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ABSTRACT

Sharks vary widely in life history strategies, and possess unique lipid metabolism.
Because of this diversity, and organochlorine (OC) lipid association, dynamics of OC
accumulation in elasmobranch rich ecosystems may be ineffectively predicted by the
typically relied upon indicators; stable isotopes and body size. | compared ontogenetic
OC profiles and concentrations between dusky (Carcharhinus obscurus) and white
(Carcharodon carcharias) sharks. OC concentrations were elevated in the larger, higher
trophic position (TP) white shark, but despite a tenably faster growth rate, ontogenetic
diet shifts to mammal prey, and regional endothermy, slopes of growth dilution corrected
concentrations with age were equal between species. Similar ontogenetic TP increases,
infrequent white shark seal predation, or inaccurate growth parameters are possible
explanations. OCs varied with inshore habitat use and mass in white and dusky sharks
respectively. TP and mass predicted interspecific concentrations and may therefore be

considered reliable indicators of OC accumulation in these sharks.



DEDICATION

This thesis is dedicated to the memory of Eleanor Mae (“Elly-Mae”) Enns.



ACKNOWLEDGEMENTS

Thank you first and foremost to my supervisor, Aaron Fisk, for this unique,
exciting and challenging opportunity. Thank you to the Kwazulu-Natal Sharks Board
laboratory staff for shark dissections and sample collection which enabled this research to
be performed, and especially to S.Wintner for her patience, guidance and support in
South Africa. Thank you also to A. Hussey for stable isotopes analysis, and to S. Isaac
and J. Nix for organochlorine extractions. The constant encouragement and support of my
partner C. De Meyer, parents, sister S. Beaudry, and friends L. Peixoto, L. Elliot, M.
Queenen, A. Mcleod, J. Li and A. Storie will be remembered. This work was supported
by the Ontario Graduate Scholarship program (OGS), Natural Science and Engineering

Research Council CGS-M Scholarship and Grants, and the University of Windsor.

Vi



TABLE OF CONTENTS

DECLARATION OF ORIGINALITY oottt i
ABSTRACT ..ttt ne e 1\
DEDICATION ...ttt ettt e et esbe e e nbe e be e e be e naneennes v
ACKNOWLEDGEMENTS ... Vi
LIST OF TABLES ...ttt viii
LIST OF FIGURES ... .ottt ee e IX
LIST OF ABBREVIATIONS/SYMBOLS.......cooiiitieiestsesieee e X
CHAPTER 1 GENERAL INTRODUCTION ...ttt 1

1.0 INEFOAUCTION ...ttt 1

1.2 RETEIEINCES ...ttt 10

CHAPTER 2 COMPARATIVE ORGANOCHLORINE ACCUMULATION IN TWO
LARGE, ECOLOGICALLY SIMILAR SHARK SPECIES, WITH SELECT LIFE

HISTORY CONTRASTS KEY TO DIVERGENT UPTAKE.......ccccoiieeeeeeee e 15
P g1 oo [0 od £ o] o PSPPSR 15
0 |V, oo SR 20
2.3 RESUITS ..ttt et e ettt et e e ne et et e et re et et eeneenreeneeenes 26
D U1 o] SR 28
2.5 RETEIBINCES ...ttt ettt e sreeteene e e reenteeneeeneenreeneeenes 37

CHAPTER 3 GENERAL DISCUSSION .......coviiiiiiieiiiieiieise e 56
S.L SUMMIANY ..ttt e e st e e sbb e e e ae e e e be e e e be e e esaeeeteeeannes 56
3.2 Implications and FUture DIFECIONS ........cccveiieiiiieiie e 59
BB RETEIBINCES ...ttt 61

VITA AUCTORIS ...ttt et e e e e e srae e s nae e e s nnaeeanee e 63

vii



LIST OF TABLES

Table 2.1. Mean + 1SE of species’ parameters, and observed OC concentrations (ng/g dry wt) for
C. carcharias and C. obscurus, sampled from the coast of KZN, South Africa, 2005-2012
(eXCIUAING NBONGLES). ...\ttt e e 44 — 45

Table 2.2. Comparison of OC concentrations in KZN white and dusky sharks sampled 2005-2012
with published levels in other marine predators............c.ooiiiiiiiiiiiii i, 46 — 47

Table 2.3. Compound loadings on individual species PCA axes with significant regressions
against mass and 3*3C for dusky and white sharks respectively. .............cccocvvviiiiieiininnnnnn 48

viii



LIST OF FIGURES

Figure 2.1. Comparative growth between South African dusky and white sharks; a) growth rate at
age as per von Bertalanffy growth curves from Natanson et al. (2013), and Wintner & Cliff
(1999) respectively, with white shark growth rate also halved due to potentially underestimated
longevity (Hamady et al. 2014), and b) length-mass curves obtained from CIiff et al. (1989), and
Dudley et al. (2005). Maximum ages were inferred from von Bertalanffy parameters, using
maximum reported lengths caught in South African waters; a 328 cm (FL) C. obscurus caught at
the KZNSB (Cliff & Wilson 1986; Natanson & Kohler 1996), and a 485 cm (PCL) C. carcharias
caught off the Southern Cape (Cliff etal. 1989). .....c.oviiriiiii e, 49

Figure 2.2. Quadratic regression of log-transformed mass vs. stable isotopes; (a) 8*°N, and (b)
8'3C in C. carcharias and C. obscurus muscle tissue, sampled from the coast of KZN, South
Africa, 2005-2012 (eXcluding neonates). ... .....c.ouiueiriniir it 50

Figure 2.3. Differences in dusky and white shark contaminant profiles sampled from KZN, South
Africa, 2005-2012, compared across all analyzed compounds as proportion of p,p’-DDE
(excluding neonates). Mean and standard error are represented by bar and error bar values

TS PECHIVEIY. o 51

Figure 2.4. Box-plots displaying differences in Shannon’s Diversity (H) values between sharks of
different life stages for (a) dusky and (b) white sharks, sampled from KZN, South Africa, 2005-
2012. Box limits represent 1%t and 3" quartiles, error bars represent minimum and maximum
values, centre line displays median values and diamonds represent the mean. ...................... 52

Figure 2.5. Significant regressions found between intraspecific PCA ordination axes (constructed
from data as proportions of p,p’-DDE) and shark mass, §*C, and 8'°N values in white and dusky
sharks sampled from KZN, 2005-2012. a) White shark PC2 (accounting for 23.3% of data
variation) vs. 83C. Proportions of PCBs 153, 138, 128, 180, 170, 194 and 206 loaded positively
(> 0.714) on PC2. b) Dusky shark PC1 (accounting for 23.2% of data variation) vs. mass.
Proportions of only mirex and PCB 194 loaded positively but weakly (< 0.2) on PC1. ............ 53

Figure 2.6. Examples of significant relationships between muscle OC concentrations and shark
predictor variables when excluding neonates; a) p,p’-DDE vs. mass in the dusky shark, b) t-
nonachlor vs. 8'°N in all individuals, and ¢) PCB 180 vs. 3'*C in the white shark. Species were
sampled from the coast of KZN, South Africa, 2005-2012. ........ccooiiiiiiiiiiiiiiiiee, 54

Figure 2.7. Growth-dilution corrected concentrations of PCBs 180 (a, ), 187 (b, f), p,p’-DDE (c,
g), and t-nonachlor (d, h) vs. age for white and dusky sharks from KZN, South Africa (excluding
neonates). a-d; white shark ages as per Wintner & CIiff (1999), e-h; white shark ages doubled and
8 additional dusky sharks added (after dotted-line). ANCOVA interaction term; p > .05 for



LIST OF ABBREVIATIONS/SYMBOLS

2,3,7,8-TCDD

a polychlorinated dibenzo-p-dioxin: 2,3,7,8-tetrachlorodibenzodioxin.............. 2
AhR

aryl hydrocarbon receptor.........o.vviiiii i e 2
ANCOVA

analysis OF COVAITANCE. ... ... ...viiit i e 25
ANOSIM

analysis of SIMIlarities. ... ..o 23
ANOVA

analysisS OF VarianCe. ... ..cooiiiti e 23
BDE-71

2,3°,4’ ,6-tetrabromodiphenyl ether..................oooiiiiiiii 21
CYP1Al

a member of the cytochrome P450 enzyme superfamily; family 1 member Al...3
DCM

dichloromethane, aka. methylene chloride, technical grade.......................... 21
e.g.

exempli gratia, ‘for example...” . ... 16
etal.

et alil, ‘and OtherS . . ... o, 1
FL

fork length: snout tip to notch in postventral caudal margin......................... 48
GC-ECD

gas chromatograph electron capture detector...............ovvvviiiiiiiiiininann... 21
GC-MSD

gas chromatograph mass selective detector............ccoovviiiiiiiiiiiiiiiiiennn, 21
Hx

hexane, technical grade...............ooiiiiiiiii 21



10 eSt, “that 1S 10 SAY...”7 ..ottt 3
KOW

octanol-water partition coefficient..................oooi 1
KZN

KwaZulu-Natal, South Africa........cooueiiiii i 7
KZNSB

KwaZulu-Natal Sharks Board..............ccoeiiiiiiiiiiiiiceec e, 20
oC

organoChlOTINe. ... ... .o 1
OCP

organochloring pesticide. ..........o.ovuiiiii i 2
PAH

polycyclic aromatic hydrocarbon. ... 3

PC axes (PC1, PC2, PC3, etc.)

principal component analysis-generated axes...........c.o.eiviiiiriiiiiiniiiniannn.. 24
PCA

principal component analysis...........oouviiniiiiiiiii i e 24
PCB

polychlorinated biphenyl.............coooiiiiii 2
PCL

pre-caudal length: snout tip to upper caudal origin.................c.coevviiiiniininn. 20
POP

persistent organic pollutant..............ooiiiiiiii 3
PTFE

polytetrafluoroethylene...........cooooiiiiiii e 21
SCA

stomach contents analysis..........oouviniiiiiii i 8
SE

SEANAAIT EITOT. ... .ttt 43

Xi



SIA

Stable 1SOtOPE ANALYSIS. ...ttt ettt 8
SIMPER

PErCENt SIMIIANILY. ... ..o s 23
TMF

trophic magnification factor...........c.oiuiiiiiii e 4
APN

diet-tissue discrimination factor..............cooovuiiiiiiiiiiiii i 4
oX

change in ratio of X as compared to a standard, X = either N (**N:1*N), or 3C
302 e 23
o, A

delta, ‘Change IN...7 ..o e 4
85N or 8'3C

change in ratio of *N:**N or *C:1?C as compared to a standard ...................... 4

xii



CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Despite the banning of organochlorine contaminants (OCs) in the majority of
countries between 1970 and 1980 (AMAP 1998; Vallack et al. 1998), they are still found
ubiquitously in the environment. This worldwide distribution is due in large part to their
chemical stability, hydrophobicity, and semi-volatility (Smaranda & Gavrilescu 2008).
Biological and environmental breakdown processes have slow effects on OCs, as their
chlorine component makes them very chemically stable (WHO 1993). Consequently,
OCs have long environmental half-lives, and compounds that are more highly chlorinated
without adjacent unsubstituted carbon atoms tend to be retained the longest (AMAP
1998). Because of this, and due to their hydrophobicity, these compounds bioaccumulate
in the bodies of organisms with passive OC solubilization into lipid compartments,
according to the chemical’s affinity for lipid matrices (Kainz & Fisk 2009). The tendency
of an OC to pass from aqueous solution into lipid (hydrophobicity) is expressed by the
octanol-water partition coefficient, Kow (Vallack et al. 1998). In aquatic organisms,
water-uptake alone (bioconcentration) would produce a steady-state equilibrium
concentration of contaminant in the organism’s lipid stores, based on the Kow Of the
chemical and its concentration in the water (Swackhammer 2003). However, since
aquatic organisms are exposed to uptake through diet as well, OC dynamics are closely
tied with lipid movements along increasing trophic levels of food webs. At high trophic
positions, OC concentrations are found to reach much higher levels than would be
expected at equilibrium from water concentrations and Kow alone (AMAP 1998;
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Swackhammer 2003). This phenomenon is called biomagnification, a specific case of
bioaccumulation, and it is defined as the increased accumulation of a contaminant with
each trophic level in a food web, beyond the concentration expected from steady-state
equilibrium with water concentrations (AMAP 1998; Swackhammer 2003). For very
lipophilic compounds (log Kow > 5) with consequent high resistance to
transformation/excretion, diet is the main exposure route for upper trophic level
consumers (Kainz & Fisk 2009; Thomann 1981).

Biomagnification of PCBs and OCPs can intensify their toxicity. For example,
while coplanar PCBs are toxic in small amounts (PCBs 77, 126 and 169: bind to the AhR
receptor which induces toxicity similar to 2,3,7,8-TCDD, one of the most toxic
compounds ever known), the majority of PCBs obtained by prey ingestion in a food web
are non-coplanar and thus do not bind to the AhR receptor (Fischer et al. 1998). In this
case, physiological dysfunction is not an issue until higher levels are acquired (Giesy &
Kannan 1998), which, via biomagnification, can then cause symptoms like
immunosuppression, hormonal alterations and tumour production in apex predators
(Beland et al. 1993). Despite the likelihood of high OC loads in top predators, few studies
have attempted to quantify OC accumulation in tropical or subtropical marine apex
predator fish, especially sharks (Schlenk et al. 2005; Gelsleichter et al. 2005). Though no
studies have directly demonstrated OC physiological toxicity in sharks, the few
observations that have been made demonstrate that high OC levels predominate in sharks;
moreso in long-lived, deep-water species (Schlenk et al. 2005; Mull et al. 2012;
Gelsleichter et al. 2005; Johnson-Restrepo et al. 2005). This is to be expected given the

typically high trophic positions and large body sizes of these animals. Larger animals



tend to live longer (Speakman 2005), and lifespan is inherent to an organism’s OC
accumulation potential. In addition to consuming larger-bodied prey (processing more
biomass) with increased body size, larger-bodied individuals accumulate OCs to a greater
extent than smaller ones do (Paterson et al. 2006; Johnston et al. 2002). This is because
elimination capacities decrease as fish become larger-bodied (Sijm & van der Linde
1995; Fisk et al. 1998) owing to an allometric increase in the ratio of an animal’s
chemical storage capacity to depuration sites with increasing size (LeBlanc 1995). In
sharks, other persistent organic pollutants (POPs) have been reported to induce the same
physiological mechanisms for toxicity defence (i.e. biotransformation or sequesterization)
that are present in all vertebrates [CYP1AL induction by PAH exposure in the redspotted
catshark, Schroederichthys chilensis (Fuentes-Rios et al. 2005)]. Therefore, OCs also
have the potential to exert toxic effects on the fitness of individual sharks and adversely
affect shark populations. Especially as a compounding stressor to globally declining
shark populations due to selective capture via commercial fishing operations and shark
fin trade-driven incentives (Worm et al. 2013, Ferretti et al. 2010), habitat degradation
(Ward-Paige et al. 2010, Knip et al. 2010), and the overarching stressor of climate
change (Hollowed et al. 2013), potential outcomes of OC exposure on the sustainability
of shark populations is an imperative consideration (Gelsleichter et al. 2005, Lyons et al.
2013).

Since chemical energy is primarily transferred through food webs in the form of
lipids (Kainz & Fisk 2009), food web structure may be mapped using POPs (Ramos &
Gonzélez-Solis 2012). OC levels provide an indication of the number of trophic transfers

that obtained energy underwent on its way to a consumer, due to the magnification of



concentrations with each of these events. OC biomagnification tends to correlate well
with §'°N-derived trophic positions (Vander Zanden & Rasmussen 1996; Fisk et al.
2001), another widely used tool in ecology for quantifying trophic structure, but one
which has many drawbacks and uncertainties at the present time. While each method
provides a measure of food web ‘effective’ trophic structure (Williams & Martinez
2004), OC-based tracers are important to be looked at in combination with stable isotopes
because of discrepancies such as a wide variety of isotopic ratios at basal trophic levels,
and many analytical assumptions (Williams & Martinez 2004). In particular, the
enrichment factor of 3°N between trophic levels (A®N) is now thought to be trophic
level and ecosystem-specific (Hussey et al. 2014; Burkhard et al. 2013). OCs may
therefore allow ecosystem-specific enrichment factors to be derived based on the
‘Trophic Magnification Factor’ (TMF) of that system; the factor by which
biomagnification occurs with successive trophic levels across an entire food web
(Burkhard et al. 2013). However, the utility of OCs as an accurate predictor of trophic
structure within shark-rich food webs remains an important scientific question, given the
high diversity of trophic interactions across and between shark species, the wide variation
in their life history characteristics, and the resulting high probability of variation in
sharks’ ecological roles (Ferretti et al. 2010). In addition, few studies have confirmed
whether the physiological distinctiveness of sharks from other marine taxa has the
potential to diffuse the typically strong relationship between OC concentrations and
trophic positions of individuals. Consequently, the level of clarity that OC dynamics may
provide to stable isotope—derived trophic structure within shark-rich communities is

unknown.



Because of their life history variability, and their physiological distinctiveness
from other aquatic vertebrates, predicting OC accumulation in shark species is difficult.
The uptake, accumulation and distribution of OCs within a shark-rich system can be
affected by migration patterns, resource partitioning, intraguild predation tendency,
ontogenetic diet shifts, seasonal lipid changes, and metabolic activity level, while may of
these traits may differ depending on shark species, sex, life stage, and reproductive status
(Ylitalo et al. 2001; Borga et al. 2001, 2004; Sims 2005). Physiologically, sharks differ in
their metabolic regulation of lipid as compared to other marine taxa, which may alter the
dynamics of OCs in systems incorporating sharks. Firstly, this is due to their process of
osmoregulation. To retain high enough levels of nitrogenous compounds (i.e., osmolytes)
to remain hyperosmotic to seawater, the modification of elasmobranchs’ metabolic
system affects many processes such as amino acid, methylamine, ketone body and lipid
metabolism (Ballantyne & Robinson 2010). For example, elasmobranchs differ from all
other vertebrates in their absence of a fatty acid-binding protein in the blood (binding to
any such protein is speculated to be disrupted by urea; a chaotropic agent present in high
levels in all body fluid compartments) (Ballantyne & Robinson 2010). Secondly, the
absence of a swim-bladder in sharks causes buoyancy regulation to result instead from a
combination of hydrostatic lift from low density lipid-rich liver stores, and hydrodynamic
lift from fin and tail swimming movements (Wetherbee & Nichols 2000). Consequently,
storage and mobilization of lipid from shark liver is likely regulated differently due to
buoyancy control being a function of priority of that organ (Baldridge 1972). This
development may also be responsible for the markedly different biochemical composition

of lipids in elasmobranch fishes (Love 1970, Lewis et al. 1969), and this has been found



to affect the accumulation pattern of hydrophobic contaminants in aquatic organisms
(Kainz & Fisk 2009). Third, elasmobranchs differ reproductively in that all fertilization
occurs internally and the majority are viviparous (55%), while teleosts exhibit external
fertilization and only 2-3% are viviparous (Miller & Kendall 2009; Ballantyne &
Robinson 2010). Trophic movements of OCs may be altered due to species-specific
reproductive mechanisms of maternal nutrient transfer, even within a category such as
viviparity (Oka et al. 2006), and due to unique mechanisms in sharks like reproductive
oophagy (Lyons & Lowe 2013). Lastly, the presence of regional endothermy in at least
lamnid sharks is expected to cause differential OC accumulation due to inducing higher
metabolic rates than in ectothermic sharks (Carlson et al. 2004). Physiological energy and
biomass processing requirements are likely increased in this case as biomass conversion
efficiencies are driven down to approximately 0.5-3% in mammalian endotherms, as
opposed to up to 87% efficiency in ectotherms (Norstrom 2002).

Enhancing our knowledge of shark species’ trophic ecology, and determining the
potential extent of the toxic impacts of OCs on shark populations, would further our
ability to avoid their extensive decline which could leave supporting trophic structures
susceptible to ‘trophic cascades’. This is a particular concern in marine systems, where
selective over-fishing pressure has been imposed for over six decades, favouring the
removal of large-bodied top predator fish (Pauly et al. 1998). Predation pressure is
consequently released on meso-predators, causing an imbalance in biomass and energy
that perpetuates downward through food webs via expansion and suppression of
abundances at alternating trophic levels, and potentially disrupting crucial basal resources

(Heath et al. 2014; Frank et al. 2005; Myers et al. 2007; Dulvy et al. 2004). Alterations in



top predator abundance may thus affect the integrity of their entire supporting food webs,
and may even alter abiotic ecosystem components such as the biogeochemical balances
of carbon and silica in seawater (Estes et al. 2011). Structural disruption can also occur
simultaneously in multiple geographically discrete food webs due to the high mobility of
top predator fish species. Perpetuating consequences of cascades may be lasting,
depending on cascade magnitude and species’ ability to adapt and/or re-establish in the
face of top-down (mesopredatory release) and subsequent bottom-up (resource depletion)
effects, collapsing the structure needed to support diverse community assemblages
(Heath et al. 2014). Implications may also not appear for decades due to initial
compensatory mechanisms (i.e., fish with rapid turnover substituting in for predator
species who are more susceptible to removal) (Kitchell et al. 2002). However, removal of
top fish predators as a full functional group is the prospective end result of these
continued anthropogenic stresses unless informed management decisions can avoid this.

One study system where cascades have been documented with magnitudes strong
enough for conspicuous assemblage changes upon the removal of top shark species, is
that of the east coast of South Africa, specifically KwaZulu-Natal (KZN) (Ferretti et al.
2010). No question therefore exists about the importance of these shark predators to the
underlying structure of this ecosystem. However, the mechanisms of indirect effects and
the actual changes in ecosystem structure that influence the patterns of these responses
over time are unknown (i.e., directions of response in teleost abundance reversed between
two historical periods of large shark decline) (Ferretti et al. 2010). A need therefore exists
to understand the trophic linkages between these sharks and their prey to gain an

understanding of the mechanisms driving cascade outcomes in this system. Substantial



characterisation of trophic position, habitat use and dietary niche of numerous key shark
species within the KZN food web has been accomplished using both stable isotope and
stomach content analyses (SIA/SCA) (Hussey et al. 2014). Resolution of potential
inconsistencies in these analyses may still be gained with the OC-derived trophic
structure of this system, either in confirming species’ SCA/SIA-derived trophic ecology,
or in resolving inconsistencies surrounding diet discrimination and/or variable signatures
due to periods of altered body condition (i.e., fasting/starvation) (Hobson et al. 1993).
OC-derived trophic structure may prove particularly useful with sharks, because 5'°N is
based on a limited time period before tissue turnover (which may reflect periods of
atypical feeding behaviour; Hussey et al. 2011, 2012). Examination of shark muscle
tissue for OCs, which is buffered from body-condition related lipid variation (Watson &
Dickson 2001) as opposed to liver stores which are relied upon in these cases (Hussey et
al. 2010), would provide a robust lifetime-based view of OC accumulation and overall
feeding ecology that is resistant to large alterations due to OC bioamplification (Daley et
al. 2014).

While providing valuable insight into what extent OC biomagnification may be
acting as a compounding stressor to the top marine predators of KZN, South Africa, the
objective of my MSc research is to quantify the influence of different life history
characteristics on OC patterns and concentrations in two top predator shark species. This
will further our ability to determine whether OC accumulation provides an accurate
reflection of the trophic structure in this system. Because of previous studies on the
physiology and life history of lamnid and carcharhinid sharks, and the current SCA/SIA-

acquired knowledge into KZN shark trophic ecology, a unique opportunity exists to relate



OC accumulation in these species to differences in these aspects. The dusky
(Carcharhinus obscurus) and the white (Carcharodon carcharias) shark were chosen for
this model comparison due to their divergence in particular life history traits that are
expected to oppositely affect OC profiles, accumulation, and ontogenetic patterns. These
traits include diet shifts in reverse trophic directions with size (Hussey et al. 2011, 2012),
as well as opposing modes of thermoregulation (Carlson et al. 2004). Although recent
discrepancy has arisen (Hamady et al. 2014), it is still reasonably likely that these species
also possess differing growth rates (Semmens et al. 2013, Natanson et al. 2013, Wintner
& CIiff 1999). These latter two differences would translate into different basal metabolic
rates (Horodysky et al. 2011; Carlson et al. 2004), which have also been previously
found between carcharhinid and lamnid sharks (Schmid & Murru 1994). Life history
similarities shared between these species are those shared by top-predator sharks in
general; large-body size, low fecundity, large offspring and late age-at-maturity (Cortés
2000). Most likely due in large part to the limiting nature of these traits on population
recruitment in the face of ongoing anthropogenic impacts, each of these species holds a
“vulnerable” status (IUCN 2013). Through the efforts of this study, a better
understanding may be gained of the trophic ecology of these species, and of the extent
that OC biomagnification acts as a compounding stressor to the shark species off the east
coast of South Africa. This knowledge may improve shark conservation efforts and
management decisions, which may in turn affect the stability of this complete food web

system and the resultant health of this entire ecosystem.
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CHAPTER 2
COMPARATIVE ORGANOCHLORINE ACCUMULATION IN TWO LARGE,
ECOLOGICALLY SIMILAR SHARK SPECIES, WITH SELECT LIFE HISTORY
CONTRASTS KEY TO DIVERGENT UPTAKE

2.1 Introduction

The high persistence and global distribution of organochlorines (OCs) has
caused them to become some of the most important contaminants to affect environmental
health (Reijnders 1994; Turosov et al. 2002). Accumulation of OCs in biota is an
outcome of their hydrophobicity and resistance to breakdown and excretion, driving diet
to be the most important route of exposure to the more hydrophobic OCs to most fish
(Thomann & Connelly 1984). Consequently, persistent OC concentrations increase with
increasing trophic levels in food webs, and this process is termed biomagnification.
Large-bodied, long-lived and high trophic level animals such as birds (Fry 1995, Venier
et al. 2010, Gémez-Ramirez et al. 2010), seals (Vetter et al. 1999, Wolkers et al. 1998,
Muir et al. 1988), cetaceans (Krahn et al. 2007, Prudente et al. 1997, Hobbs et al. 2003)
and sharks (Fisk et al. 2002; Gelsleichter et al. 2005, 2007; Mull et al. 2012)
consequently experience the highest exposure to OCs.

Deleterious toxicity as a result of high OC accumulation in apex predators has
been found. This includes tumour production, digestive and glandular lesions, and spinal
spondylosis as found in beluga, Delphinapterus leucas (Beland et al. 1993),
immunosuppression as found in D.leucas, seal Phoca vitulina, and dolphin Tursiops
truncatus (Beland et al. 1993; Ross et al. 1996; Lahvis et al. 1995), endocrine disruption
as in the polar bear Ursus maritimus (Oskam et al. 2003), and reproductive dysfunction

as in the seal species, Phoca vitulina and P. hispida (Reijnders 1986; Helle 1980).
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Although there is no direct evidence of toxic physiological effects in sharks to date, the
potential for OCs to adversely impact the fitness of shark populations exists, because
long-term, chronic exposure effects are unknown and may manifest in fish through
inconspicuous behavioural toxicity (e.g., neurotransmitter or sensory system disruption;
Scott & Sloman 2004). These unseen effects alter social and reproductive behaviours
essential for population recruitment and this disruption may not be recognizable until
populations have declined. Moreover, documented OC levels in some shark species are
higher than threshold levels that have resulted in detrimental effects in other aquatic
vertebrate taxa (Gelsleichter & Walker 2010). Especially as a compounding stressor to
globally declining shark populations (Dulvy et al. 2014), resulting from selective capture
via commercial fishing operations and shark fin trade-driven incentives (Worm et al.
2013, Ferretti et al. 2010), habitat degradation (Ward-Paige et al. 2010, Knip et al. 2010),
and the overarching stressor of climate change (Hollowed et al. 2013), potential
outcomes of OC exposure on the sustainability of shark populations is an imperative
consideration (Gelsleichter et al. 2005, Lyons et al. 2013).

Predicting OC levels in sharks is a challenge for several reasons. Sharks are
unique compared to other vertebrates in their metabolic regulation of lipid stores, as a
result of their specific osmoregulatory strategy and use of their lipid-rich livers for
buoyancy control (Ballantyne & Robinson 2010; Baldridge 1972). Many shark species
also vary greatly in life history characteristics that would be expected to affect
contaminant accumulation, such as growth rates, feeding rates, ontogenetic diet shifts,
and metabolic capacity (Cortés 2000; Pastor et al. 1996; Mclintyre & Beauchamp 2007;

Norstrom 2002). Because of the wide variation in physiological and ecological processes
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governing OC accumulation in sharks, a thorough breakdown of these effects on OC
loading is required for a clear understanding of OC exposure to shark populations. OC
dynamics in sharks are nonetheless under-studied.

The Southern Hemisphere has generally been regarded as less intensely
contaminated by OCs (Loganathan & Kannan 1994) as the majority of their production
took place in the Northern Hemisphere, and global distillation has subsequently driven
distributions toward the Arctic pole. However, due to global fractionation, compounds
that are most highly chlorinated (and most problematic for bioaccumulation and
biomagnification in food webs) are said to remain more closely tied to their latitudes of
use (Vallack et al. 1998). Southern Hemispheric countries such as South Africa contain
many highly industrialized areas that used OCs, in practices such as smelting, mining,
manufacture and transport industries, as well as large and intensive agricultural practices,
prior to their global ban (Bouwman et al. 2008). Additionally in South Africa, the historic
dumping of PCB-containing products at Richard’s Bay, Durban, East London and Port
Elizabeth provided sources of OCs into the South African marine environment that
augmented loadings from land run-off and global aerial transport (Cockcroft 1999).

Dusky (Carcharhinus obscurus) and white (Carcharodon carcharias) sharks are
two species that inhabit South Africa’s marine ecosystem, and possess many similar life
history traits such as large body size, large offspring and late age-at-maturity (Cortés
2000). However, these species differ in at least two key life history characteristics that
would be expected to directly influence OC exposure and accumulation; variable diet
shifts with increasing animal size (Hussey et al. 2009, 2011, 2012), and different

thermoregulatory modes (endothermic vs. ectothermic) which translates into different
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basal metabolic rates (Carlson et al. 2004). In addition, these species may possess
different rates of somatic growth (Figure 2.1: Natanson et al. 2013; Wintner et al. 1999).
Because of these distinct differences, but retention of other similar life history parameters
common among most large sharks, these two species provide an excellent model to
illustrate the variable influence of these particular life history characteristics on sharks’
OC dynamics through the comparison of their ontogenetic accumulation patterns.

It would be expected that the life history attributes of the white shark would drive
higher OC accumulation than the dusky shark over ontogeny. First, at a body size of >2
m, white sharks shift much of their predation effort from teleost towards elasmobranch
and mammal prey (particularly the Cape Fur Seal, Arctocephalus pusillus pusillus)
(Hussey et al. 2012; Fallows et al. 2012). Conversely, while examination of stomach
contents of large dusky sharks has revealed the consumption of relatively high trophic
level prey species such as other elasmobranchs, an overall depletion of 3*°N values with
increasing shark size has been observed (Hussey et al. 2011). This size-related decline in
trophic position is thought to relate to an ontogenetic change from coastal occupation to
foraging at the edge of the continental shelf on abundant schools of lower trophic level
fish prey (Hussey et al. 2011). Larger and older white sharks would therefore be exposed
to more contaminated prey than dusky sharks, due to higher OC biomagnification of the
prey consumed. Second, regional endothermy in lamnid sharks is said to drive greater
energy requirements, as they possess higher basal metabolic rates than ectothermic sharks
despite the maintenence of elevated temperatures in only select areas of the body
(Carlson et al. 2004). This would result in white sharks consuming a larger amount of

prey biomass than the ectothermic dusky shark (Semmens et al. 2013). In general,
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endotherms including mammals and birds require over an order of magnitude more
biomass consumption to meet their energetic demands, with this being the most
parsimonious explanation for much greater contaminant biomagnification (Fisk et al.
2001; Norstrom 2002). Last, while growth rate is often only referred to as a factor in
contaminant elimination via growth dilution, higher growth rates in fish may also cause
differential accumulation of organochlorines between species because elimination
capacities decrease with increasing fish body size (Fisk et al. 1998; Sijm & van der Linde
1995). This results both from a lower rate of tissue turnover due to decreasing mass-
specific metabolic rates with body size (Schimdt-Nielsen 1986), and from an allometric
increase in the ratio of an animal’s chemical storage to depuration capacity (LeBlanc
1995). Simultaneously, depuration rates have a parabolic relationship with log Kow, with
maximum elimination time at log Kow 7 (Fisk et al. 1998).

Evidence of differential OC accumulation in shark species that possess similar
life history traits but with different ontogenetic diet shifts, endothermy, and growth rate
may help to determine the weight of each effect on overall OC exposure. The specific
objectives of this study were; (a) to compare observed concentrations and patterns of OCs
between the two species, (b) to determine if OC concentrations in the sharks can be
explained by relationships with age, body mass, or stable isotope indicators of trophic
position and habitat use, and (c) to quantify and contrast the relationships between

growth-dilution corrected OC concentration and age in these two species.
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2.2 Methods

Sample collection

Dusky and white shark tissue samples were taken from animals caught in bather
protection nets set approximately 400 m offshore, and at depths of 10 - 14 m at
designated beaches along the KwaZulu-Natal (KZN) coast off Southern Africa (see
Dudley 1997 for specific details). Between 2005 and 2012, white muscle tissue was
removed alongside the vertebral column anterior to the first dorsal fin from C. carcharias
(n =57; 31 female, 26 male, 1600-3630 mm precaudal length [PCL]), and C. obscurus (n
= 54; 27 female, 27 male, 1060 -2700 mm PCL) during routine dissections by KZN
Sharks Board (KZNSB) staff. PCL (mm), mass (kg), and sex were recorded for all
individuals. Muscle tissue samples were immediately stored frozen (-20°C). Samples
were lyphosized (48 hours), and shipped to the Chemical Tracer Lab at the Great Lakes
Institute for Environmental Science (GLIER, University of Windsor, Ontario, Canada) in

2009 and 2012, for both OC contaminant and stable isotopes analysis.

OC Extraction and Analysis

Using the method of Lazar et al. (1992) with modification, muscle tissue was
analyzed for 40 PCB congeners (Table 1), p,p’-DDT and metabolites p,p’-DDE and p,p’-
DDD, chlorobenzenes (pentachlorobenzene, 1,2,3,4-tetrachlorobenzene, 1,2,4,5-
tetrachlorobenzene and hexachlorobenzene), hexachlorocyclohexanes (a-HCH, 3-HCH,
v-HCH), chlordanes (heptachlor epoxide, oxychlordane, trans-chlordane, cis-chlordane,

trans-nonachlor and cis-nonachlor), octachlorostyrene, mirex, and dieldrin. All materials
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contacting the sample (glass, aluminum, PTFE) were rinsed three times with acetone and
hexane before use.

Briefly, solid/liquid column extraction using 15 mL 1:1 hexane
(Hx):dichloromethane (DCM) (% v/v) was carried out on 1 g freeze-dried muscle tissue
previously weighed and desiccated in 10 g dried anhydrous sodium sulfate (Na>SOs4).
Internal standards of 50ul of 694ng/mL PCB 34, and 100ul of 500ng/mL BDE 71 were
added. Column eluate was rotaevaporated (Heidolph Hei-Vap Advantage®, Model 561-
01110-00, Heidolph Instruments, GmbH & Co. KG, Schwabach, Germany) and brought
to 10 mL in Hx. One mL of this solution was dried at 110°C for 1 hour for gravimetric
lipid determination. Lipid was removed only from samples containing over 0.15 g of lipid
via gel permeation chromatography. Subsequent florisil separation involved elution
through 6 g activated florisil, and elution volumes per fraction included 50 mL of hexane
(fraction 1), 50 mL 15:85 DCM:Hx (% v/v) and 130 mL 60:40 DCM: Hx (% v/v). Eluate
was rotaevaporated, brought to 1 mL in isooctane, and capped in 32 mm x 12 mm (2 mL)
amber glass wide crimp-top autosampler vials (Agilent Technologies Canada Ltd.,
Mississauga Ontario, Canada) before analysis on a GC-ECD (GC System Model 6890A,
Autosampler Tray Model 7683, Agilent Technologies, Santa Clara, CA, USA).

Blanks and identical fish (carp) reference homogenate were run with each sample
set to account for variation in results caused by the method itself, and were within the
criteria for the GLIER Organics Analysis Laboratory, certified by CALA (Canadian
Association for Laboratory Accreditation Inc.). Verification of compounds was

performed on a subset of samples with GC-MSD. Recovery percentages ranged from
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41.96 — 101.54%, and blank and recovery correction was performed for all samples. All

chemicals were purchased from Fisher Scientific Ltd. (Nepean Ontario, Canada).

Carbon and Nitrogen Stable Isotope Determination

Stable isotope analysis was conducted as per Hussey et al. (2012). Briefly, freeze-
dried samples were homogenized, lipid extracted according to standard protocols, and
analyzed on a continuous flow isotope ratio mass spectrometer (Finnigan MAT DeltaP'"s;
Thermo Finnigan, San Jose, CA). Atmospheric nitrogen was used as the reference
standard for 5'°N, and Pee Dee Belemnite Carbonate for 5'°C. Stable isotope values were
expressed as the deviation from standards in parts per thousand (%o). Analytical precision
expressed as the standard deviation of internal lab standard fish muscle and NIST 8414
bovine standard (n= 7 for each) was respectively; 0.11%o and 0.10%o for 8°N, and 0.15%o
and 0.12%o for 5'C. Analytical accuracy based on difference from NIST standards were
within 0.14%o of certified values for 8!C of both sucrose (NIST 8542; n=58) and L-
glutamic acid (NIST 8573; n=57), and within 0.24%o of certified values for 5°N of L-
glutamic acid (NIST 8573; n=57), ammonium sulfate (NIST 8548; n=57), and nitrate

(NIST 8549; n=18).

Data Analysis

All data analyses were performed using the statistical software, “R” (reference
index version 3.0.1; R Core Team, 2013). Appropriate non-parametric tests were selected
where log-transformation did not normalize distributions or homogenize variance
between species. Log Kow values were obtained from a number of sources (Sangster

2013, Hansch et al. 1995, Shen & Wania 2005, Veith et al. 1979, Simpson et al. 1995,
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Mortimer & Connell 1995). Ages of sharks were calculated from precaudal lengths
(PCL) using published parameters of von Bertalanffy equations for the two species
(white; Wintner & CIiff 1999, dusky; Natanson et al. 2013). The equation was modified
to solve for age as per Frazier & Loefer (2013). Because of the likelihood for maternal
OC transfer to bias results (Olin et al. 2014; Mull et al. 2013), no neonates were included
in comparisons between species.

Differences in 5°N values and log-transformed mass (kg) between species were
determined using a one-way ANOVA, whereas a two-tailed Exact Wilcoxon Rank-Sum
Test (Package “exactRankTests”’; Hothorn & Hornik 2013) was used to compare
differences in 3'3C between species.

To determine whether differences in ontogenetic contaminant profiles occurred
between species, non-transformed compound concentrations were converted to relative
proportions via division by the most abundant and highly recalcitrant compound; p,p’-
DDE. Proportions were then assessed for difference using ANOSIM on a Bray-Curtis
dissimilarity matrix, followed by SIMPER (Package “vegan”; Oksanen et al. 2013) to
determine compounds contributing most to species’ dissimilarity. The effect of life stage
on intraspecific OC profiles was also examined by converting non-transformed
concentrations into ‘pi’: the proportion of a compound’s concentration in an individual to
the summed concentrations for that contaminant in the species overall. A Shannon’s
Diversity Index value was then computed for individual sharks using H = -(Zpilnpi), to
assess variance in the diversity of compound profiles as a function of life stage (i.e.,
differential mobility and consequent habitat range) according to compound

presence/absence and abundance. H values were then log-transformed and pair-wise
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differences were tested between life stage groups using One-Way ANOVA. Life stages
were defined in PCL, for dusky sharks as <100 cm neonate, 101 — 155 cm juvenile, 155
cm — 210 cm subadult, and >210 cm adult (Romine et al. 2009) and for white sharks as
<150 cm neonate, 150 — 200 cm small juvenile, 200 cm — 256 cm large juvenile, >256 cm
subadult (Bruce & Bradford 2012).

To determine whether overall OC profiles within each species correlated with
shark 8'°N, 83C, mass and sex, two separate principal component analyses (PCA, one for
each species) were performed using vegan on correlation matrices of white and dusky
shark contaminant proportions (i.e., p,p’-DDE standardized) following removal of the
three most extreme outliers (one juvenile, and two adult dusky sharks; median absolute
deviation test statistic > 15). Proportions were used to account for contamination
variability across the suite of contaminants as a whole (a more highly contaminated
individual would tend to have higher levels of all compounds, and vice versa). Shark
515N, 5'3C, mass and sex (predictor variables) were then regressed (using additive
multiple linear regression) against PC scores from the first three axes (PC1, PC2, PC3:
dependent variables) to explore how variation in contaminant profiles in each species was
related to these shark characteristics. Because 5'°N and 5'°C, as well as §*°N and mass,
were highly correlated, 3*°N and sex were included in one set of regressions and 5'°C,
mass and sex included in a separate set of regressions.

To test for species differences in actual compound concentrations, only the four
compounds that were found in every individual of each species were considered (p,p’-
DDE, t-nonachlor, and PCBs 180 and 187), and concentrations were log-transformed

prior to analysis. Accumulation differences between species, and relationships between
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concentrations and predictor variables are expected to be well exemplified by these
congeners because they are highly biomagnifying (Alava & Gobas 2012; Fisk et al. 2001;
Walters et al. 2011), as expected for compounds at a log Kow near 7 (range 6.35-6.96)
(Walters et al. 2011; Fisk et al. 1998). Concentration differences in these compounds
between species were tested using either two-tailed Exact Wilcoxon Rank-Sum Test,
Student’s t-Test, or Welch’s t-Test, dependant on data normality and variance
homogeneity. To examine ontogenetic trends, correlations between concentrations of
these compounds and shark mass, *°N, and §*3C were investigated (excluding neonates)
using either Linear Regression or Spearman’s p.

Finally, due to the potential for differences in growth-dilution to confound a
proper comparison of uptake rates between species, concentrations of these four
compounds were growth-dilution corrected by standardizing to shark mass. Because
observed concentrations could only have been growth-diluted to an extent equal to shark
size, concentrations were multiplied by the masses of the particular individuals they were
found in. Species’ differences in slopes of the relationship between concentrations and
age were then tested via ANCOVA. This analysis was undertaken both with white shark
ages calculated according to Wintner & Cliff (1999), and with these white shark ages
doubled given potential age underestimation (Hamady et al. 2014). Dusky shark
individuals with ages calculated as per Natanson et al. 2013, were included in each
species’ comparison only as corresponded to the white shark age range; specifically, 1-13
and 1-26 years of age (8 dusky shark ages fell between 13- 26 years, therefore they were

added to the latter analysis).
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2.3 Results

Body Size, Age, and Stable Isotopes

White and dusky sharks were found to differ significantly in §**N (F = 109.6),
mass (F = 11.3), and &'3C (W = 232) (p < .01 for all, Figure 2.2). Polynomial regression
was a better fit than linear regression between log mass and both 83C and 8°N using
Akaike’s Information Criteria, and significant relationships were found for both §*3C and
SN in the dusky shark, and 8*3C in the white shark (r> = 0.26, 0.58 and 0.12,
respectively, and p < .05 for all; Figure 2.2).

OC Compound Ontogenetic Profiles

Comparison of overall OC accumulation pattern via ANOSIM revealed a
significant difference in OC profiles between species (R = 0.5, p <.01; Figure 2.3). Nine
compounds were responsible for 52.5% of the 54.6% total dissimilarity between species;
PCBs 138 (11.1%), 153 (7.9%), 180 (7.3%), t-nonachlor (6.2%), and PCBs 33 (4.8%), 52
(4.6%), 44 (3.8%), 187 (3.4%), and 31/28 (3.4%); SIMPER, Figure 2.3). For white
sharks, 13 compounds were found in all individuals (cis-chlordane, t-nonachlor, cis-
nonachlor, p,p’-DDE, PCBs 31/28, 153, 156/171, 170, 180, 183, 187, 194, 199)
contrasting only 4 compounds found in every dusky shark (p,p’-DDE, t-nonachlor, and
PCBs 180 and 187).

No significant differences in H values were found among life stages of dusky
sharks (p > .05 for all; Figure 2.4a), indicating compound profiles were consistent over
ontogeny. For white sharks, neonates showed a trend of more diverse compound profiles
than all other life stages, but neonates were only significantly different to juveniles (p <

.01; Figure 2.4b).
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Relationships between intraspecific OC compound profiles and predictor variables

The first three PC axes extracted from the PCAs performed on white and dusky
shark contaminant proportions explained 69.7% and 53.6% of the total contaminant
variation, respectively. For white sharks, only §3C was significantly related to PC2
(Figure 2.5a; no other significant relationships were found for any predictor with PC1,
PC2 or PC3) via the following univariate relationship: PC2 = 0.100 x §*°C + 1.477,
r?=0.170, (p < .01). Proportions of PCBs 153, 138, 128, 180, 170, 194 and 206 in white
sharks all loaded positively and heavily on PC2 (loadings > 0.714; Table 2.3) and PCBs
128, 180 and 206 were significantly positively correlated with §3C (Pearson's r > .29, p <
.05). For dusky sharks, PC1 was positively related to mass (Figure 2.5b; PC1 = 0.236 x
logio(mass) + (-0.474), r> = 0.227, p < .01). Only mirex and PCB 194 loaded positively,
although weakly (loading = 0.16 and 0.12, respectively) on PC1 of the dusky shark PCA,
but only mirex was significantly positively correlated to dusky shark mass (r = 0.44, p <
.05). Proportions of several compounds (PCBs 31/28, 44, 95, 99, c-chlordane and t-
nonachlor) loaded negatively and heavily (loadings < -0.70; Table 2.3) on PC1 but only
PCBs 95, 99 and c-chlordane were significantly, negatively correlated with dusky shark
mass (r = -0.40, -0.35, -0.57, respectively, all p < .05). No other relationships were found
between PC axes and mass, 5'°N, 5'°C, or sex in dusky sharks.
OC Concentrations

OC concentrations were different between species for 2 of the 4 examined
compounds, t-nonachlor and p,p’-DDE, with elevated levels in the white shark (Table

2.2; p <.001; log Kow 6.35 and 6.96, respectively).
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Relationships between OC concentrations and predictor variables

In dusky sharks, significant negative relationships were found between 5°N and
p.p’-DDE (r?= 0.11), and between §'3C and p,p’-DDE (rs* = 0.10), PCB 180 (r? = 0.15)
and PCB 187 (r? = 0.12) concentrations (p < .05 for all), while a positive relationship was
found between mass and p,p’-DDE (r? = 0.22, p < .01, Figure 2.6a). For white sharks, a
positive relationship was found between PCB 180 and §*3C (r? = 0.17, p < .01, Figure
2.6¢). Among all sharks, t-nonachlor and p,p’-DDE had positive relationships with §°N
(r? = 0.38 [Figure 2.6b], rs2 = 0.06, respectively), §3C (r> = 0.34, s> = 0.08, respectively),
and mass (rs*> = 0.06, r> = 0.12, respectively) (p < .05 for all).
Differences in OC accumulation with age

Slopes of the relationship between growth-dilution corrected OC concentrations
and age as calculated from Wintner & CIiff (1999) and Natanson et al. (2013) did not
differ significantly between species for any of the four compounds, whether or not white
shark ages were doubled as may increase accuracy according to Hamady et al. (2014)

(Figure 2.7; ANCOVA interaction, p > .05 for all).

2.4 Discussion

This study compared OC ontogenetic profiles, concentrations and accumulation
patterns in two shark species that contrast each other in some important life history
parameters. Among individuals of both species, OC concentrations had significant
relationships with variables generally associated with OC dynamics in fish, but fewer
were found intraspecifically. Despite the distinct life history characteristics of these

species, slopes of the relationship between OC concentrations and age did not differ
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between them. However, concentrations of the highly biomagnifying compounds, t-
nonachlor and p,p’-DDE, were significantly elevated in the higher trophic level and
larger-bodied white shark. This work provides insight on the comparative physiology and
trophic ecology of these species, indicating that life-history complexity among shark
species may hinder the accuracy of simple prediction models at the single-species level,
but that trophic structure may still accurately predict OC dynamics in elasmobranch-rich
food webs.

Muscle p,p’-DDE concentrations of dusky and white sharks in this study were
higher than blubber levels reported from other marine apex predators caught at KZN
[Minke whale (Balaenoptera acutorostrata), fin whale (B. physalus), and sperm whale
(Physeter macrocephalus)], but were similar to levels reported previously in KZN white
sharks (Schlenk et al. 2005) (Table 2.2, lipid-basis). Notably, lipid-based levels of p,p’-
DDT in sharks from this current study were lower than previous reports of KZN
cetaceans and white sharks, with a marked decrease from the cetaceans sampled in 1974
(by an order of magnitude on average), and a lesser decrease from the white sharks
sampled in 2003 (by approximately half) (Table 2.2). This suggests that KZN white
sharks have not been as intensely exposed to DDT in recent years, and have now
metabolized the majority of their p,p’-DDT burden to p,p’-DDE. Lipid-based
concentrations of PCBs 138, 149, 153 and 180 quantified here are less than half the level
observed in O.orca blubber from the Crozet Archipelago, the most southerly comparable
location (Noél et al. 2009), but are over an order of magnitude higher than previously
found in portuguese dogfish liver (Centroscymnus coelolepis), from the northwestern

African Atlantic Ocean (Serrano et al. 1997). While this would suggest higher
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contamination in the Southern Hemisphere, comparable levels of PCBs were found in the
shortnose velvet dogfish (Centroscymnus cryptacanthus), and nearly double the amount
of PCB 153, as well as over an order of magnitude higher PCB 118 were found in the
leafscale gulper shark (Centrophorus squamosus), both also from the northwestern
African Atlantic. It is therefore likely that such low levels in the portugese dogfish are
instead a result of their being an extremely deep-living benthic species (Sion et al. 2004),
rarely encountering the highly contaminated food sources from shallower coastal habitats
(Bor et al. 2007).

To compare OC levels in muscle tissue between shark species from different
geographic locations, approximate wet weight concentrations were calculated by
applying a moisture content of 75.4% to dry weight concentrations. This value was
determined from the regression line of the relationship between measured wet and freeze-
dried weights of muscle from KZNSB sharks, which was the same for all (8) species (y =
3.9255x + 0.1863, r2 = 0.97, p < 0.001). KZN white shark p,p’-DDE concentrations were
nearly equal to concentrations reported from bonnethead sharks (Sphyrna tiburo) sampled
from Florida, a short-lived, low trophic-level species primarily eating crustacean and
molluscan prey (Gelsleichter et al. 2005; Cortés et al. 1996). KZN dusky and previously
sampled whites from Schlenk et al. (2005) contained approximately half this amount.
This may indicate that for Southern Hemispheric animals, only those compounds with the
highest propensity for biomagnification are likely to reach levels that are readily available
to low trophic level organisms in the Northern Hemisphere, and that the above-mentioned
conversion to the p,p’-DDE metabolite now provides white sharks with similar levels of

this particular compound. Higher trophic level sharks (blacktip, Carcharhinus limbatus
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and sandbar, Carcharhinus plumbeus) from the Florida and Georgia regions of the U.S.
were found to have much higher wet weight concentrations in liver as would be expected,
however these values were not expressed in lipid weight, so a portion of this increase is a
result of higher lipid concentration in liver than muscle tissue.

White and dusky sharks had significantly different OC profiles, indicating
differential habitat use and/or feeding ecology of these species over ontogeny. For the
neonate life-stage, white sharks showed a high amount of variation in the diversity (H) of
compounds, a result attributed to maternal offloading which likely impacts first born
young to a greater extent due to receiving adult burdens at their highest point (Mull et al.
2013, Lyons et al. 2013). Differences in 5'3C profiles between dusky and white sharks
also indicate potential variation in habitat use across all life stages, with the higher 5*3C
values of the white shark suggesting comparatively more inshore feeding over ontogeny,
a behaviour supported by previous satellite tracking data (Bonfil et al. 2005). The overall
contaminant profile of white sharks is in agreement with this, given a comparatively more
even contamination across the full suite of analysed compounds (i.e., as proportions of
p,p’-DDE), and the increased extent of contamination of inshore habitats (Bor et al.
2007). Conversely, dusky shark contamination was predominated by the three
compounds contributing most to dissimilarity between the species’ profiles; PCB 153,
138 and 180. These congeners, along with p,p’-DDE, are highly persistent, consistently
biomagnifying efficiently through food webs (Kelly 2006; Serrano et al. 2003) and may
be expected to predominate in typically less-contaminated pelagic food webs (as hexa
and hepta-chlorinated PCB congeners are shown to predominate in pelagic species;

Goultte et al. 2013). This is supported by the fact that subadult and adult dusky sharks
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predominantly occur and feed in the pelagic habitat at the edge of the continental shelf
(Hussey et al. 2012; Rogers et al. 2013). Differential habitat use between these species is
further indicated by the fact that 513C values correlated positively with the composite
(PCA) profile response, indicating a proportionate increase in select contaminants (PCBs
128, 180 and 206) with increased inshore predominance of the white shark and therefore
increased contaminant exposure (Bor et al. 2007). The overall more depleted §*3C values
of dusky sharks may suggest their predominant occurrence at the edge of the continental
shelf, precluding the observation of this same relationship. Decreasing proportions of
PCBs 95, 99 and c-chlordane with dusky size are likely the combined result of these
compounds not being very highly bioaccumulative, and decreasing in contamination
intensity with ontogenetic movement of the dusky offshore.

While a positive relationship between body size and OC concentrations is well-
documented for fish species (Ernst et al. 1976; Nabawi et al. 1987; Olsson et al. 2000;
Mclintyre & Beauchamp 2007), which also persist when increased lipid with size is
accounted for (Johnston et al. 2002), the absence of positive relationships between OC
concentration and body size observed in the white shark is not an unusual finding when
compared to other top trophic level marine predators. High trophic level mammal and
shark species commonly have a negative or null relationship between OC concentrations
and body size, such as the Killer Whale, Orcinus orca (southern Alaska; Ylitalo et al.
2001, southern Indian Ocean; Noél et al. 2009), salmon shark, Lamna ditropis, thresher
shark, Alopias vulpinus, (southern California; Lyons et al. 2013), and white sharks
sampled from southern California (Mull et al. 2012, Lyons et al. 2013). Lyons et al.

(2013) suggested that positive relationships between OC concentrations and size in
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lamnids may occur only after an age when growth rate has decreased enough for dilution
to have a reduced effect on bioaccumulation. White sharks in this study, however, only
included individuals of an age that would correspond to positive growth (Table 2.1).
Given the scenario suggested by Lyons et al. (2013), it is possible that dusky sharks may
indeed grow much slower than white sharks as was previously thought (Wintner & Cliff
1999), which results in the positive relationships of the overall compound profile PCA
response, and p,p’-DDE concentrations to be observed with mass. Alternatively, the
greater ability for mass to predict OC levels in dusky sharks may be contingent upon the
fact that dusky shark individuals sampled in this study are included up to at least 40 years
old.

Our expectation that key differences in life-history traits between species would
result in higher white shark OC accumulation with age (obscured by growth dilution) was
not supported by slope differences. Neither an ontogenetic diet shift to higher trophic
level and more contaminated mammal prey, nor regional endothermy driving increased
biomass intake per unit time, or a possible higher growth rate enhancing OC uptake and
assimilation in white sharks, was sufficient to drive an increased slope of OC
accumulation with age when compared to the dusky. The high similarity in slopes overall
may be partly explained by the fact that declining 8*°N values with mass in the dusky
shark may not be a result of switching to feeding on only lower trophic level prey, i.e.,
small schooling fish. Instead dusky sharks may feed on large pelagic prey with
comparable levels of OC contamination to that in white shark prey. Slopes may also be
similar due to a lower frequency of seal-predation by white sharks than expected, high

individual variability in predation success on mammal prey (Laroche et al. 2008; De Vos
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& O’Riain 2010; Hussey et al. 2012), or because adult, large dusky sharks also
incorporate elasmobranch, dolphin and other mammal prey (Dudley et al. 2005; Hussey
et al. 2011) in similar proportions as subadult white sharks. Consequently, the observed
decline in 8'°N values of larger dusky sharks is likely a result of a lower ecosystem
baseline value in the pelagic foodweb (Hussey et al. 2011). This is further supported by
the positive linear relationship between concentrations of p,p’-DDE and mass, and none
with 8N, providing evidence that body size is a better predictor of OC concentrations in
the dusky shark. Although these scenarios may account for this unexpected comparative
OC accumulation, the possibility that currently available von Bertalanffy growth
parameters are inaccurate for these species may also be questioned as a confounding
factor.

Our hypothesis that white sharks contain higher concentrations of biomagnifying
OCs than the dusky shark was verified by elevated concentrations of p,p’-DDE, and t-
nonachlor. This is a result of their higher trophic position, as indicated by significantly
higher 8°N values and body masses of white sharks. Because of a positive relationship
between these compounds and both §°N and mass among all shark individuals, it is
apparent that body size also plays a role in determining OC burdens between shark
species of different sizes. This is expected due to decreasing elimination capacity with
fish body size (Fisk et al. 1998; Sijm & van der Linde 1995). As detailed above, although
positive relationships between OC concentrations and white shark size were not
observed, this was likely due to not sampling larger individuals and resultant masking by
growth-dilution (Lyons et al. 2013). Because fish (including sharks) have indeterminate

growth and generally consume prey as gape size allows (Heupel et al. 2014), verification
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of the importance of body size through comparisons of species with similar trophic
positions but different body sizes is difficult (Borga et al. 2004). Here it has been well
demonstrated given the high similarity in accumulation patterns with age, but overall
higher concentrations in the larger-bodied white shark. However, this does not preclude
differing trophic positions (Hussey et al. 2014) as an important determinant of OC levels
as well, because although positive relationships between OC concentrations and 3°N
were absent within each species, a positive overall trend among all shark individuals was
observed with §©°N. Given the fundamental mechanism of OC biomagnification and the
structure of trophic systems, trophic level is a consistently reliable indicator of OC
concentrations in food webs (LeBlanc 1995; Borga et al. 2004).
Summary

With growth-dilution correction, slopes of white and dusky shark OC
accumulation with age were similar. Examples of significantly higher levels of some
readily biomagnifying compounds were found in the white shark, attributable to higher
trophic level feeding and larger body size. No correlations were found in white sharks
between mass and OC concentrations, but this relationship was positive in dusky sharks
and may be attributed to either more rapid growth-dilution in white sharks, or the
inclusion of much older dusky shark individuals in the analyses. Inshore habitat use was
found to be an important predictor of OC variation in white sharks and was absent in
dusky sharks due to the predominant occurrence of subadult and mature individuals in
pelagic food webs at the edge of the continental shelf. In conclusion, while §°N and

mass did not predict OC concentrations in both species intraspecifically, they adequately
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predicted levels of some of the most highly biomagnifying OC compounds between these

species.
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Table 2.1. Mean + 1SE of species’ parameters, and observed OC concentrations (ng/g dry wt) for
C. carcharias and C. obscurus, sampled from KZN, South Africa, 2005-2012 (excluding
neonates).

White Shark Dusky Shark

Carcharodon carcharias  Carcharhinus obscurus
n (sex) 53 (28 F, 25 M) 42 (22 F, 20 M)
PCL (mm) 2192.6 + 56.7 1965.3 £ 75.3
Mass (kg) 196.5 + 20.3 136.6 + 14.0
Lipid % 1.5+0.1 1.3+£0.2
515N 156+0.1 13.8+0.2
d13C -14.7+0.1 -15.8+0.1
HCB 0.2+0.0 0.1+0.0
Dieldrin 1.0+0.1 0.3+0.1
Mirex 0.8+0.1 04+0.1
B—HCH 0.1+0.0 0.1+0.0
y—HCH 0.1+£0.0 0.1+0.0
>HCH 0.2+£0.0 0.2+0.0
trans-Chlordane 0.7+0.1 0.3+0.0
cis-Chlordane 0.3+0.0 0.2+0.0
trans-Nonachlor 46+0.3 1.0+0.1
cis-Nonachlor 0.2+0.0 0.1+0.0
Oxychlordane 0.1+00 0.2+0.0
Heptachlor epoxide 0.2+0.0 02+0.0
XCHL 6.2+0.4 1.8+0.2
p,p’-DDE 20.2+2.7 9.3+2.2
p.p’-DDT 0.2+0.0 0.2+0.1
XDDT 204 +£2.7 95+22
PCB 18/17 0.7+0.1 0.2+0.1
PCB 31/28 1.3+0.2 0.7+0.1
PCB 33 1.0+£0.2 0.9+0.2
PCB 52 1.9+0.3 09+0.1
PCB 49 0.7+0.1 0.6+0.1
PCB 44 1.1+0.1 0.7+0.1
PCB 70 1.4+0.3 0.3+0.1
PCB 95 1.6+0.3 04+0.1
PCB 101 1.8+0.5 04+0.1
PCB 99 0.8+0.2 04+0.0
PCB 110 1.0+0.3 05+0.1
PCB 151/82 0.6+0.1 0.2+0.0
PCB 149 1.1+0.1 0.2+0.0
PCB 118 1.2+0.2 0.7+0.1
PCB 153 55+0.6 5.0+0.9
PCB 105/132 0.6+0.1 05+0.1
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Table 2.1 (continued). Mean =+ 1SE of species’ parameters, and observed OC concentrations
(ng/g dry wt) for C. carcharias and C. obscurus, sampled from KZN, South Africa, 2005-2012
(excluding neonates).

White Shark Dusky Shark
Carcharodon carcharias  Carcharhinus obscurus
PCB 138 52+04 44 +0.7
PCB 158 0.3+0.0 0.3+0.1
PCB 187 1.7+0.2 21+05
PCB 183 0.7%+0.1 0.8+0.2
PCB 128 1.7+0.2 1.5+0.7
PCB 177 0.5+0.0 04+0.1
PCB 156/171 06+0.1 05+0.1
PCB 180 3.4+0.3 42+1.0
PCB 191 0.1+0.0 0.1+0.0
PCB 170 1.0+0.1 15+04
PCB 199 0.6+0.1 09+0.2
PCB 195/208 0.3+0.0 0.3+0.1
PCB 194 0.4+0.0 0.7+0.2
PCB 206 0.1+0.0 0.3+0.1
PCB 209 0.1+0.0 0.1+0.0
XPCB 385+34 30.5+4.7
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Table 2.2. Comparison of OC concentrations in KZN white and dusky sharks sampled 2005-2012 with published levels in other marine predators.

Compound (ng/g, mean + SE)

Class-Tissue Location Species n
- Ho oy cis- . o] PP’- pp-
Citation Epox HCH t-non non t-chl cis-chl Diel DDE DDT 149 118 153 138 180 170
Mammalia - Blubber
Henry & Uc&m: Whaling Minke Whale 247 645 215.6
Best 1983 Station (29°53'S Balaenoptera 282 - - - - - - »Hm 1 m 0 mw 6 - - - - - -
31 °03'E) acutorostrata ' ) '
Henry & Durban Whaling Fin Whale . 919 1150
Station (29°53'S 6 - - - - - - ND P s - - - - - -
Best 1983 31 °03E) B. physalus 409 726
Henry & Uc&m: Whaling Sperm Whale 3513 364.9
Best 1983 Station (29°53'S Physeter 122 - - - - - - ND + 1 + ; - - - - - -
31 °03'E) macrocephalus 388 106.
Crozet
Noél et al. Archipelago, Killer Whale 9 ) ) ) ) ) ) ) ) ) mmo ) Nmmo Hmwmo mmo 3
2009 southern (Orcinus orca) 180 380 260 150
Indian Ocean
Chondrichthyes - Liver
Canary Islands Portuguese 23 206 457 450 293 25
Serrano et North African Dogfish 9 . ) ) ) ) ) ) } ) " ¥ ¥ ¥ ¥ +
al. 1997 Atlantic Ocean Centroscymnus 0.7 60 183 271 113 09
coelolepis
Serrano et Canary Islands,  Shortnose Velvet
al. 1997 North African Dogfish 12 - - - - - - - ) . NA NA 2978 2533 1244 234
' Atlantic Ocean C. cryptacanthus
Leafscale Gulper
Serrano et Canary _m_m.SQp Shark
al. 1997 North African Centroohorus 12 - - - - - - - - - 138.9 1251 10565 673 122 56.8
' Atlantic Ocean P
sguamosus
Schlenket  Kwazulu-Natal, ~ “/nite Shark . 261 38 11142 555
- Carcharodon 3 > > - - - - - + * - - - - - -
al. 2005 South Africa carcharias 124 02 3790 140
; Sandbar Shark 25 654 366 20 77 27 4456 165
Gelsleichter ;5 Eastcoast  Carcharhinus 23+ - * * * * * x t . . . . . .
et al. 2007 0.3 10.1 5.8 0.9 14 14 71.8 4.3

plumbeus

46



Table 2.2 (cont’d). Comparison of OC concentrations in KZN white and dusky sharks sampled 2005-2012 with published levels in other marine

predators.
Class-Tissue Loeat Soc Compound (ng/g, mean + SE)
. ocation pecies n H. N Cis- - - o >
Citation ¥ - - - p-p - P.p
Epox HCH t-non non t-chl cis-chl Diel DDE DDT 149 118 153 138 180 170
i i 0.68 417 197 17 102 17 1270 45
Gelsleichter U.S. East Coast m_mo_A.:u Shark 25b Y ) 5 : ; + G + G ) ) ) ) ) )
et al. 2007 C. limbatus 0.1 6.8 32 0.2 18 06 292 21
Chondrichthyes - Muscle
Florida Bay.
. ' Bonnethead
mw_m__m_mo%ﬁmﬂ . a_ma%m m&m Sk 50b 0.4 ] 31 22 65 40 02 45 139 ) ) ) ) )
etal. pal moC_n% a Bay, Sphyrna tiburo 0.3 0.6 0.8 0.7 0.5 0.9 0.5 2.0
Schlenket ~ Kwazulu-Natal, ~ White Shark p %Y . . . . . . . . .
al. 2005 South Africa C. carcharias 0.6 0.4 0.2 0.6
i 0.04 0.01 0.3 0.01 0.1 0.04 0.1 23 0.1 0.1 0.2 13 11 11 0.4
This Study South African Dusky Shark 49¢ 0 0 f + i v g + + ¥ i i ¥ ¥ +
West Coast C. obscurus 0.01 0.002 003 0.002 0.01 0.004 0.01 0.6 0.01 0.01 0.02 0.2 0.2 0.3 0.1
i i 01 002 11 0.1 0.2 0.1 0.2 5.0 0.1 0.3 0.3 1.4 1.3 0.8 0.3
This Study South African White Shark 53¢ i P i+ ¥ i ¥ i f T i i 3 5 + ¥
West Coast C. carcharias 001 0004 01 001 002 001 003 07 001 003 004 01 0.1 01 002
i 350 58 1331 64 471 258 454 11143 358 343 107.0 6140 5429 520.6 1748
This Study South African Dusky Shark 422 T n ; b ¥ ¥ ¥ r ¥ 5 ¥ h ¥ + +
West Coast C. obscurus 194 14 264 17 95 64 148 3027 171 145 367 1534 1257 1535 50.2
i i 201 58 3733 179 523 265 950 18029 182 89.3 1028 4624 422.7 2784 873
This Study South African White Shark 532 . i by A 5 + 3 + + ¥ ¥ ¥ ¥ £ ¥
West Coast C. carcharias 6.9 10 348 31 7.0 30 188 3392 32 137 194 671 534 321 114

ng/g lipid wt, ®ng/g wet weight, °ng/g wet wt with weight-based moisture content 75.40%, taken from previously determined regression line of relationship
between wet and freeze-dried weights of muscle tissue of NSB sharks. The same relationship occurs for all species; y = 3.9255x + 0.1863, r? = 0.97, p < 0.001.
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Table 3.3. Compound loadings on individuals species PCA axes with significant
regressions against mass and 8*3C for dusky and white sharks respectively.

PC1 - Dusky Shark PC2 — White Shark

Compound A=09.97 A= 10.03
HCB -0.60 -0.18
B-HCH -0.67 -0.13
y-HCH -0.56 -0.01
PCB 18/17 -0.48 -0.45
PCB 31/28 -0.77 -0.26
PCB 33 -0.28 -0.12
PCB 52 -0.61 -0.44
PCB 49 -0.24 -0.34
PCB 44 -0.76 -0.05
Heptachlor Epoxide -0.30 0.22
Oxychlordane -0.43 0.44
PCB 70 -0.28 -0.56
PCB 95 -0.70 -0.60
t-chlordane -0.67 -0.34
PCB 101 -0.63 -0.53
PCB 99 -0.71 -0.37
cis-chlordane -0.75 -0.39
t-nonachlor -0.76 0.43
Dieldrin -0.57 -0.39
PCB 110 -0.58 -0.43
PCB 151/82 -0.43 -0.58
PCB 149 -0.59 -0.06
PCB 118 -0.49 0.13
cis-nonachlor -0.61 0.05
PCB 153 -0.13 0.76
PCB 105/132 -0.40 0.49
p,p’-DDT -0.30 -0.10
PCB 138 -0.38 0.71
PCB 158 -0.49 0.40
PCB 187 -0.15 0.67
PCB 183 -0.20 0.52
PCB 128 0.08 0.88
PCB 177 -0.50 0.62
PCB 156/171 -0.71 0.45
PCB 180 -0.27 0.76
PCB 191 -0.24 -0.43
Mirex 0.16 0.57
PCB 170 -0.04 0.81
PCB 199 -0.10 0.65
PCB 195/208 -0.18 0.21
PCB 194 0.12 0.71
PCB 206 -0.16 0.74
PCB 209 -0.24 0.22
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Figure 2.1. Comparative growth between South African dusky and white sharks; a) growth rate at
age as per von Bertalanffy growth curves from Natanson et al. (2013), and Wintner & Cliff
(1999) respectively, with white shark growth rate also halved due to potentially underestimated
longevity (Hamady et al. 2014), and b) length-mass curves obtained from Cliff et al. (1989), and
Dudley et al. (2005). Maximum ages were inferred from von Bertalanffy parameters, using
maximum reported lengths caught in South African waters; a 328 cm (FL) C. obscurus caught at
the KZNSB (Cliff & Wilson 1986; Natanson & Kohler 1996), and a 485 cm (PCL) C. carcharias
caught off the Southern Cape (CIiff et al. 1989).
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Figure 2.2. Quadratic regression of log-transformed mass vs. stable isotopes; (a) 5*°N, and (b)
813C in C. carcharias and C. obscurus muscle tissue, sampled from KZN, South Africa, 2005-
2012 (excluding neonates).
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Figure 2.3. Differences in dusky and white shark contaminant profiles sampled from KZN,
respectively.
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Figure 2.4. Box-plots displaying differences in Shannon’s Diversity (H) values between sharks of
different life stages for (a) dusky and (b) white sharks, sampled from KZN, South Africa, 2005-
2012. Box limits represent 1% and 3" quartiles, error bars represent minimum and maximum
values, centre line displays median values and diamonds represent the mean.
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Figure 2.5. Significant regressions found between intraspecific PCA ordination axes (constructed
from data as proportions of p,p’-DDE) and shark mass, §*C, and 8'°N values in white and dusky
sharks sampled from KZN, 2005-2012. a) White shark PC2 (accounting for 23.3% of data
variation) vs. 3*3C. Proportions of PCBs 153, 138, 128, 180, 170, 194 and 206 loaded positively
(> 0.714) on PC2. b) Dusky shark PC1 (accounting for 23.2% of data variation) vs. mass.
Proportions of only mirex and PCB 194 loaded positively but weakly (< 0.2) on PC1.
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Figure 2.6. Examples of significant relationships between muscle OC concentrations and shark
predictor variables when excluding neonates; a) p,p’-DDE vs. mass in the dusky shark, b) t-
nonachlor vs. 8°N in all individuals, and ¢) PCB 180 vs. 5*3C in the white shark. Species were
sampled from the coast of KZN, South Africa, 2005-2012.
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Figure 2.7. Growth-dilution corrected concentrations of PCBs 180 (a, €), 187 (b, ), p,p’-DDE
(c, 9), and t-nonachlor (d, h) vs. age for white and dusky sharks from KZN, South Africa
(excluding neonates). a-d; white shark ages as per Wintner & CIiff (1999), e-h; white shark ages
doubled and 8 additional dusky sharks added (after dotted-line). ANCOVA interaction term; p >
.05 for all.
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CHAPTER 3

GENERAL DISCUSSION

3.1 Summary

It is important to understand the mechanisms behind the bioaccumulative
processes of hydrophobic contaminants in marine systems, not only to provide general
information on the most highly exposed species and the potential for toxic impacts, but
also to gain insight into the movements of energy, in the form of lipids, throughout food
web structures. In this thesis | examined organochlorine contaminant (OC) accumulation
in two ecologically comparable top predator shark species (Carcharodon carcharias and
Carcharhinus obscurus) from the east coast of South Africa, with the life history
contrasts of ontogenetic divergence in prey trophic position, thermoregulatory mode and
tenably, different growth rates. Specifically, this thesis highlighted comparative OC
profiles, concentrations, and accumulation patterns with ontogeny.

Profiles of OCs were observed with respect to species and life stages within
species, and the composite proportional response of all analysed chemicals were
examined for relationships with the individual shark attributes of 3*°N, §*3C, sex and
mass. Statistical assessment revealed significantly different OC profiles between species.
This difference was driven by higher proportions of the PCBs 153, 138 and 180 in the
dusky shark, which are some expectedly predominant congeners in pelagic regions
(Goutte et al. 2013). This result is supported by these species’ §'C values which suggest
comparatively more offshore residency in the dusky shark, and by the fact that subadult

and adult dusky sharks are known to reside at the edge of the continental shelf (Hussey et
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al. 2011; Rogers et al. 2013). Intraspecific profiles did not differ in diversity across life
stages except in neonate white sharks, representing efficient maternal transfer in this
species (Mull et al. 2013; Lyons & Lowe 2013). More prevalent inshore habitat use in the
white shark was found to provide a more even abundance of the full suite of (analysed)
compounds available in the South African ecosystem, increasing the proportions of 5
PCB congeners in particular (153, 128, 180, 170, 206). Overall, I discovered that
compared to the dusky shark, the white shark possesses a more even profile of
contamination, which is intensified with a greater prevalence of inshore feeding as
indicated by 8*3C values.

Body size was a predictor of OC concentrations within the dusky shark only.
More rapid growth-dilution is implicated in obscuring any relationships with body size in
the white shark (Lyons et al. 2013). This observation supports the likelihood that white
sharks do have higher growth rates than dusky sharks, despite recent indications of
enhanced longevity (Hamady et al. 2014). To avoid the effect of differential growth-
dilution on the comparison of gross ontogenetic uptake, accumulation slopes with age
were compared between species using mass-based concentrations to correct for decreases
resulting from growth-dilution. Despite ontogenetic diet shifting to mammal prey,
regional endothermy, and likely faster growth rate, slopes of growth-dilution corrected
concentrations with age in the white shark were equal to those of the dusky shark. This is
an important observation because it allows for clarification of the ontogenetically
declining 5'°N values within dusky sharks, by providing evidence of similar OC
accumulation to the white shark which increases in §'°N ontogenetically. This would

provide support against the hypothesis that this pattern is a result of diet shifting to lower
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trophic level prey with ontogeny, and instead the likelihood that progressive movement
toward the continental shelf provides lower 3*°N due to lower baseline values in that
system (Hussey et al. 2011). This demonstrates that movement to or between systems
with variable baseline stable isotope signatures must be a pivotal consideration in
ecological studies (Post 2002; Jardine et al. 2006).

Due to the white shark’s higher trophic position (Hussey et al. 2014), and
accompanying greater body size, they were expected to possess elevated levels of OCs.
This was true for p,p’-DDE and t-nonachlor, two of the four notoriously highly
biomagnifying compounds (also PCBs 180 and 187), chosen to exemplify differences in
net (growth-diluted) concentrations between these species. These two OCPs have been
previously found to biomagnify to a greater extent (one order of magnitude more) than
PCBs 180 and 187, from prey fish to piscivorous Galapagos sea lions, Zalophus
wollebaeki (Alava & Gobas 2012). Similar concentrations of these two PCB congeners
further exemplifies comparable ontogenetic accumulation between these species, and the
fact that significantly higher levels of only powerfully biomagnifying compounds were
found supports that trophic position (along with the accompanying larger body size of
white sharks) is responsible for the heightened accumulation. While comparatively more
inshore habitat use (i.e., significantly elevated §'*C values) may further contribute to high
contamination in white sharks, this is not the most parsimonious explanation for their
elevated levels of p,p’-DDE and t-nonachlor. Based on a significant negative relationship
between PCB 180 concentrations and §*3C in both species, white sharks would be
expected to contain higher concentrations of PCB 180 than the dusky shark, but this is

not the case. This study has therefore highlighted the role of body size/trophic structure,
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and its precedence as a predictor of the accumulation of OCs in shark species despite

variations in life history.

3.2 Implications and Future Directions

By beginning with an examination of the expected divergence in OC
accumulation between two shark species, this study can be extended to apply the
concepts of body size and trophic position as predictors of OC accumulation in food webs
that incorporate many shark species, such as the KZN marine ecosystem. OCs are likely
useful as tracers of trophic structure and trophic ecology of species in this system,
regardless of these complexities introduced by variable life-history characteristics.
However, this study was limited in the size range of included white sharks, due to rare
capture of adults in KZNSB nets. Further insight into the effects of diet-shifts to
mammals on white shark OC burdens may be provided by the examination of larger,
older white sharks, in case the younger individuals included here showed low
accumulation with age due to a low frequency of seal predation. This may be obtainable
through a muscle biopsy of large white sharks that are captured and tagged, and could
also provide valuable information about which individuals specialize at the seal-hunting
strategy. In addition, more shark species should be examined, particularly those with
more extensively diverse physiology and trophic ecology, such as the enormous filter-
feeding whale shark, Rhincodon typus. The question remains whether trophic position
and body size still drive accumulation potential in the face of such exceedingly large
differences in physiology and feeding behaviour.

Other aspects of chemical bioaccumulation may also still be examined, for

example, in light of specific physico-chemical properties of certain biomagnifying
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contaminants, and whether they render trophic level and body size more or less important
as drivers of levels found in sharks and/or shark-rich ecosystems. Because so few studies
have examined the physiology of OCs in sharks in terms of both their toxicity and
metabolism (Gelsleichter & Walker 2010), and many cases exist where species or class-
specific metabolic biotransformation ability determines the presence and abundance of
certain OCs (Borga et al. 2004), more investigation is required to understand whether a
specific benchmark chemical may be utilized to best discriminate trophic structure within
the KZN food web. This is particularly important also because of the current
discrepancies in stable isotope analyses, and the avenue provided by biomagnifying

contaminants for clarification of SIA-derived trophic structure (Soto et al. 2013).
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