.org/10.1038/srep00654
https://doi.org/10.1111/jfb.12709
https://doi.org/10.1016/j.fishres.2013.07.009
https://doi.org/10.1111/j.1365-2656.2008.01394.x
https://doi.org/10.1002/rcm.7396
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1111/mms.12110


Tamburin et al.: Stable isotopes in young sharks

Martin RA, Hammerschlag N, Collier RS, Fallows C (2005)
Predatory behaviour of white sharks (Carcharodon car-
charias) at Seal Island, South Africa. J Mar Biol Assoc UK
85:1121−1135

Martínez del Rio C, Wolf N, Carleton SA, Gannes LZ (2009)
Isotopic ecology ten years after a call for more laboratory
experiments. Biol Rev Camb Philos Soc 84:91−111

Martínez-Fuentes LM, Gaxiola-Castro G, Gómez-Ocampo
E, Kahru M (2016) Effects of interannual events (1997-
2012) on the hydrography and phytoplankton biomass of
Sebastian Vizcaino Bay. Cienc Mar 42:81−97

Matich P, Kiszka JJ, Heithaus MR, Mourier J, Planes S
(2015) Short-term shifts of stable isotope (δ13C, δ15N) val-
ues in juvenile sharks within nursery areas suggest rapid
shifts in energy pathways. J Exp Mar Biol Ecol 465:83−91

McMeans BC, Olin JA, Benz GW (2009) Stable-isotope com-
parisons between embryos and mothers of a placenta -
trophic shark species. J Fish Biol 75:2464−2474

Medina-Trujillo EC (2013) Descripción de los movimientos
del tiburón mako, Isurus oxyrinchus, en el pacífico
Nororiental usando telemetría satelital. Master’s thesis,
CICESE, Ensenada, BC, p 83

Mexico (2007) Norma Oficial Mexicana, NOM-029-pESC-
2006, Pesca re sponsable de tiburones y rayas. Especifica-
ciones para su aprove chamiento, 2007. Secretaría de
Agricultura, Gana dería, Desarrollo Rural, Pesca y Ali-
mentación, Diario  Oficial, p 59–101

Mollet HF, Cliff G, Pratt HL Jr, Stevens JD (2000) Repro -
ductive biology of the female shortfin mako, Isurus
oxyrinchus Rafinesque, 1810, with comments on the em -
bryonic development of lamnoids. Fish Bull 98:299−318

Moore JW, Semmens BX (2008) Incorporating uncertainty
and prior information into stable isotope mixing models.
Ecol Lett 11:470–480

Mucientes-Sandoval GR, Saborido-Rey F (2008) Acer-
camiento a la composición de la dieta de Isurus oxy -
rinchus Rafinesque, 1810 (Elasmobranchii: Lamnidae)
en aguas internacionales del Pacífico Sur Central. Rev
Invest Mar 29:145−150

Murchie KJ, Power M (2004) Growth and feeding related
isotopic dilution and enrichment patterns in young
of the year yellow perch (Perca flavescens). Freshw Biol
49:41−54

Newsome SD, Martínez del Rio C, Bearhop S, Phillips DL
(2007) A niche for isotopic ecology. Front Ecol Environ
5:429−436

Newsome SD, Etnier MA, Monson DH, Fogel ML (2009)
 Retrospective characterization of ontogenetic shifts in
killer whale diets via δ13C and δ15N analysis of teeth. Mar
Ecol Prog Ser 374:229−242

Newsome SD, Clementz MT, Koch PL (2010) Using stable
isotope biogeochemistry to study marine mammal ecol-
ogy. Mar Mamm Sci 26:509−572

Niño-Torres CA, Gallo-Reynoso JP, Galván-Magaña F,
Escobar-Briones E, Macko SA (2006) Isotopic analysis of
δ13C, δ15N, and δ34S ‘a feeding tale’ in teeth of the long-
beaked common dolphin, Delphinus capensis. Mar
Mamm Sci 22:831−846

Olin JA, Hussey NE, Fritts M, Heupel MR, Simpfendorfer
CA, Poulakis GR, Fisk AT (2011) Maternal meddling in
neonatal sharks: implication for interpreting stable iso-
topes in young animals. Rapid Commun Mass Spectrom
25:1008−1016

Oñate-González EC, Sosa-Nishizaki O, Herzka SZ, Lowe
CG and others (2017) Importance of Bahia Sebastian Viz-

caino as a nursery area for white sharks (Carcharodon
carcharias) in the Northeastern Pacific: a fishery depend-
ent analysis. Fish Res 188:125−137

Palacios-Hernández E, Argote EM, Amador BA, Mancilla
PM (1996) Simulación de la circulación barotrópica
inducida por viento en Bahía Sebastián Vizcaíno, B.C.
Atmosfera 9:171−188

Parnell A, Inger R, Bearhop S, Jackson AL (2008) SIAR: sta-
ble isotope analysis in R. The Comprehensive R Archive
Network, http://cran.r-project.org/web/ packages/ siar/
index.html

Parnell AC, Inger R, Bearhop S, Jackson AL (2010) Source
partitioning using stable isotopes: coping with too much
variation. PLOS ONE 5:e9672

Parnell AC, Phillips DL, Bearhop S, Semmens BX and others
(2013) Bayesian stable isotope mixing models. Environ-
metrics 24:387−399

Peterson BJ, Fry B (1987) Stable isotopes in ecosystem stud-
ies. Annu Rev Ecol Evol Syst 18:293−320

Pikitch EK, Rountos KJ, Essington TE, Santora C and others
(2014) The global contribution of forage fish to marine
fisheries and ecosystems. Fish Fish 15:43−64

Pilgrim MA (2007) Expression of maternal isotopes in off-
spring: implications for interpreting ontogenetic shifts
in isotopic composition of consumer tissues. Isotopes
Environ Health Stud 43:155−163

Post DM (2002) Using stable isotopes to estimate trophic
position: models, methods, and assumptions. Ecology
83:703−718

Post DM, Layman CA, Arrington A, Takimoto G, Quattrochi
J, Montaña CG (2007) Getting to the fact of the matter:
models, methods and assumptions for dealing with in
stable isotope analyses. Oecologia 152:179−189

Preti A, Soykan CU, Dewar H, Wells RJD, Spear N, Kohin S
(2012) Comparative feeding ecology of shortfin mako,
blue and thresher sharks in the California Current.
 Environ Biol Fishes 95:127−146

R Development Core Team (2008) R: a language and en -
vironment for statistical computing. R Foundation for
Statistical Computing, Vienna

Ramírez-Amaro SR, Cartamil D, Galván-Magaña F, Gon -
zález-Barba G and others (2013) The artisanal elasmo-
branch fishery of the Pacific coast of Baja California Sur,
Mexico, management implications. Sci Mar 77:473−487

Reich KJ, Bjorndal KA, Del Rio CM (2008) Effects of growth
and tissue type on the kinetics of 13C and 15N incorpo -
ration in a rapidly growing ectotherm. Oecologia 155:
651−663

Ribot-Carballal MC, Galván-Magaña F, Quiñónez-Velázquez
C (2005) Age and growth of the shortfin mako shark, Isu-
rus oxyrinchus (Rafinesque, 1810), from the western
coast of Baja California Sur, México. Fish Res 76:14−21

Santana-Morales O, Sosa-Nishizaki O, Escobedo-Olvera
MA, Oñate-González EC, O’Sullivan JB, Cartamil D
(2012) Incidental catch and ecological ob servations of
juvenile white sharks, Carcharodon carcharias, in west-
ern Baja California, Mexico: conservation implications.
In: Domeier ML (ed) Global perspectives on the biology
and life history of the white shark. CRC Press, New York,
NY, p 187−198

Semba Y, Aoki I, Yokawa K (2011) Size at maturity and
reproductive traits of shortfin mako, Isurus oxyrinchus, in
the western and central North Pacific. Mar Freshw Res
62:20−29

Semmens JM, Payne NL, Huveneers C, Sims DW, Bruce BD

123

https://doi.org/10.1017/S002531540501218X
https://doi.org/10.1111/j.1469-185X.2008.00064.x
https://doi.org/10.7773/cm.v42i2.2626
https://doi.org/10.1016/j.jembe.2015.01.012
https://doi.org/10.1111/j.1095-8649.2009.02402.x
https://doi.org/10.1111/j.1461-0248.2008.01163.x
https://doi.org/10.1046/j.1365-2426.2003.01163.x
https://doi.org/10.1890/060150.1
https://doi.org/10.3354/meps07747
https://doi.org/10.1111/j.1748-7692.2006.00065.x
https://doi.org/10.1002/rcm.4946
https://doi.org/10.1016/j.fishres.2016.12.014
https://doi.org/10.1038/srep01471
https://doi.org/10.1071/MF10123
https://doi.org/10.1016/j.fishres.2005.05.004
https://doi.org/10.1007/s00442-007-0949-y
https://doi.org/10.3989/scimar.03817.05A
https://doi.org/10.1007/s10641-012-9980-x
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1890/0012-9658(2002)083%5b0703%3AUSITET%5d2.0.CO%3B2
https://doi.org/10.1080/10256010701360355
https://doi.org/10.1111/faf.12004
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1002/env.2221
https://doi.org/10.1371/journal.pone.0009672


Mar Ecol Prog Ser 613: 107–124, 2019

(2013) Feeding requirements of white sharks may be
higher than originally thought. Sci Rep 3:1471

Shiffman DS, Gallagher AJ, Boyle MD, Hammerschlag-
peyer CM, Hammerschlag N (2012) Stable isotope analy-
sis as a tool for elasmobranch conservation research: a
primer for non-specialists. Mar Freshw Res 63:635−643

Shipley ON, Murchie KH, Frisk MG, Brooks EJ, O’Shea OR,
Power M (2017) Low lipid and urea effects and  inter-
tissue comparisons of stable isotope signatures in three
nearshore elasmobranchs. Mar Ecol Prog Ser 579: 233−238

Simpfendorfer CA, Heupel MR (2004) Assessing habitat use
and movement. In Carrier JC, Musick JA, Heithaus MR
(eds) Biology of sharks and their relatives. CRC Press,
Boca Raton, FL, p 553−572

Sippel T, Wraith J, Kohin S, Taylor V and others (2004) A
summary of blue shark (Prionace glauca) and shortfin
mako shark (Isurus oxyrinchus) tagging data available
from the North and Southwest Pacific Ocean. In: ISC
Shark Working Group Workshop, NOAA Southwest
Fisheries Science Center, La Jolla, CA, p 1−7

Smith JA, Mazumder D, Suthers IM, Taylor MD (2013) To fit
or not to fit: evaluating stable isotope mixing models
using simulated mixing polygons. Methods Ecol Evol
4:612−618

Tieszen LL, Boutton TW, Tesdahl KG, Slade NA (1983)
 Fractionation and turnover of stable carbon isotopes in
animal tissues: implications for d13C analysis of diet.
Oecologia 57:32−37

Tilley A, López-Angarita J, Turner JR (2013) Diet recon-
struction and resource partitioning of a Caribbean mar-
ine mesopredator using stable isotope Bayesian model-
ling. PLOS ONE 8:e79560

Tricas TC, McCosker JE (1984) Predatory behavior of white
shark (Carcharodon carcharias) with notes on its biology.
Proc Calif Acad Sci 43:221−238

Uchida S, Toda M, Teshima K, Yano K (1996) Pregnant white
sharks with near-term fetuses from Japan. In: Klimley
AP, Ainley DG (eds) Great white sharks: the biology of
Carcharodon carcharias. Academic Press, San Diego,
CA, p 139−155

Vanderklift MA, Ponsard S (2003) Sources of variation in
consumer-diet δ15N enrichment: a meta-analysis. Oeco -
logia 136:169−182

Vaudo JJ, Matich P, Heithaus MR (2010) Mother–offspring
isotope fractionation in two species of placentatrophic
sharks. J Fish Biol 77:1724

Velasco-Tarelo PM (2005) Hábitos alimenticios e isótopos
13C y 15N del tiburón mako Isurus oxyrinchus (Rafi -
nesque, 1810) en la costa occidental de Baja Cali fornia
Sur. MS thesis, CICIMAR-IPN, La Paz, BCS, p 1−97

Vélez-Marín R, Márquez-Farías FJ (2009) Distribution and
size of the shortfin mako (Isurus oxyrinchus) in the
 Mexican Pacific Ocean. Pan-Am J Aquat Sci 4:490−499

Weidel BC, Carpenter SR, Kitchell JF, Vander Zanden MJ
(2011) Rates and components of carbon turnover in fish
muscle: insights from bioenergetics models and a whole-
lake 13C addition. Can J Fish Aquat Sci 68:387–399

Weng KC, O’Sullivan JB, Lowe CG, Winkler CE, Dewar H,
Block BA (2007) Movements, behavior and habitat pref-
erences of juvenile white sharks Carcharodon carcharias
in the eastern Pacific. Mar Ecol Prog Ser 338:211−224

Weng KC, O’Sullivan JB, Lowe CG, Winkler CE and others
(2012) Back to the wild: release of juvenile white sharks
from the Monterey Bay Aquarium. In: Domeier ML (ed)
Global perspectives on the biology and life history of the
white shark. CRC Press, New York, NY, p 419−446

Wetherbee BM, Cortés E (2004) Food consumption and
feeding habits. In: Carrier JC, Musick JA, Heithaus MR
(eds) Biology of sharks and their relatives. CRC Press,
Boca Raton, FL, p 225−246

124

Appendix

Table A1. Density distributions of the consumers used for the Bayesian mixing models

Size SCB Baja
class Inshore Offshore Inshore Offshore
(cm) 5% 50% 95% 5% 50% 95% 5% 50% 95% 5% 50% 95%

Shortfin makos
Embryo 4.1 13.3 26.3 11 31.1 46.4 0.7 7.8 21.4 30.8 46 59.4
<80 3.9 11.4 21.7 4.9 24.8 56.1 1 10.2 25.4 30.1 51.7 67.2
80–100 0.3 4.2 14.3 29.6 75.3 88 1.5 12 36.4 0.6 6.5 29.1
100–120 0.1 1.8 7.3 4.6 40.4 82.4 12.5 52 79.2 0.6 4.2 24
120–140 0 0.6 2.5 6.2 26.5 42.2 60.1 68.6 78.9 0.2 3.5 15.8
140–160 0.1 1.3 5 4.5 20.3 36.4 58.1 71.8 83.7 0.4 4.7 16.7
160–180 0.1 1.1 5.3 1.7 13.8 25.4 70.8 79.9 88.9 0.3 3.4 11.4
>180 0.5 6 19.2 1.5 16.1 43.3 45.7 65 82.8 0.6 7.3 22.4

White sharks
120–140 2.3 23.4 60.1 4.1 24 52.1 8 25.2 68.2 1.4 16.2 48.6
140–160 9.4 32.5 51.2 4.5 21.9 36.8 7.3 31.6 52.5 0.8 9.5 28.5
160–180 0.5 6.1 28.1 2.3 16.6 42.2 36.6 59.1 74.5 2.2 9.4 18.8
>180 6.1 39.6 64.6 4.5 21.7 35.4 5 23.7 48.4 2.6 11.5 34.3
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