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Abstract: Polychlorinated biphenyls (PCBs) were quantified in liver tissues of bull sharks (Carcharhinus leucas) ranging in age from
<4 wk to >3 yr. Summed values of PCBs (SPCBs) ranged from 310 ng/g to 22 070 ng/g (lipid wt) across age classes with SPCB
concentrations for the youngest sharks in the present study (<4 wk; 5230� 2170 ng/g lipid wt) determined to not significantly differ from
those quantified in>3-yr-old sharks, highlighting the extent of exposure of this young life stage to this class of persistent organic pollutants
(POPs). Age normalization of PCB congener concentrations to those measured for the youngest sharks demonstrated a significant
hydrophobicity (log octanol/water partition coefficient [KOW]) effect that was indicative of maternal offloading of highly hydrophobic
(logKOW �6.5) congeners to the youngest individuals. A distinct shift in the PCB congener profiles was also observed as these young
sharks grew in size. This shift was consistent with a transition from the maternally offloaded signal to the initiation of exogenous feeding
and the contributions of mechanisms including growth dilution and whole-body elimination. These results add to the growing pool of
literature documenting substantially high concentrations of POPs in juvenile sharks that are most likely attributable to maternal offloading.
Collectively, such results underscore the potential vulnerability of young sharks to POP exposure and pose additional concerns for
shark-conservation efforts. Environ Toxicol Chem 2014;33:35–43. # 2013 SETAC

Keywords: Hydrophobicity Maternal transfer Shark liver Umbilical scar stage Young-of-year

INTRODUCTION

As apex predators in aquatic food webs, most sharks are at
a heightened risk of exposure to persistent organic pollutants
(POPs), such as polychlorinated biphenyls (PCBs), through
food-web biomagnification [1]. Biological characteristics,
including the highly lipid-rich livers of sharks that can contain
up to 80% lipid and can constitute up to 20% of the body mass,
can provide substantial capacity for POP bioaccumulation
in these fishes [2,3]. In addition, life-history characteristics
including slow growth, late maturation, and low reproductive
rates are predicted to contribute to the high levels of POP
bioaccumulation reported for a range of shark species [4–7]. For
example, SPCB congener concentrations of 3040 ng/g and
10 000 ng/g (lipid wt) have been reported for liver tissues
collected from blue (Prionace glauca) and Greenland (Somniosus
microcephalus) sharks, respectively [6,8]. Moreover, Serrano
et al. [2] reported average SPCB congener concentrations
ranging from 45ng/g to 5410ng/g (lipid wt) in liver tissues
from 8 deep-water shark species. Such ranges in PCB bio-
accumulation represent a potential concern for shark species
wherematernal energy investment in embryo development occurs
in both egg- and live-bearing species via yolk and/or placental
nourishment and the potential exists for the transfer of the
maternal PCB burden.

Recent evidence indicates that female carcharhinid sharks
mobilize a significant proportion of their liver lipids to
developing embryos during gestation via placental transfer [3].
For the dusky shark (Carcharhinus obscurus), such maternal
provisioning can result in neonates with sufficiently enlarged

livers that can represent 20% of the body mass [3]. This maternal
provisioning is hypothesized to provide newborn sharks with
energy reserves following parturition to sustain them as they
develop foraging skills and begin independent feeding [3,9,10].
Gelsleichter et al. [11] suggested that the high concentrations of
SPCBs observed in young-of-year blacktip (Carcharhinus
limbatus) sharks were representative of maternal transfer
processes. Mechanisms such as placental transfer have been
widely demonstrated in marine mammals to result in developing
fetuses receiving substantial POP burdens [12–15]. As well
maternal offloading of POPs has been observed in egg-laying
reptiles and teleost fishes [16–18]. When considering this
mechanism, questions remain regarding the extent of potential
POP transfer to young sharks and how these burdens change
with growth. This is especially relevant given the capacity for
sharks to bioaccumulate substantial concentrations of a range of
POPs that have the potential for heightened toxicological risk.
For example, Storelli et al. [7] reported sum toxic equivalents of
150 pg/g (lipid wt) for dioxin-like PCBs, polychlorinated
dibenzo-p-dioxin, and polychlorinated dibenzofuran com-
pounds quantified in blue shark livers. In addition, toxic
equivalents of 110 pg/g and 170 pg/g (lipid wt) have been
determined for polychlorinated dibenzo-p-dioxins and poly-
chlorinated dibenzofurans, respectively, in Greenland shark
livers [8]. These results highlight the potential for exposure of
highly sensitive developing embryos to a range of endocrine-
disrupting compounds during gestation [15]. From this
perspective, the potential toxicological consequences associated
with maternally provisioned resources represent an additional
concern for the already threatened conservation status of
numerous shark species [19,20].

Ecological tracers including the stable isotopes of carbon
(d13C) and nitrogen (d15N) and dietary fatty acids have
demonstrated significant relationships between maternal forag-
ing activities and resource allocation to neonatal bull
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sharks [10,21]. In the present study, liver tissues from immature
bull sharks (Carcharhinus leucas) were collected for PCB
analysis to investigate the extent of PCB contamination in this
viviparous species and to compare congener profiles across age
classes of individuals ranging in age from <4 wk to >3 yr. It is
hypothesized that neonatal bull sharks will have SPCB burdens
that are more similar to those of juvenile bull sharks owing to
maternal energy investment in this species. In addition, we
hypothesize a shift in PCB congener profile from the youngest to
the juvenile age classes that reflects the transition from maternal
provisions to exogenous feeding and dietary exposure. It is
anticipated that the present study will provide novel information
regarding PCB dynamics in young sharks and further our
understanding of maternal influences on growing sharks.

MATERIALS AND METHODS

Sample collection

Thirty-nine bull sharks including neonate, young-of-year,
and juvenile age classes were collected from nursery habitats of
the Caloosahatchee (268300N, 818540W) andMyakka (828120W,
268570N) Rivers of Florida, USA. Sharks were caught using
shallow water (<10m) bottom-set longlines (length 400–800m)
set for periods from 0.5 h to 2.0 h between May and October of
2006 to 2008 in cooperation with the Florida Fish and Wildlife
Conservation Commission. All sharks were killed in the field
directly following capture in accordance with the University of
Windsor’s Animal Use and Care Guidelines (AAUP 07-13).
Each shark was measured for precaudal, total, and fork length
(cm), sexed, and assessed for relative age by umbilical scar stage
following a qualitative 5-point umbilical scar stage scale outlined
by Bass et al. [22] and Duncan and Holland [9]. Scar stages
include open wound with umbilical remains attached (umbilical
scar stage 1), open wound without remains (umbilical scar stage
2), wound partially open (umbilical scar stage 3), wound
completely closed (umbilical scar stage 4), and faint scar present
(umbilical scar stage 5). Available information indicates a period
between 4wk and 6wk for complete healing of the umbilical scar
(i.e., umbilical scar stage 5) and approximately 1 yr for complete
disappearance of the scar [9,22]. Age estimates of sharks lacking
an umbilical scar were determined based on fork length estimates
following Branstetter and Stiles [23] and Neer et al. [24]. Body
mass (kilograms) estimates were derived from Cliff and
Dudley [25]. Liver biopsies (�5 g) were collected from each
individual and stored frozen (�20 8C) in cryogenic Teflon vials
until analysis.

Sample analysis

The PCB extractions were completed using between 0.5 g and
1 g of liver tissue following the sodium sulfate cold column
extraction procedures described in Lazar et al. [26] and Daley
et al. [27]. Sample extraction efficiencies were determined using
either 1,3,5-tribromobenzene or a combination of PCB34 and
brominated diphenyl ether 71 recovery standards. Sample lipid
contents were determined gravimetrically using 1mL of sample
extract and a microbalance [28]. The remaining extract was
concentrated to 2mL under vacuum with sample cleanup
performed by Florisil chromatography as described by Lazar
et al. [26], followed by collection of the first (50mL hexane;
ACP) and second (50mL; hexane/dichloromethane 85/15 v/v;
Fisher Scientific) fractions. After Florisil chromatography,
extracts were concentrated to 1mL under vacuum and
transferred to 1.8mL gas chromatography vials. Samples were
analyzed for individual PCB congeners by gas chromatography-

electron capture detection. For each batch of 6 samples, an in-
house reference homogenate tissue, method blank, and external
PCB recovery standard (Quebec Ministry of Environment
Congener Mix; AccuStandard) were analyzed. A total of 33
PCB congeners were scanned for during analysis: PCBs 18/17,
31/28, 33, 52, 49, 44, 70, 95, 101, 99, 87, 110, 151/82, 149, 118,
153, 105/132, 138, 158, 187, 183, 128, 177, 156/171, 180, 191,
170, 201, 195/208, 194, 205, 206, and 209. All congeners were
detected with sufficient concentration to be included in the data
analysis (detection limits 12–41 pg/g wet wt). Recoveries of
individual PCB congeners in the homogenate reference tissue
extracted with each batch of samples were within 2 standard
deviations from themean laboratory database value derived from
laboratory control charts from the Great Lakes Institute for
Environmental Research’s accredited organic analytical labora-
tory (Canadian Association for Laboratory Accreditation and
ISO17025 certified). Recovery efficiencies for 1,3,5-tribromo-
benzene, PCB34, and brominated diphenyl ether 71 standards
were 86.0� 4.2%, 79.8� 12.3%, and 80.7� 3.1%, respectively,
and sample PCB concentrations were not recovery-corrected.

Statistical analyses

Sex, season, year, and river did not significantly influence
percentage of lipid content and SPCB congener concentration
values of bull shark liver tissues (Supplemental Data, Table S1).
Multiple regression analysis demonstrated that there was no
effect of season, year, and/or their interactions with age class for
SPCB values (F19,19¼ 1.148, p¼ 0.384). The data were
therefore grouped per age class for all following analyses.
Analysis of variance followed by a Tukey’s honestly significant
difference post hoc test was used to test for differences in lipid
contents, SPCB congener concentrations (lipid wt), and
percentage of total PCB and lipid-normalized PCB congener
ratios for select congeners (PCB153 vs 18/17, 31/28, 52, 99, 180,
and 206) among bull shark age classes. These congener ratios
were chosen to compare potential age-related changes in
individual congener bioaccumulation across a range of hydro-
phobicities. To further examine potential changes in PCB
congener profiles with shark age, individual PCB congener
concentrations were normalized to the average concentration
determined for the youngest shark age class (umbilical scar stage
2) collected in the present study using lipid-corrected PCB
congener concentrations determined for each shark liver sample.
This approach was designed to normalize the differences in
baseline environmental concentrations for each congener and
to allow for comparison of bioaccumulation patterns among
congeners following Burtnyk et al. [29]. The umbilical scar stage
2–normalized PCB congener concentrations were then plotted
against congener octanol/water partition coefficients (logKOW)
obtained from Hawker and Connell [30]. The PCB congener
partition ratios were estimated by dividing the average PCB
congener concentrations (lipid wt) of umbilical scar stage 2
sharks by the average congener concentrations (lipid wt) of the
oldest female sharks (>3 yr old, n¼ 4) [14,15]. The PCB data
were log10-transformed, and all analyses were performed in
R 2.13.0 [31] with a criterion for significance of p< 0.05 for all
statistical tests.

RESULTS

Bull shark liver lipid content ranged from 37.4% to 70.8%
across age class (Figure 1A). Liver lipid content was
significantly correlated with fork length (�0.7 fork lengthþ
109.8, r2¼ 0.443, p< 0.001) and demonstrated a significant
decline with increasing age class (F6,32¼ 7.06, p< 0.0001;
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Figure 1A). Significant differences in lipid content were not
observed between umbilical scar stage 2 and umbilical scar stage
5 age classes or between the 3 oldest age classes (Figure 1A).
However, liver lipid content was significantly higher in
umbilical scar stage 2 through umbilical scar stage 5 compared
with >3-yr-olds (Figure 1A).

Mean SPCB concentrations ranged from 1660 ng/g to
3540 ng/g (wet wt) among the shark age classes with the
highest mean SPCB concentration determined for livers from
2-yr-old to 3-yr-old sharks (Table 1). The predominant
congeners were PCBs 99, 118, 138, 153, 180, and 187,
constituting approximately 77% of SPCBs (Supplemental Data,
Table S2). There were no significant differences (F6,32¼ 1.905,
p¼ 0.110) in SPCB concentrations (lipid wt) among age classes

(Figure 1B). However, SPCB concentrations (lipid wt)
decreased consistently and by approximately 47% across
umbilical scar stage 2 through umbilical scar stage 5 age classes
and increased by approximately 3-fold between umbilical scar
stage 5 and 1-yr-olds (Figure 1B). At approximately 1 yr, SPCB
concentrations in liver tissues averaged (� standard error)
9300� 3630 ng/g lipid weight but did not increase significantly
across the 3 oldest age classes (Figure 1B).

Among PCB congeners 18/17, 31/28, 52, 99, 153, 180, and
206, PCB153 was consistently the dominant congener in bull
shark PCB profiles, averaging 27.4� 2.4% of SPCBs for all age
classes included in the present study (Supplemental Data,
Figure S1). For PCBs 18/17, 31/28, 52, and 99, their
proportional contributions to SPCBs declined with increasing

Figure 1. (A) Mean (� standard error) liver lipid contents (% wet wt) and (B) summed values of polychlorinated biphenyl (SPCB) concentrations (ng/g lipid wt)
for liver tissues sampled from immature age classes of bull sharks collected from southwestern Florida. Age classes are defined as follows: umbilical scar stage 2,
open wound without remains; umbilical scar stage 3, wound partially open; umbilical scar stage 4, wound completely closed; umbilical scar stage 5, faint scar
present; >1 yr, no umbilical scar, 80 cm to 90 cm fork length; 2 yr to 3 yr, 95 cm to 100 cm fork length; and >3 yr, >100 cm fork length. Inset panel represents
relationship between liver lipid content and shark fork length (cm). Letters represent significant results of Tukey’s honestly significant difference post hoc
comparison. Where letters are absent, no significant differences were observed. USS¼ umbilical scar stage.
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shark age. Concentrations of these 4 congeners also represented
<10% of SPCBs for each age class, with PCBs 18/17 and 52
averaging <1% of total PCB concentrations quantified in bull
shark livers. In contrast, proportional contributions of PCBs 153,
180, and 206 to bull shark SPCBs increased with shark age.
For example, PCB180 concentrations for umbilical scar stage 2
sharks averaged 7.5� 0.7% of SPCBs and increased to an
average of 10.5� 1.1% for >3-yr-old sharks.

Concentration ratios for the highly recalcitrant PCB153
(logKOW¼ 6.92) relative to less hydrophobic PCB congeners
including 18/17, 31/28, 52, and 99 (logKOW¼ 5.25, 5.67, 5.84,
and 6.39, respectively) were generally highest for umbilical scar
stage 2 sharks relative to other scar stages (Figure 2). Umbilical
scar stage 3 shark congener ratios were significantly lower
than those of 2-yr-old to 3-yr-old and >3-yr-old sharks for
PCB153:31/28 (F6,32¼ 2.665, p¼ 0.033) and PCB153:99
(F6,32¼ 2.823, p¼ 0.025). The PCB153:52 congener ratios for
umbilical scar stage 3 sharks were also significantly lower than
those of 2-yr-olds (p¼ 0.009); however, among all other age
classes, no significant differences in PCB153:52 ratio values
were evident (F6,32¼ 1.992, p¼ 0.097). For PCB153:18/17,
umbilical scar stage 2 sharks had the highest average ratio,
which was approximately 1.6-fold higher than that determined
for >3-yr-old sharks (Figure 2A; F6,31¼ 1.176, p¼ 0.344). For
PCB153:31/28, ratios determined for umbilical scar stage 2
sharks were 2.0-fold to 3.6-fold higher than those calculated for
umbilical scar stage 3 through umbilical scar stage 5 sharks and
1.3 times that determined for>1-yr-old sharks (Figure 2B). This
pattern was also observed for PCB153:52 and PCB153:99 ratios,
whereby the values determined for umbilical scar stage 2 sharks
were substantially higher than those for umbilical scar stage 3
through umbilical scar stage 5 sharks and most similar to those
determined for the oldest 3 age classes (Figure 2C and D).
Relative to more hydrophobic congeners including PCB180
(logKOW¼ 7.36) and 206 (logKOW¼ 8.09), PCB153 ratios
exhibited a generally negative relationship with increasing shark
age (Figure 2E and F). Significant differences were evident
among shark age classes for PCB153:180 values, with umbilical
scar stage 3 shark ratios determined to be significantly higher
relative to >3-yr-old fish (F6,32¼ 2.707, p¼ 0.031). For
PCB153:206 values, no significant differences were determined
among shark age classes (F6,32¼ 0.810, p¼ 0.570).

Umbilical scar stage 2–normalized PCB congener profiles
quantified in each age class demonstrated a significant
hydrophobicity (logKOW) effect where the relationships
between umbilical scar stage 2–normalized PCB concentrations
and log KOW transitioned from negative to positive with
increasing shark age (see Figure 3 for regression statistics).
Specifically, this normalization demonstrated the predominance
of highly hydrophobic (logKOW�6.5) congeners in the livers of

umbilical scar stage 2 relative to umbilical scar stage 3 sharks
(Figure 3A). Concentration ratios for these highly hydrophobic
congeners in umbilical scar stage 3 sharks were<1 and averaged
0.67% relative to umbilical scar stage 2 sharks. This
hydrophobicity effect was not evident for umbilical scar stage
2 normalized PCB congener concentrations for umbilical scar
stage 4 and umbilical scar stage 5 age classes (Figure 3B and C)
as the umbilical scar stage 2–normalized congener con-
centrations for these age classes were predominantly <1. The
majority of PCB congeners quantified for umbilical scar stage
2–normalized concentrations of >1-yr-old sharks exceeded 1,
indicating a higher degree of PCB bioaccumulation in livers of
older sharks relative to umbilical scar stage 2 through umbilical
scar stage 5 sharks (Figure 3D). Significant hydrophobicity
effects were observed for umbilical scar stage 2–normalized
concentrations for the 2-yr-old to 3-yr-old and >3-yr-old sharks
(Figure 3E and F). The PCB congener concentrations for these
age classes averaged approximately 1.7 times greater than those
quantified in umbilical scar stage 2 sharks.

The relationship between PCB congener partition ratios (lipid
wt) and log KOW of umbilical scar stage 2 versus >3-yr-old
sharks was best described by a second-order polynomial and
demonstrated a significant hydrophobicity effect (Figure 4).
Log-transformed partition ratios ranged from �0.4 to 0.4 and
averaged �0.07� 0.19 standard deviation, with a total of 11
congeners having positive partition ratios (>0). All partition
ratios estimated for PCB congeners with log KOW �7.36 were
negative (<0).

DISCUSSION

The present study is among the first to quantify PCB congener
concentrations among multiple age classes of immature sharks.
The youngest age class of bull shark included in the present study
exhibited SPCB congener concentrations that were comparable
to those of older immature individuals and congener profiles that
were dominated by increasingly hydrophobic (logKOW >6.5)
compounds relative to successively older immature sharks. The
SPCB concentrations (wet wt) determined for young-of-year
bull sharks in the present study were similar to those reported for
similarly aged blacktip (2930� 580 ng/g wet wt) and sandbar
(Carcharhinus plumbeus, 2050� 470 ng/g wet wt) sharks [11].
Carcharhinid sharks mobilize substantial liver lipid reserves
during gestation [3], and the patterns and magnitude of PCB
contamination quantified for neonatal bull sharks in the present
study provide strong evidence for the transfer of PCBs to bull
shark pups during such maternal resource provisioning.

Stable isotope analyses have demonstrated that bull sharks
rely on maternally provided resources for their first year of
growth, with gradual loss of the maternal isotope signal owing to
development of foraging skills and assimilation of external

Table 1. Fork length, estimated mass, and summed values of polychlorinated biphenyl(SPCB) congener concentrations detected in liver tissues of bull
(Carcharhinus leucas) sharks from immature age classes sampled from southwestern Florida

Age class n Length (cm) Mass (kg)a SPCB(ng/g wet wt, mean�SE)b

Umbilical scar stage 2 6 61.9� 0.7 4.5� 0.2 3350� 1550
Umbilical scar stage 3 5 64.7� 0.9 4.6� 0.4 2230� 562
Umbilical scar stage 4 6 66.2� 1.2 5.2� 0.2 1650� 640
Umbilical scar stage 5 6 73.0� 1.1 5.6� 0.4 1640� 370
>1yr 7 84.5� 1.2 11.0� 1.0 3110� 1050
2–3yr 5 93.7� 2.0 14.4� 1.3 3540� 990
>3yr 4 109.8� 5.9 19.3� 0.9 2860� 590

aBody mass estimates were derived from Cliff and Dudley [25].
bValues represent the sum total of 33 congeners. See Supplemental Data, Table S2, for mean� standard deviation values of each congener.
SE¼ standard error.
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dietary carbon [10,21]. The changes observed in the umbilical
scar stage 2–normalized PCB congener profiles are consistent
with such observations regarding the reliance of this species on
maternally provided resources during early growth and
development. Specifically, age normalization of the umbilical
scar stage 3 age class PCB concentrations demonstrated higher
proportions of increasingly hydrophobic (logKOW >6.5)
congeners in the youngest shark age class. The general decline
in SPCB congener concentrations between umbilical scar stage
2 and umbilical scar stage 5 sharks can likely be attributed to a
combination of mechanisms. These include redistribution of
the hepatic PCB burden, growth dilution, and biotransformation
and whole-body elimination [32]. Importantly, PCB congener
elimination rates are generally negatively correlated with log
KOW and body size [16,33,34]. Such elimination kinetics
dictates more rapid loss of the less hydrophobic congeners for

smaller, younger sharks and aid in describing the observed
changes in age-normalized PCB congener profiles across
umbilical scar stage 3 through umbilical scar stage 5 age classes.

By the first full year of growth, bull sharks are predicted to
have increased in mass by approximately 2.5-fold relative to
umbilical scar stage 2 individuals [25]. Such increases in body
mass are predicted to be accompanied by reduced capacity for
the elimination of increasingly hydrophobic (logKOW >6.5)
pollutants [34]. In addition, the transition from reliance on
maternally provided resources to exogenous feeding during the
first year of growth will result in growing exposure to such
increasingly hydrophobic congeners via dietary consumption.
For example, Cliff and Dudley [25] indicated that bull shark
diets exhibit size selectivity, suggesting that larger, older sharks
feed on larger prey items that generally occupy higher trophic
positions in the food web. For fish species, body size is also

Figure 2. Comparison of polychlorinated biphenyl (PCB)153 concentrations relative to (A) PCB18/17, (B) PCB31/28, (C) PCB52, (D) PCB99, (E) PCB180, and
(F) PCB206 concentrations (ng/g lipid wt) across immature age classes of bull sharks. Age classes are defined as follows: umbilical scar stage 2, open wound
without remains; umbilical scar stage 3, wound partially open; umbilical scar stage 4, wound completely closed; umbilical scar stage 5, faint scar present;>1 yr, no
umbilical scar, 80 cm to 90 cm fork length; 2 yr to 3 yr, 95 cm to 100 cm fork length; and >3 yr, >100 cm fork length. Bars in each panel represent mean
concentration ratio (� standard error), and letters represent significant results of Tukey’s honestly significant difference post hoc comparison. Where letters are
absent, no significant differences were observed. USS¼ umbilical scar stage.
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typically a good predictor of the extent of PCB bioaccumula-
tion [35], with the degree of chlorination of the PCB burden also
increasing with body size or trophic level [36]. Such alterations
in elimination kinetics and foraging ecology support the resultant
changes observed in the relationships between age-normalized
PCB concentrations and log KOW for �1-yr-old individuals and
aid in understanding the changes in PCB bioaccumulation
patterns observed across these age classes of immature bull
sharks.

Comparison of PCB153 concentrations with those of PCBs
18/17, 28/31, 52, 99, 180, and 206 across the bull shark age
classes included in the present study provides strong evidence for
this transition and of the significance of maternal offloading for
this species. For example, PCB153:PCB99 values were most
similar between umbilical scar stage 2 and >3-yr-old sharks. In
addition, SPCB concentrations measured in bull sharks did not
exceed or equal those measured in umbilical scar stage 2
individuals until sharks were �1 yr old. Growth dilution is most
important for high log KOW compounds [32], and growth rates
for larger (>120 cm) immature and adult bull sharks represent a

Figure 3. Relationship between umbilical scar stage 2–normalized polychlorinated biphenyl (PCB) congener concentrations and log octanol/water partition
coefficient (KOW) for (A) umbilical scar stage 3, (B) umbilical scar stage 4, (C) umbilical scar stage 5, (D)>1 yr old, (E) 2 yr old to 3 yr old, and (F)>3 yr old age
classes of bull sharks. Each point represents a different PCB congener. USS¼ umbilical scar stage.

Figure 4. Average partition ratios for polychlorinated biphenyl congeners
(ng/g lipid wt) plotted against log octanol/water partition coefficient (KOW)
for bull sharks. Partition ratios were calculated as the congener concentration
quantified in umbilical scar stage 2 individuals relative to the average value
quantified for >3-yr-old female bull sharks and log10-transformed. USS¼
umbilical scar stage.
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time frame of approximately 32 yr for this species to reach 90%
of the maximum asymptotic size [37]. The diets of older bull
sharks have also been demonstrated to transition from being
dominated by smaller, primarily teleost prey to increasing
proportions of larger prey species such as reptiles, elasmo-
branchs, and small mammals [25]. Such a change in dietary
composition to larger prey species is likely to result in a dietary
PCB profile that is increasingly dominated by more highly
hydrophobic congeners owing to slower congener elimination
rates and reduced growth dilution in larger prey [33,35,38].
From these perspectives, the similarity of PCB153 congener
ratios determined for the umbilical scar stage 2 sharks with those
for sharks>1 yr old demonstrates that bull shark neonates likely
receive the majority of their PCB burden via maternal
offloading.

Partition ratios describing the extent and patterns of PCB
transfer between mother–fetus pairs for marine mammals have
indicated a distinct hydrophobicity pattern in that increasingly
hydrophobic PCBs (logKOW >6.5) are offloaded to developing
fetuses to a reduced extent relative to less hydrophobic
pollutants [14,15]. Although liver tissues were not collected
from mature female bull sharks for the present study, the
partition ratios estimated using PCB congener concentrations
from the oldest female sharks demonstrated a similar hydropho-
bicity pattern to that observed by Desforges et al. [15]. For
increasingly hydrophobic congeners having log KOW >6.5,
partition ratio estimates in the present study averaged 0.9, which
contrasts with an average of >1.0 for less hydrophobic
congeners. While this difference is limited in magnitude, it
confirms prior conclusions regarding the greater potential for the
offloading of less hydrophobic congeners to developing
young [14,15].

The reduced extent of maternal offloading for highly
hydrophobic PCBs has been attributed to their increasing
hydrophobicity and the lower capacity of polar lipids in blood
for these congeners relative to nonpolar lipids that dominate
storage fats such as blubber [15,39,40]. Although less hydro-
phobic congeners are predicted to be more readily offloaded,
maternal PCB profiles would be dominated by more hydro-
phobic congeners owing to maturation times of up to 20 yr for
female bull sharks [23,37,41]. Consequently, PCB congeners
transferred to developing sharks would reflect this maternal
profile. Partition ratios estimated for some of the least
hydrophobic congeners quantified in umbilical scar stage 2
sharks were lower than would be predicted based on the
relationship described between partition ratios and log KOW for
beluga whale mother–calf pairs [15]. Partition ratio estimates in
the present study were not based on matched mother–pup pairs
or calculated using PCB concentrations of reproductivelymature
female sharks. These together likely contributed to the error
of these estimates for a number of congeners. The umbilical
scar stage 2 sharks also represent a time frame during which
immature sharks have been removed from maternal placental
nourishment [9,22]. Consequently, there is potential for
redistribution of maternally offloaded PCBs from the liver in
addition to growth dilution, biotransformation, and whole-body
elimination during this early life-history period, especially for
more readily eliminated congeners having log KOW �6.5 [33].

Female bull sharks are estimated to reach reproductive
maturity between 15 yr and 20 yr of age at >200 cm total
length [23,37]. This contrasts with faster-growing species such
as the blue shark, for which maturity occurs at approximately
5 yr of age [42]. Thus, the potential exists for female bull sharks
to bioaccumulate substantial PCB burdens prior to their first

reproductive event [41]. For marine mammals, the greatest
extent of PCB offloading to developing fetuses occurs during the
initial pregnancy event [12,14,43]. During subsequent repro-
ductive events, a reduced extent of offloading occurs owing to
the reduced time frame for feeding and PCB bioaccumulation
between future reproductive events [12,14,43]. Therefore,
developing embryos could be subject to a high degree of
variability with respect to PCB exposure depending on maternal
age at 1st reproduction in addition to the time between
reproductive events. Mull et al. [44] observed high variability
for SPCB concentrations in liver tissues from young-of-year
great white sharks (Carcharodon carcharias), similar to findings
reported in the present study. Bull shark litters also typically
range in number from 6 pups to 14 pups [25], which contrasts
with species such as the blue shark, for which litters have been
reported to include up to 75 individuals [45], suggesting that the
potential distribution of the maternally offloaded PCB burden
may also vary depending on litter size. These life-history
characteristics are likely important parameters contributing to
the variability observed in SPCB concentrations quantified for
umbilical scar stage 2 sharks in the present study and would be
anticipated to contribute to differences in the magnitude of
maternal PCB offloading among elasmobranch species.

Growth rates for carcharhinid species such as the dusky shark
(Carcharhinus obscurus) have been demonstrated to result in
increases in average mass up to approximately 400% from
umbilical scar stage 2 through umbilical scar stage 5 ages [3].
However, during such rapid growth, hepatosomatic indices for
these age classes also decline from approximately 15% to 6%,
representing an approximate 30% loss of liver mass [3]. Such
reductions in mass for this lipid-rich tissue represent an
extensive loss in storage capacity for POPs such as
PCBs [46]. When lipids are mobilized as an energy reserve,
the potential exists for the mobilization of PCBs from the lipid
reserves into the bloodstream and redistribution into other
somatic tissues [26,47,48]. In the present study, PCB concen-
trations were quantified in bull shark liver tissues only. The
reductions inSPCB concentrations observed in the present study
for umbilical scar stage 3 through umbilical scar stage 5 relative
to umbilical scar stage 2 sharks are hypothesized to primarily
represent the redistribution of the liver PCB burden into other
somatic tissues as these individuals grew in size. In addition,
when combined with the potential for such high growth dilution
and changes in trophic position for young sharks, these are likely
key parameters contributing to the observed changes in the
umbilical scar stage 2–normalized PCB congener profiles for the
umbilical scar stage 3 through umbilical scar stage 5 age classes.

Limited information currently exists regarding the extent of
maternal offloading of POPs that occurs across the diverse range
of reproductive strategies exhibited by elasmobranchs. Maternal
offloading of contaminants is not limited to placental species as this
mechanismhas been observed in egg-layingfishes and reptiles [16–
18]. Gelsleichter et al. [11] and Mull et al. [44] did not observe
changes in SPCB congener concentrations with age or size in
juvenile blacktip and white sharks, likely a consequence of
grouping individuals into broader size and age classes and/or not
sampling a size range of young-of-year individuals. However, the
results of the present study agree well with those of Gelsleichter
et al. [11] and Mull et al. [44], who documented SPCB
concentrations of similar magnitude to older individuals and
consistent with maternal offloading patterns. Combined, these
studies also indicate that the extent of such maternal offloading for
shark species is sufficient to generate PCB concentrations in
neonates that are of consistentmagnitudewith those associatedwith
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increased toxicological risk. For example, Strid et al. [8] quantified
SPCB concentrations ranging from 990ng/g to 10 000 ng/g (lipid
wt) in Greenland shark livers, which are similar to the findings of
the present study for umbilical scar stage 2 sharks. Critically, such
high PCB burdens in shark livers are often accompanied by
elevated concentrations of highly toxic compounds including
2,3,7,8-tetrachlorodibenzo-p-dioxin and tetrachlorodibenzofuran as
well as coplanar and mono-ortho–substituted PCB congeners [7,8].
Although such compounds were not quantified in the present study,
it is likely that concentrations of these highly toxic pollutants are
also offloaded during maternal resource provisioning in shark
species. For example, SPCB concentrations averaging approxi-
mately 17 500ng/g� 12 750 ng/g (lipid wt) have been reported for
young-of-year white shark liver tissue [44]. This result is roughly
double the highest result reported for Greenland shark livers with
demonstrated toxic equivalent potential [8,44]. Given the limited
understanding of toxic equivalents in sharks and the high
concentrations of POPs being reported in young individuals
of variety of shark species, future analyses should focus on
determining toxic equivalent values whereby toxicity can be
observed.

The youngest life stages of animal species are typically the
most developmentally sensitive with respect to pollutant
exposure. The results of the present study underscore the
potential vulnerability of young sharks with respect to possible
toxicity effects associated with POP exposure. Many elasmo-
branch species, including high–trophic level sharks are
threatened worldwide [20]. Additional research emphasizing
species-specific pollutant offloading patterns and associated
toxicity, in addition to age- and growth-related changes in POP
dynamics, will prove valuable for understanding the risks
to global shark populations that are associated with POP
bioaccumulation and exposure.

SUPPLEMENTAL DATA

Tables S1–S2.
Figure S1. (256 KB DOC).

Acknowledgment—The authors thank M. Heupel, C. Simpfendorfer, B.
Yeiser, T.Wiley, J. Tyminski, J. Gelsleichter, G. Poulakis, P. Stevens, and A.
Timmers for their assistance with sample collection. The authors also thank
N. Ismail and D. Qui for chemical extractions. The present research was
supported by the National Science & Engineering Research Council of
Canada Discovery grants awarded to A.T. Fisk and University of Windsor
scholarships awarded to J.A. Olin. J.A. Olin, G. Paterson, and A.T. Fisk
conceived and designed the study; M. Beaudry performed the sample
processing; and J.A. Olin and G. Paterson analyzed the data and wrote the
paper.

REFERENCES

1. Borgå K, Fisk AT, Hoekstra PF, Muir DCG. 2004. Biological and
chemical factors of importance in the bioaccumulation and trophic
transfer of persistent organochlorine contaminants in Arctic marine food
webs. Environ Toxicol Chem 23:2367–2385.

2. Serrano R, FernándezM, Rabanal R, HernándezM, GonzalezMJ. 2000.
Congener-specific determination of polychlorinated biphenyls in shark
and grouper livers from the northwest African Atlantic Ocean. Arch
Environ Contam Toxicol 38:217–224.

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

4. Fisk AT, Tittlemier SA, Pranschke JL, Norstrom RJ. 2002. Using
anthropogenic contaminants and stable isotopes to assess the feeding
ecology of Greenland sharks. Ecology 83:2162–2172.

5. Gelsleichter J, Manire CA, Szabo NJ, Cort�es E, Carlson J, Lombardi-
Carlson L. 2005. Organochlorine concentrations in bonnethead sharks
(Sphyrna tiburo) from four Florida estuaries. Arch Environ Contam
Toxicol 48:474–483.

6. Storelli MM, Storelli A, Marcotrigiano GO. 2005. Concentrations and
hazard assessment of polychlorinated biphenyls and organochlorine
pesticides in shark liver from the Mediterranean Sea. Mar Pollut Bull
50:850–855.

7. Storelli MM, Barone G, Storelli A, Marcotrigiano GO. 2011. Levels and
congener profiles of PCBs and PCDD/Fs in blue shark (Prionace glauca)
liver from the south-eastern Mediterranean Sea (Italy). Chemosphere
82:37–42.

8. Strid A, J€orundsdóttir H, Päpke O, Svavarsson J, Bergman A
�
. 2007.

Dioxins and PCBs in Greenland shark (Somniosus microcephalus) from
the north-east Atlantic. Mar Pollut Bull 54:1514–1522.

9. Duncan KM, Holland KN. 2006. Habitat use, growth rates, and dispersal
patterns of juvenile scalloped hammerhead sharks (Sphyrna lewini) in a
nursery habitat. Mar Ecol Prog Ser 312:211–221.

10. Belicka LL,Matich P, Jaffe R, HeithausMR. 2012. Fatty acids and stable
isotopes as indicators of early-life feeding and potential maternal
resource dependency in the bull shark Carcharhinus leucas. Mar Ecol
Prog Ser 455:245–256.

11. Gelsleichter J, Szabo NJ, Morris JJ. 2007. Organochlorine contaminants
in juvenile sandbar and blacktip sharks from major nursery areas on the
east coast of the United States. In McCandless CT, Kohler NE, Pratt HL,
eds, Shark Nursery Grounds of the Gulf of Mexico and the East Coast
Waters of the United States. American Fisheries Society, Bethesda, MD,
USA, pp 153–164.

12. Aguilar A, Borrell A. 1994. Reproductive transfer and variation of
body load of organochlorine pollutants with age in fin whales
(Balaenoptera physalus). Arch Environ Contam Toxicol 27:546–
554.

13. Miranda-Filho KC, Metcalfe TL, Metcalfe CD, Robaldo RB, Muelbert
MMC, Colares EP, Martinez PE, Bianchini A. 2007. Residues of
persistent organochlorine contaminants in southern elephant seals
(Mirounga leonina) from Elephant Island, Antarctica. Environ Sci
Technol 41:3829–3835.

14. Greig DJ, Ylitalo GM, Hall AJ, Fauqueier DA, Gulland FMD. 2007.
Transplacental transfer of organochlorines in California sea lions
(Zalophus californianus). Environ Toxicol Chem 26:37–44.

15. Desforges JPW, Ross PS, Loseto LL. 2012. Transplacental transfer of
polychlorinated biphenyls and polybrominated diphenyl ethers in Arctic
beluga whales (Delphinapterus leucas). Environ Toxicol Chem 31:296–
300.

16. Fisk AT, Johnson TA. 1998. Maternal transfer of organochlorines to
eggs of walleye (Stizostedion vitreum) in Lake Manitoba and western
Lake Superior. J Gt Lakes Res 24:917–928.

17. Kelly SM, Eisenreich KM, Barker JE, Rowe CL. 2008. Accumulation
and maternal transfer of polychlorinated biphenyls in snapping turtles
of the upper Hudson River, New York, USA. Environ Toxicol Chem
27:2565–2574.

18. van de Merwe JP, Hodge M, Whittier JM, Ibrahim K, Lee SY. 2010.
Persistent organic pollutants in the green sea turtle Chelonia mydas:
Nesting population variation, maternal transfer, and effects on
development. Mar Ecol Prog Ser 403:269–278.

19. Baum JK, Myers RA, Kehler DG, Worm B, Harley SJ, Doherty PA.
2003. Collapse and conservation of shark populations in the northwest
Atlantic. Science 299:389–392.

20. Worm B, Davis B, Kettermer L, Ward-Paige CA, Chapman D, Heithaus
MR, Kessel ST, Gruber SH. 2013. Global catches, exploitation rates, and
rebuilding options for sharks. Mar Policy 40:194–204.

21. Olin JA, Hussey NE, Fritts M, Heupel MR, Simpfendorfer CA, Poulakis
GR, Fisk AT. 2011. Maternal meddling in neonatal sharks: Implications
for interpreting stable isotopes in young animals. Rapid Commun Mass
Sp 25:1008–1016.

22. Bass AJ, D’Aubrey JD, Kistnasamy N. 1973. Sharks of the east coast of
southernAfrica. I. The genusCarcharhinus (Carcharhinidae). Invest Rep
Oceanogr Res Inst 33:1–168.

23. Branstetter S, Stiles R. 1987. Age and growth estimates of the bull shark,
Carcharhinus leucas, from the northern Gulf of Mexico. Environ Biol
Fish 20:169–181.

24. Neer JA, Thompson BA, Carlson JK. 2005. Age and growth of
Carcharhinus leucas in the northern Gulf of Mexico: Incorporating
variability in size at birth. J Fish Biol 67:370–383.

25. Cliff G, Dudley SJF. 1991. Sharks caught in the protective gill nets off
Natal, South Africa: The bull shark Carcharhinus leucas Valenciennes.
S Afr J Mar Sci 10:253–270.

26. Lazar R, Edwards RC,Metcalfe CD, Gobas FAPC, Haffner GD. 1992. A
simple, novel method for the quantitative analysis of coplanar (non-
ortho-substituted) polychlorinated biphenyls in environmental samples.
Chemosphere 25:493–504.

42 Environ Toxicol Chem 33, 2014 J.A. Olin et al.



27. Daley JM, Leadley TA, Drouillard KG. 2009. Evidence for bioampli-
fication of nine polychlorinated biphenyl (PCB) congeners in yellow
perch (Perca flavescens) eggs during incubation. Chemosphere 75:
1500–1505.

28. Drouillard KG, Hagen H, Haffner D. 2004. Evaluation of chloroform/
methanol and dichloromethane/hexane extractable lipids as surrogate
measures of sample partition capacity for organochlorines in fish tissues.
Chemosphere 55:395–400.

29. BurtnykMD, PatersonG, Drouillard KG, Haffner GD. 2009. Steady and
non-steady state kinetics describe polychlorinated biphenyl bioaccu-
mulation in natural populations of bluegill (Lepomis macrochirus) and
cisco (Coregonus artedi). Can J Fish Aquat Sci 66:2189–2198.

30. Hawker DW, Connell DW. 1988. Octanol-water partition coefficients
of polychlorinated biphenyl congeners. Environ Sci Technol 22:
382–387.

31. R Development Core Team. 2011. R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria.

32. Connolly JP, Pedersen CJ. 1988. A thermodynamic-based evaluation
of organic-chemical accumulation in aquatic organisms. Environ Sci
Technol 22:99–103.

33. Paterson G, Drouillard KG, Leadley TA, Haffner GD. 2007. Long-term
polychlorinated biphenyl elimination by three size classes of yellow
perch (Perca flavescens). Can J Fish Aquat Sci 64:1222–1233.

34. Paterson G, Drouillard KG, Haffner GD. 2007. PCB elimination by
yellow perch (Perca flavescens) during an annual temperature cycle.
Environ Sci Technol 41:824–829.

35. Sijm DTHM, Seinen W, Opperhuizen A. 1992. Life-cycle biomagni-
fication study in fish. Environ Sci Technol 26:2162–2174.

36. Oliver BG, Niimi AJ. 1988. Trophodynamic analysis of polychlorinated
biphenyl congeners and other chlorinated hydrocarbons in the Lake
Ontario ecosystem. Environ Sci Technol 22:388–397.

37. Wintner SP, Dudley SFJ, Kistnasamy N, Everett B. 2002. Age and
growth estimates for the Zambezi shark, Carcharhinus leucas, from the
east coast of South Africa. Mar Fresh Res 53:557–566.

38. Corsolini S, Sarà G, Borghesi N, Focardi S. 2007. HCB, p,p0-DDE
and PCB ontogenetic transfer and magnification in bluefin tuna
(Thunnus thynnus) from the Mediterranean Sea. Environ Sci Technol
41:4227–4233.

39. Addison RF, Brodie PF. 1987. Transfer of organochlorine residues from
blubber through the circulatory system to milk in the lactating grey seal
Halichoerus grypus. Can J Fish Aquat Sci 44:782–786.

40. García E, Guti�errez S, Nolasco H, Carreón L, Ariona O. 2006. Lipid
composition of shark liver oil: Effects of emulsifying and microencap-
sulation processes. Eur Food Res Technol 222:697–701.

41. Johnson-Restrepo B, Kannan K, Addink R, Adams DH. 2005.
Polybrominated diphenyl ethers and polychlorinated biphenyls in a
marine food web of coastal Florida. Environ Sci Technol 39:8243–8250.

42. Skomal GB, Natanson LJ. 2003. Age and growth of the blue shark
(Prionace glauca) in the north Atlantic Ocean. Fish Bull 101:627–639.

43. Hickie BE, Mackay D, de Koning J. 1999. Lifetime pharmacokinetic
model for hydrophobic contaminants in marine mammals. Environ
Toxicol Chem 18:2622–2633.

44. Mull CG, Blasius ME, O’Sullivan JB, Lowe CG. 2012. Heavy metals,
trace elements and organochlorine contaminants in muscle and liver
tissue of juvenile white sharks, Carcharodon carcharias, from the
Southern California Bight. In Domeier ML, ed, Global Perspectives on
the Biology and Life History of the White Shark. CRC, Boca Raton,
FL, USA, pp 59–75.

45. Zhu J, Dai X, Xu L, Chen X, Chen Y. 2011. Reproductive biology of
female blue shark Prionace glauca in the southeastern Pacific Ocean.
Environ Biol Fish 91:95–102.

46. Mackay D. 1982. Correlation of bioconcentration factors. Environ Sci
Technol 16:274–278.

47. de Freitas AS, Norstrom RJ. 1974. Turnover and metabolism of
polychlorinated biphenyls in relation to their chemical structure and
movement of lipids in the pigeon.Can J Physiol Pharmacol 52:1080–1094.

48. Daley JM, Corkum LD, Drouillard KG. 2011. Aquatic to terrestrial
transfer of sediment associated persistent organic pollutants is enhanced
by bioamplification processes. Environ Toxicol Chem 30:2167–2174.

PCB dynamics in immature bull sharks Environ Toxicol Chem 33, 2014 43


