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ABSTRACT: Stable isotope ratios of carbon (5!°C) and nitrogen (8!°N) were used to evaluate
trophic structure and mercury biomagnification in an assemblage of 16 deepwater chondrich-
thyans (primarily, 2 squaliformes: Centroselachus crepidater and Etmopterus baxteri) collected
from continental waters off southeastern Australia from 2004 to 2006. In all species, mean trophic
position (TP; quantified by 8'°N) ranged from 3.5 to 4.7 (indicative of tertiary consumers). Minor
variation in 8"*C enrichment was observed between species (—18.7 to —17.1%o) with the exception
of Squalus acanthias (-19.3 + 0.1%.). Total mercury (THg) levels ranged from 0.3 to 4.5 mg kg~!
(wet mass, wm) with the highest concentrations correlated with increasing individual size and TP.
Using published (TP and THg) data on low-mid trophic prey groups collected from the study area,
THg biomagnification factors between selected predator—prey associations and trophic magnifi-
cation factors (TMF) within various assemblage and community groupings were calculated. As an
assemblage, deepwater elasmobranchs demonstrated moderate rates of THg biomagnification, as
indicated by the regression slope (0.69 TP giving a TMF of 4.8) while higher rates were reported
in the extended continental shelf/slope community (1.13 TP giving a TMF of 13.4). Among-system
differences in TMF were found between low-mid and mid-high order food chains as well as
between shelf/upper-slope, mid-slope, and benthic food webs, signifying that bioaccumulation
pathways are closely related to physical-chemical (bathome affinity) and community (presumably
species composition and food chain length) structure.
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INTRODUCTION

Understanding trophic ecology, i.e. feeding rela-
tionships among organisms, is paramount for in-
formed ecosystem-based management decisions, in-
cluding decisions that concern the biotransfer of
contaminants that are harmful to predators and affect
human health (Burger et al. 2007, Choy et al. 2009).
Although traditional stomach content analysis offers
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taxonomic precision in feeding data, gathering such
data is not always logistically feasible or essential.
This is particularly true for deep-sea communities
where remoteness creates high logistical costs, and
specimens frequently loose their ingesta during cap-
ture and retrieval to the surface (Drazen et al. 2008).
For deepwater chondrichthyans, these problems are
further compounded because many populations have
been depleted in the Indian, Atlantic and Pacific
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Oceans (Graham et al. 2001). These species will be
slow to recover, due to late age at maturity and low
fecundity (Kyne & Simpfendorfer 2010); therefore
collection contravenes conservation objectives
(Daley et al. 2002).

Although coarse in taxonomic resolution, analyses
of natural stable isotope ratios of carbon (5'*C) and ni-
trogen (8'°N) are increasingly being applied to a suite
of marina biota as a relatively quick, logistically and
ethically viable tool to quantitatively assess energy
flows in food webs (Peterson & Fry 1987), time-inte-
grated food-web structure (Post 2002), and spatially-
integrated patterns of assimilated organic substrates
(Hobson 1999). The approach is based on the fact that
5'°N shows a systematic mean enrichment (typically
around 3.4 %.) with each increasing trophic position
(Minagawa & Wada 1984); and consequently, relative
trophic positions can be estimated (Post 2002). In con-
trast, 8'®C remains relatively unaffected by trophic
transfer (Fry & Sherr 1984) and can instead be used to
indicate foraging location due to differences between
aquatic vs. terrestrial, nearshore vs. offshore, or pe-
lagic vs. benthic baseline carbon contributions (Hob-
son et al. 1995, Vaudo & Heithaus 2011).

Mercury (Hg), similar to other persistent environ-
mental contaminants (cadmium and polychlorinated
biphenyls) is assimilated (following bacterially medi-
ated methylation for Hg) primarily via dietary intake
(Cabana & Rasmussen 1994, Wiener et al. 2003), and
thereafter, biomagnifies up food chains. As this phe-
nomenon depends on the structure and complexity of
the food web (Wang 2002), stable isotopes have been
suitably coupled with contaminant analysis to delin-
eate bioaccumulation patterns in marine food webs
(Atwell et al. 1998, Power et al. 2002) and better under-
stand the extent of biomagnification in top-order
predators, including sharks (Fisk et al. 2002, Domi et
al. 2005, Newman et al. 2011). Mercury in its most toxic
form, monomethylmercury (MeHg), continues to draw
a great deal of scientific and policy interest (Selin 2011)
largely due to its harmful health effect (Eisler 2006)
and its long-ranging atmospheric transport and global
distribution (Mason et al. 1995). Thus, even in rela-
tively pristine environments Hg can be of local con-
cern, making its monitoring fundamental to the evalu-
ation of risk to the environment and human health.

The continental shelf and slope waters off south-
eastern Australia support a number of commercially
important species. The mid-slope (600-2000 m) dem-
ersal fishes comprise an identifiable community that
supported a major commercial trawl fishery for
orange roughy (Hoplostethus atlanticus, Trachich-
thyidae), and oreo dories (Oreosomatidae) for more

than 20 yr until it was largely closed due to overfish-
ing in 2006 (Larcombe & Begg 2007). The major
bycatch was a guild of benthopelagic squaliformes
(mainly Somniosidae, Etmopteridae) that feed on fish
and squid and dominate the mid-upper trophic posi-
tions, probably as top-down predatory regulators of
community dynamics (Bulman et al. 2002, Hallett &
Daley 2011). A minor bycatch was a guild of chi-
maeras (Chimaeridae, Rhinochimaeridae) with spe-
cialised beak-like dentition suitable for crushing
shelled benthic prey (Last & Stevens 2009). The
trophic and community structures in upper-slope
(200-600 m) waters in the same region are not as
well defined. An assemblage of commercial teleosts
such as pink ling (Genypterus blacodes) and ocean
perch (Helicolenus barathri) co-occur with bycatch
chondrichthyans. A number of shark species that
complete much of their life history on the continental
shelf and are not entirely dependent on slope food
webs are also present occasionally.

Upper- and mid-slope chondrichthyans that occur
off southeastern Australia are known to accumulate
MeHg concentrations that exceed those established
by community legislation (>1 ppm; Pethybridge et al.
2010a). There are concerns that consumption of these
species and others harvested from the same commu-
nity assemblages will affect human health. Despite
this, knowledge of deepwater chondrichthyan feed-
ing habits and contaminant bioaccumulation path-
ways in continental-shelf and slope waters is limited.
In this study, we use 8'*C and §'°N data to explore the
trophic structure and biomagnification of Hg in an
assemblage of 16 deepwater chondrichthyan species
occurring around the continental shelves/slopes and
seamounts off southeastern Australia. Specifically,
these data are analysed using regression models to
estimate trophic positions, trophic magnification fac-
tors within various food web community assem-
blages, and biomagnification factors between spe-
cific predator-prey pairs. These data will provide (1)
the means to improve current ecosystem models; (2)
a greater understanding of the trophic transfer and
bioavailability of mercury in this and other continen-
tal shelf/slope food webs; and (3) important baseline
information for subsequent comparative studies on
these and other deepwater chondrichthyan species,
worldwide.

MATERIALS AND METHODS

Specimens were collected from the continental
slope around eastern and southern Tasmania, and



Pethybridge et al.: Trophic structure and mercury biomagnification in chondrichthyans 165

southwest off Victoria, between 2004 and 2006
(Fig. 1). Species were identified based on Last &
Stevens (2009) and were grouped according to their
principle bathome: shelf, upper slope, or mid slope
(see Table 1). Most mid-slope specimens were taken
by commercial operators targeting orange roughy
with otter trawl nets (90-110 mm stretched mesh) in
waters deeper than 600 m. Shelf and upper slope
species were mainly caught by commercial auto
longlining vessels targeting pink ling in waters
(200-600 m) off Tasmania using 12/0 Mustad hooks
baited with squid.

Two subsamples of 100 g of muscle tissue (obtained
posterior to the dorsal fin) were collected from each
specimen and stored in polyethylene ziplock bags at
—20°C. All homogenous tissue samples were freeze
dried (—80°C for up to 60 h) and ground to fine pow-
der (mesh size 100-200 pm) with a mortar and pestle.
Lipids were not removed, because lipid content in
the muscle tissue of these species is low (<1.0%,
Pethybridge et al. 2010b).

Carbon, nitrogen, isotopic carbon (513C) and
nitrogen (8'°N) were analysed simultaneously using
a continuous flow isotope-ratio mass spectrometer
(CF-IRMS). Stable isotope ratios are expressed as
delta values (8'*C, 8'N) and measured as parts
per thousand differences (%.) relative to ANU su-
crose and atmospheric N (air) for isotopes §'*C and
5!°N, respectively. Replicated measurements of
internal laboratory standards (Acetanilidae) and
working standards (prawns) gave precision errors
of £0.1 and £0.2%. for 8'°N and 8'3C, respectively.
C:N ratios were <3.5 indicating that tissues were
mostly composed of protein (Hoffman & Sutton
2010) and validates not performing lipid extraction
of tissues.
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Fig. 1. Collection area. Contour line indicates depth of 400 m
and black thickened line indicates capture locations

Trophic position (TP) of chondrichthyan species
was estimated from 8'°N values following the equa-
tion (after Cabana & Rasmussen 1994):

TP = (8" Nypark — 8"°Nppyio)/3.4 + 1 1)

8" Ngpark is the mean nitrogen isotopic ratio of the
shark species, while "Ny, is that of marine phyto-
plankton and particulate organic matter (POM),
which was assumed to be 4.1 %o.

This value has been derived from baseline N
reported in outer continental shelf waters off south-
east Australia (2.3 to 8.4 %o, Davenport & Bax 2002)
and taken relative to published trophic position data
(base on stomach content analysis) reported for pri-
mary consumers from the same continental mid-
slope ecosystem as our study (Bulman et al. 2002).
We have taken 3.4 %o as the mean nitrogen fractiona-
tion between 2 trophic positions (Minagawa & Wada
1984; and reviewed by Post 2002). A biplot of §!3C vs.
3°N data was used to characterize the trophic
structure of the chondrichthyan assemblage and
allowed us to explore dietary breadth in Centro-
selachus crepidater and Etmopterus baxteri using
summary matrices (after that used by Vaudo &
Heithaus 2011) in which the total convex hull area of
the §'3C-8'°N polygon encompassing all individuals
was calculated.

Speciation analysis of mercury (reported in Pethy-
bridge et al. 2010a) demonstrated that 291 % of THg
was present as methylmercury (MeHg) in the white
muscle tissue of most documented shark species; and
thus, THg was deemed an appropriate measure of
the more toxic MeHg. Analyses of total mercury
(THg) were carried out on 2 to 3 replicate samples
ranging from 10 to 50 mg of dried muscle tissue. THg
concentrations were determined by flameless atomic
absorption spectrometry using an Advanced Mer-
cury Analyser AMA 254 (Altec, Prague), with greater
detail reported in Cossa et al. (2002). The accuracy
and the reproducibility of the method were estab-
lished using an international certified standard
(DORM-2, National Research Council Canada) with
certified values reproduced within confidence limits
(up to 95%) and a detection limit of 0.007 mg kg~™.
THg concentrations are reported in mg kg™!, as total
Hg per wet mass (wm), using calculations of total
water content of the muscle tissue (mass difference
before and after freeze-drying) for conversion from
dry to wet mass.

To examine potential Hg exposure routes and
bioaccumulation pathways in extended food chains,
we used published mercury (Pethybridge et al.
2010c) and trophic position data (calculated by
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stomach content analysis as in Bulman et al. (2002)
and/or quantified using 8'°N reported by Daven-
port & Bax 2002) for 10 mid-trophic prey groups
found within the study area and commonly ob-
served in the diet of multiple chondrichthyans ana-
lysed here (Bulman et al. 2002, Daley et al. 2002,
Pethybridge et al. 2011). Specifically, we use 3N
and THg data for 2 low-trophic (zooplankton and
crustaceans) and 6 mid-trophic (2 cephalopod and
6 fish) groups classified by their habitat affinity
(mesopelagic, bathypelagic and benthic) and dom-
inant feeding strategy (omnivore, piscivore and
invertivore/zooplanktivore). This also included indi-
vidual data for 3 abundant mesopelagic fish species;
redbait Emmemichthys nitidis, Hector's lanternfish
Lampacnyctodes hectoris and cardinalfish Epigonus
lenimen.

To examine the extent in which mercury biomagni-
fies throughout the food web, we have calculated
biomagnification factors (BMF) between various prey
and chondrichythyan species/groups and the trophic
magnification factors (TMF) within the entire study
assemblage (chondrichthyans) and extended com-
munity (entire food web). Such factors have been
applied to a number of whole ecosystem studies (e.g.
Atwell et al. 1998, Campbell et al. 2005, Jeeger et al.
2009) and separately for a group of higher-order
predators (e.g. fish: Power et al. 2002; seabirds: Hop
et al. 2002) using the following equations:

BMF = ([THg]predator/[THg]prey)/(TPpredator - TPprey) (2)

TMF = 10° 3)

with b taken as the slope in the equation log(THg) =
a + bTP + e, where a is the intercept, b is the slope
and eis the error estimate. TPs in both BMF and TMF
equations are based on that quantified by §'°N as per
Eq. (1).

Due to constraints of our sample size, inter-annual
or gender-related differences in THg levels, §°N and
513C isotopes were not investigated. Furthermore, due
to limited sample replication for each species, statisti-
cal analyses were only performed on squaliformes Et-
mopterus baxteri and Centroselachus crepidater (with
sample sizes >20). To assess relationships within an
assemblage of chondrichthyans, species were pooled
together for statistical analyses. Linear regression
models were used to examine relationships between
THg and length, §'°N, TP and 8'3C, and standardized
regression coefficients were used to infer the relative
importance of each independent variable for explain-
ing variations in the dependent variable. Analysis of
variance (ANOVA with Dunnett-Tukey-Kramer pair-

wise multiple comparison test) were undertaken to
establish respective significant differences within the
dataset. All the statistical analyses were performed
using SPSS software.

RESULTS

Trophic structure of the
chondrichthyan assemblage

Carbon and nitrogen stable isotopes (§°C, §!°N),
C:N ratios and total mercury (THg) concentrations
varied between the 16 species of demersal chon-
drichthyans analysed (Table 1). 8'°N values for all
species assessed ranged from 12.4 to 16.6 %o, demon-
strating diversity in trophic positions, with southern
dogfish Centrophorus zeehaani (n = 2) having the
highest mean nitrogen enrichment and trophic posi-
tion (81°N = 16.5 + 0.1%o, TP = 4.7), followed by the
broadnose sevengill shark Notorynchus cepedianus
(n=1) (15.4%0; TP = 4.4). Freckled catshark Apristu-
rus sinensis (n = 1) and Etmopterus baxteri (n = 20)
had the lowest 8'°N ratios and trophic positions
(12.9%o; TP = 3.8, and 13.5 + 0.27 %0; TP = 3.8, respec-
tively). Adult Centroselachus crepidater, piked spur-
dog Squalus megalops, Owston's dogfish Cen-
troscymnus owstoni and Kitefin shark Dalatias licha
all showed intermediate 8'°N values (13.5 to 15.3 %o)
and trophic positions (3.9 to 4.4). When all chondrich-
thyans were pooled, total length (TL) was signifi-
cantly correlated with 8N (R? = 0.45, p < 0.001). For
the 2 species with large enough sample sizes (>20)
for statistical treatment, a strong correlation between
TL and §'°N was observed in C. crepidater (R? = 0.64)
with a weaker correlation for E. baxteri (R = 0.28).
Furthermore, in C. crepidater significantly higher
815N values were recorded in adults (63 to 91 cm TL)
compared to juveniles (34 to 47 cm TL) with a mean
difference of 1.2 %o (p = 0.01). Thus, trophic position
seems to increase with shark size both among and
within a species.

313C values varied within a small range (-19.3 to
—17.1%o0). Mean 8'3C values were most depleted for
piked dogfish Squalus acanthias, S. megalops and
Etmopterus baxteri (-19.3, —18.8, —18.7%o, respec-
tively) and most enriched for Portuguese dogfish
Centroscymnus coelopsis, Centroselachus crepi-
dater, and Chimaera lignaria (-17.1, =17.4, =17.4 %o,
respectively). Although not significant, 8*C in C.
crepidater showed some correlation with TL (R? =
0.19, p = 0.064). Bathome affinity (shelf vs. upper- vs.
mid-slope) affected §'°C (F, ¢4 = 8.08, p = 0.01) where
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Table 1. Range (min/max) of total length (TL, in cm), total mercury (THg, in mg kg~ wm), carbon (8!3C), and nitrogen (§'°N)

isotopic composition (%.) in muscle tissue and estimated trophic position (TP; see Eq. 1) for 16 demersal shark species collected
along the continental slope of southeastern Australia. N = sample size; F:M = sex ratio, females:males

Species name N F:M TL (cm) THg C:N B3¢ 15N TP
Shelf (<300 m)

Squalus acanthius 2 1:0 80/83 1.7/1.8 3.4 -19.3/-19.2 14.0/14.3 3.9/4.0
Squalus megalops 2 0:1 48/56 1.1/2.0 2.9 -18.8/-18.2 13.9/14.2 3.9/4.0
Notorynchus cepedianus 1 0:1 158 1.5 2.7 -18.4 15.4 4.3
Upper-slope (200-600 m)

Centrophorus zeehaani 2 0:1 86/87 4.1/4.7 2.9 -18.2/-18.0 16.4/16.6 4.6/4.7
Squalus mitsukurii 2 1:1 72/73 1.8/2.3 3.1 -18.4/-18.2 13.6/14.1 3.8/3.9
Figaro boardmani 2 1:0 50/54 0.4/1.3 2.9 -18.1/-17.9 12.4/14.7 3.4/4.1
Mid-slope (600-2000 m)

Apristurus sinensis 1 1:0 67.3 1.5 3.0 -18.6 12.9 3.6
Centroselachus crepidater (adults)* 18 0.8:1 63/91 0.9/2.3 2.9 -18.4/-17.4 13.1/14.9 3.6/4.2
C. crepidater (juveniles) 3 1:0 34/47 0.2/0.4 3.0 -18.7/-17.9 12.7/12.9 3.5/3.6
Centroscymnus owstoni 2 0:1 75/76 2.3/2.5 3.0 -17.6/-17.5 14.2/14.4 4.0
Centroscymnus coelopsis 2 1:0 76/78 2.3/2.4 3.0 -17.6/-17.1 14.5/14.8 4.1
Chimaera lignaria 2 1:0 106/107 1.0/1.3 2.7 -17.9/-17.4 14.9/15.3 4.2/4.3
Deania calcea 2 0:1 84/85 1.2/1.7 2.9 -18.1/-17.8 13.9/14.2 3.9/4.0
Dalatias licha 2 0:1 116/112 1.9/2.2 2.9 -18.5/-18.3 14.2/14.6 4.0/4.1
Etmopterus baxteri* 20 2:1 57/71.1 1.4/3.3 2.9 -18.7/-18.1 13.0/13.9 3.6/3.9
Proscymnodoms plunketi 2 0:1 112/125 4.0/5.0 29 -17.8/-17.7 14.8/15.2 4.1/4.3
Rhinochimaera pacifica 2 1:1 98/120 0.6/0.7 3.0 -18.6/-18.3 15.0/15.7 4.2/4.4
*Means = SD for C. crepidater (adults): THg = 1.7 + 0.3; 8'*C = -18.2 + 0.4; 8" N = 14.1 + 0.5

#Means + SD for E. baxteri: THg = 2.3 + 0.5; 8'3C =-18.4 + 0.2; 3N =154+ 0.5 <

This line
corrected
after pub-
lication

shelf species significantly differed from slope (both
upper and mid) species. However, no effect of bath-
ome on 8"°N was demonstrated (Fy, ¢4 = 2.75, p = 0.71).

A visual characterisation of the chondrichthyan
food web structure was achieved by plotting §'°N
(trophic position) against &§2C (carbon source,
Fig. 2A). A significant correlation between §'*C and
81N was displayed for Centroselachus crepidater
(8N = 1.3 33C + 36.9, R2 = 0.43, p = 0.02), and in
pooled species groups, but not in Etmopterus baxteri
(R? = 0.06, p = 0.24, Table 2). Using the same biplot
and summary matrices, the dietary niche breadth of
adult individuals of C. crepidater and E. baxteri was
found to be 1.13 and 0.82 units?, respectively. For C.
crepidater and E. baxteri, 27 and 41 %, respectively,
of their stable isotope niche spaces overlapped
(Fig. 2A). The largest quantitative interspecific dif-
ferences of both §'3C and §'°N values were observed
between Centrophorus zeehaani and Squalus acan-
thias (Table 1).

THg concentrations and biomagnification

Total mercury (THg) concentrations in the muscle
tissue of the various species of sharks varied by more

than one order of magnitude: from 0.3 to 4.51 mg
kg™ (wm) (Table 1). Highest concentrations were
observed in Plunket's shark Proscymnodon plunketi
(449 = 0.5 mg kg‘1, wm), which included the 2
largest individuals assessed (112 and 125 cm TL).
The lowest levels of mercury were recorded in juve-
nile Centroselachus crepidater (0.3 = 0.1 mg kg™,
wm) and in adults of Rhinochimaera pacifica and
sawtail catshark Figaro boardmani (0.63 + 0.1 and
0.81 + 0.4 mg kg~!, wm, respectively). Among pooled
chondrichthyan groups, bathome (shelf vs. upper
slope vs. mid-slope) did not seem to influence THg
concentrations (F,, 64 = 1.24, p = 0.29).

When sharks only were analysed (chimaeras
excluded), log-transformed THg levels correlated
strongly with 8°N (R? = 0.33, p < 0.01), less with
length (R? = 0.21, p = 0.04) and not at all with §'3C
(R? = 0.01, p = 0.50; Table 2), suggesting that §'°N-
quantified trophic positions are the best proxies for
mercury biomagnification in shark assemblages.
However, interspecific differences were evident with
comparatively different trends in THg biomagnifica-
tion observed between the 2 sympatric (mid-slope)
squaliformes Centroselachus crepidater and Etmo-
pterus baxteri (Tables 2 & 3). Most notably, lower
THg biomagnification rates were reported in E. bax-
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Fig. 2. Regression relations between (A) stable isotopic car-

bon 8'3C and trophic position (quantified by 8'°N), and (B)

3!°N (%0) and total mercury as log(THg, mg kg~! wm) for all

16 deepwater chondrichthyans analysed in this study. Refer
to Table 1 for names of genera

teri where the slope (b = 0.33) of the linear regression
model for log(THg) and §'°N was less than that for C.
crepidater (b = 0.37) (Fig. 2B). Similarly, the slope for
the log(THg)-TL model was lower for E. baxteri than
for C. crepidater (b = 0.008 and 0.015, respectively,
Table 2). An almost significant relationship between
THg and 3'*C was observed in C. crepidater (R* =
0.24, p = 0.06, Table 3) but not in E. baxteri or in
pooled-species groups (p > 0.1, Table 2). Thus, it
seems evident that biomagnification of THg in sharks

is connected to intra- and inter-specific ontogenetic
(size and development-related) differences in feed-
ing behavior, mostly attributed to an individual's
trophic position.

Biomagnification factors (BMF) calculated for
Etmopterus baxteri, Centroselachus crepidater and
all sharks (excludes chimaeras) pooled together were
highly variable from one predator-prey combination
to another (Table 3). All BMF were >1, indicating
absolute biomagnifications (Hop et al. 2002). Higher
BMF were generally observed between low trophic
positions (TP = 2.0 to 2.4) and shark species than
those between secondary consumers (TP = 2.7 to 3.5)
and sharks (Table 3). For all predator-prey combina-
tions higher BMF were observed in E. baxteri (mean
BMF = 63.8 + 30.5) compared to adult C. crepidater
(33.9 + 16.0, Table 3).

Using the slope from the log(THg)-TP regression
model, TMF were calculated to provide relative rates
of mean THg biomagnification through various
assemblage or community food web organizations.
Within the shark assemblage, moderate rates of bio-
magnification were observed; log(THg)(mg kg,
wm) = 0.20 §1°N - 2.62 = 0.69 TP — 2.48; R2=0.47, p <
0.05, with Centrophorus zeehaani at the highest
trophic position, having the highest slope (highest
Hg biomagnification rate) and Apristurus sinensis at
the lowest trophic position (low biomagnification).
When chimaeras and sharks were both included in
the statistical calculations, lower biomagnification
rates (slope = 0.13 §'°N = 0.46 TP) and increased vari-
ability in the dataset (R? = 0.20) were observed.
Within the constraints of the limited sample size, both
chimaera species showed significantly different rates
of mercury biomagnification than the shark group
(F1,51 =5.74, p = 0.019) largely due their high trophic
position (4.3), despite their relatively low THg levels
(<1.0 mg kg!, wm). Consequently, the TMF value
calculated for the assemblage differed drastically
depending whether chimaeras were included (2.84)
or excluded (4.84) (Table 2).

Higher overall and mean rates of biomagnifica-
tion rates (slope = 0.32 §'°N = 1.13 TP; R? = 0.78
and TMF = 13.3) were observed in the extended
continental (shelf and slope) community assembl-
age (spanning over 4.5 TP) than those for selected
chondrichthyan assemblage (Table 2). However,
among-system differences in TMF were observed
between low-mid vs. mid-high order food chains
and between shelf/upper-slope, mid-slope, and
benthic food webs with much lower THg TMF in
low-order (3.04) and in benthic (7.7) trophic
assemblages (Table 2, Fig. 3).
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Table 2. Regression analysis of total mercury (logTHg, in mg kg~ wm) for Cen-
troselachus crepidater and Etmopterus baxteri as a function of either isotopic
nitrogen (8'°N), carbon source (8'3C), or size (TL) and for community assem-
blage food web groups as a function of trophic position (TP, quantified by §!°N
using Eq. 1) used to calculate trophic magnification factors (TMF, Eq. 3). For re-
gression analyses and TMF calculation of assemblage/community groups,
mean log(THg) values for were used to reduce bias in different sample sizes

Species Factor b (slope) a (intercept) R?  p-value
C. crepidater 3N 0.37 -5.01 0.66 <0.01
dBC 0.43 7.90 0.24 0.06
TL 0.02 -1.08 0.84 <0.01
E. baxteri 3N 0.33 -4.12 0.60 <0.01
(@ —-0.04 -0.39 0.00 0.65
TL 0.01 -0.17 0.50 0.02
Assemblage or community groups b a R? TMF=10"
Whole community 1.13 445 0.78 13.39
Benthic food web (chimaeras) 0.89 3.63 0.80 7.70
Shelf/upper-slope food web 1.04 4.23 0.82 11.01
Mid-slope food web* 1.23 478 0.78 16.83
Primary to secondary TP food chain® 0.48 270 0.57 3.04
Secondary to tertiary TP food chain*# 1.47 572 0.83 28.83
Assemblage: 16 shark and chimaeras 0.45 1.61 0.20 2.84
Sharks only* 0.69 248 047 4.84
*Excludes Chimaera lignaria and Rhinochimaera pacifica (Holocephali)
#Primary consumers consist of zooplankton and crustaceans; secondary
consumers consist of all fish and squid groups; and tertiary consumers
consist of the shark and chimaeras species analysed in this study

environments. Our study does, how-
ever, use very small sample sizes for
most species analysed, with the ex-
ception of squaliformes Centrose-
lachus crepidater and Etmopterus
baxteri, and thus, caution should be
exercised to not over-interpret the
broader dataset. This applies espe-
cially to intra- and inter-specific vari-
ation in estimated trophic positions
and biomagnification rates, which
may be masked by temporal and spa-
tial shifts in plankton composition,
since we did not measure baseline
313C or 8'°N of any of the habitats that
we describe.

Assemblage trophic structure

This study illustrates that deep-
water sharks and chimaeras have
high trophic standing (based on §'°N,
TP = 3.4 to 4.7) and within the study
area, share a trophic guild of approx-
imately 1.2 TP (4.2%. difference in
8!°N). Tight trophic guilds were ob-
served between sympatric (geneti-
cally related) species (e.g. 0.15 TP

DISCUSSION

The present study is the first to assess the trophic
transfer of mercury and the rates of mercury biomag-
nification in continental shelf and slope waters off
Australia. Trophic information derived from stable
isotopes is reported for the first time for most deep-
water chondrichthyan species analysed here. This
provides important baseline knowledge of these
difficult to observe and rarely studied organisms and

difference between all Squalus species), as has pre-
viously been shown in closely related seabird (Hob-
son et al. 1994) and marine mammals (Lesage et al.
2001) assemblages. High calculated TP values are
consistent with the known feeding ecology and pre-
vious estimates based on these sharks and other
large, piscivorous demersal species, using stomach
content analysis (e.g. Ebert et al. 1992, Cortés 1999,
Bulman et al. 2002) and stable isotopes (Davenport &
Bax 2002, Domi et al. 2005). For example, lower §'°N

Table 3. Mean biomagnification factors (BMF, Eq. 2) between various prey and elasmobranch groups collected from continen-
tal waters in southeastern Australia. Lh = Hector's lanternfish Lampacnyctodes hectoris; El = cardinalfish Epigonus lenimen,;
En = redbait Emmemichthys nitidis

Prey groups: Crustaceans Lh El En Pelagic All prey groups*
squid Mean Range

TP: 2.3 291 32 321 3.45 3.06 £ 0.5 (2.0-3.45)
Predator [THg]: 0.017  0.055 0.112 0.091 0.103 0.070 £ 0.38 (0.017-0.13)
Etmopterus baxteri (adults, n = 20) 79.7 484 369 45.6 75.6 67.3 £28.9 (26.4-126.8)
Centroselachus crepidater (adults, n = 18) 52.3 28.3 19.2 237 31.5 35.6 £15.3 (14.5-66.1)
C. crepidater (juveniles, n = 3) 12.1 85 773 96 29.7 169 +12.1 (5.1-46.1)
Sharks with mean TP between 3.75 — 4.2 (n = 56) 66.6 36.8 256 31.5 434 47.1£20.1 (19.1-88.0)
*Includes the 13 prey species/groups represented in Fig. 3
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Fig. 3. Regression plot of total mercury (logTHg, mg kg~! wm) for selected
trophic guild groups included in this study. Legend letters directly after
prey names refer to habitat type: B = benthic; P = pelagic. Sml = small indi-
viduals; Irg = larger species, relative to the size of chondrichthyans. Letters
in brackets refer to feeding mode: P = piscivores, Z = planktivores, C =
crustacean specialist. Symbols for chondrichthyan assemblage as in Fig. 2

values (and thus estimated TP) were observed in
small catsharks and juvenile squaliformes, which
have been found to be intermediate consumers of
small squid and crustaceans (Pethybridge et al.
2011). In contrast, higher TP values were observed in
squaliform species, which are well within the range
of those previously reported (3.9 to 4.5; Cortés 1999,
Bulman et al. 2002) and reflect a diet of mainly
higher-order fish and squid (Graham & Daley 2011,
Pethybridge et al. 2011).

Using stomach content data and analysed by Bray-
Curtis dissimilarity indices, Bulman et al. (2002)
explored the trophic guild structure of the mid-slope
and seamount community off southern Tasmania
(overlapping with our study area). They observed
that TP ranged from 3.0 for pyrosome-feeders to 4.9
for piscivores and the overall average for the commu-
nity was 3.7. In comparison, the majority of chon-
drichthyan species analysed in the present study, are
clearly tertiary predators and reportedly higher than
those for scavenging fish (TP = 3.8), roughy's (TP =
4.1) and oreos (TP = 4.0) (Bulman et al. 2002). In com-
parison to 8N recorded in some pelagic sharks from
continental shelf and pelagic waters slightly north of
our study site (gummy shark 12.8%o; school shark

regularly feeding on higher-order marine
mammals either by scavenging or, alter-
natively, by ambush-and-swim tactics —
as displayed by the cookie cutter shark.
Indeed, Pethybridge et al. (2011) noted
that several deepwater sharks including
Proscymnodoms plunketi and Dalatias
licha show strong intraguild predation
(IGP) interactions with several marine mammals.

Isotopic carbon (8'°C) signatures demonstrated a
2.2%o difference and varied marginally within and
between species, with the exception being Squalus
acanthias (Table 1). Similar 8°C signatures have
been recorded in demersal sharks (Domi et al. 2005),
but differ from those reported in the Greenland shark
Somniosus microphalus (Fisk et al. 2002) and pelagic
sharks (Estrada et al. 2003, MacNeil et al. 2005),
demonstrating the ability of 8'3C to infer environ-
mental differences in organic carbon sources. Most
813C values reported in the present study were well
within the range (—20.6 to —14.6 %.) found in a suite of
bathypelagic fish collected in continental shelves of
southeastern Australia (Davenport & Bax 2002). The
more depleted 8"C observed in S. acanthias
(=19.3 %), is likely reflected in its more cosmopolitan
distribution, typically occupying continental shelves
and coastal waters at depths between surface waters
and 1400 m (Last & Stevens 2009). Davenport & Bax
(2002) found comparable §'*C values in the common
dolphin Delphinus delphis and pilot whales Globi-
cephala melas collected of southeastern Victoria,
suggesting that these wide ranging animals feed in
similar environments.



Pethybridge et al.: Trophic structure and mercury biomagnification in chondrichthyans 171

Using a 8'C-8'°N biplot (Fig. 2A), we observed a
highly overlapping matrix among conspecifics in-
dicative of a large degree of dietary overlap and
niche partitioning. However, for the 2 species with
sufficient sample sizes, there was limited niche over-
lap (only 36 %), although similar isotope niche areas
(0.8 to 1.1 units?) were found between adult Etmo-
pterus baxteri and Centroselachus crepidater; simi-
larly C. crepidater showed no overlap between juve-
niles and adults. This clearly indicates ontogenetic
shifts in dietary composition, which may be related to
habitat affinity to some degree (due to quantifiable
differences in 8'3C). Similar degrees of niche parti-
tioning between these 2 species and evidence of
ontogenetic dietary shift for C. crepidater were dis-
played by Pethybridge et al. (2011) using a combina-
tion of stomach content and signature fatty acid pro-
file analysis and verifies the detection of inter- and
intra-specific differences in resource (habitat and/or
diet) use patterns.

Trophic transfer and biomagnification of mercury

Regression slopes, BMF and TMF each provide
strong evidence for biomagnification of mercury in
deepwater sharks and their associated ecosystems
off southeastern Australian. Size (used as a proxy for
age in intraspecific comparisons) was an important
factor influencing both the trophic position (quanti-
fied by 8'°N values) and mercury biomagnification in
individual species and within the entire chondrich-
thyes assemblage (Table 2). These findings are simi-
lar to those observed by numerous authors (Cabana
& Rasmussen 1994, Wiener et al. 2003, Domi et al.
2005) and confirm the phenomenon of biomagnifica-
tion in which larger consumers typically feed at a
higher trophic position, and thus acquire higher
mercury loadings.

Ontogenetic diet and trophic status shifts in Cen-
troselachus crepidater, as indicated by stable isotope
analysis, were also accompanied by significantly dif-
ferent THg concentrations between small (juvenile)
and large (adult) individuals. Similar ontogenetic
studies have shown these patterns in C. crepidater
(Hallett & Daley 2011, Pethybridge et al. 2011), other
sharks (i.e. Fisk et al. 2002), and other bathypelagic
demersal species (McArthur et al. 2003) and are not
surprising as changes in size are associated with
aging until an asymptote is reached. Although few
aging studies exist for most of the species examined,
deep-water squaliformes have been shown to exhibit
high longevity (Cailliet et al. 2006), with the age of

some species (Centrophorus squamosus and Cen-
trophorus zeehaani) found to be in excess of 46 yr
(Clarke et al. 2002, Irvine 2004). Consequently, it is
likely that these species encounter slow and in-
efficient elimination of mercury over time.

Interspecific differences in mercury concentrations
and BMF were observed between sympatric (mid-
slope) squaliformes Etmopterus baxteri and Centro-
selachus crepidater, despite similar lengths for the 2
species. Such results are in agreement with the sta-
ble isotope findings in which <41% overlap was
observed, indicative of different feeding preferences
for certain prey (dietary specialisation). Previous
dietary studies for both species report a diverse mix
of mesopelagic and bathypelagic fish and squid (Bul-
man et al. 2002, Daley et al. 2002). However, in a
comparative dietary study by Pethybridge et al.
(2011), small differences in diet composition seem
evident with a slightly higher consumption of benthic
and bathypelagic squid and fish in E. baxteri com-
pared to C. crepidater. Several studies have demon-
strated a general tendency for THg concentrations to
be higher in benthic and deeper dwelling organisms
than in pelagic species (Storelli et al. 2002, Choy et
al. 2009). Equally apparent may be a greater con-
sumption of invertebrates by C. crepidater in which
large THg concentration differences have been
reported for dominant invertivorous and piscivorous
feeding sharks (de Pinho et al. 2002). However, for all
prey species/groups included in this study, much
higher and more variable BMF were observed in
predator-prey relationships for E. baxteri (76 = 29)
than C. crepidater (32 + 15) indicating interspecific
differences in other biological (age structure and
growth rates) or physiological (metabolic) traits asso-
ciated with mercury biomagnification that are cur-
rently unknown.

Trophic magnification factors (TMF) are increas-
ingly being used as a reliable and quantitative tool to
assess and better understand contaminant bioaccu-
mulation (Borgd et al. 2011). As indicated by the
slope of the log(THg)-TP (quantified using &'°N)
regression, the TMF obtained in the shark assem-
blage off southeastern Australia (8"°N = 0.20 =
0.69 TP; TMF = 4.84, Table 2) and for all species
including chimaeras (8N = 0.11 = 0.45 TP; TMF =
2.84) are within the range reported for other marine
high-predator assemblages (Arctic seabirds: Jeeger
et al. 2009, Fish: Power et al. 2002). Within the
constraints of our sample sizes, notably different
trends in THg biomagnification rates between the
sharks and chimaeras (Chimaera lignaria and Rhino-
chimaera pacifica) (Fig. 2B) are apparent, with the
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former displaying low THg concentrations relative to
TP. We believe that this is primarily linked to
between-group differences in (1) resource (diet and
habitat) usage patterns, and/or (2) physiological
(metabolic) divergence, which may be linked to THg
elimination capabilities that are yet unknown.

Major differences in habitat and diet between the
groups in this study have been reported previously.
Chimaeras are principally benthic feeders of bi-
valves, polychaetes and crustaceans (Didier 2002).
Catsharks are dominant pelagic squid consumers
(Pethybridge et al. 2011). Squaliforms primarily feed
on mesopelagic and bathypelagic fishes and squids
(Bulman et al. 2002, Pethybridge et al. 2011). High
815N levels (TP) have been reported in other benthic
feeding chimaeras (small-eyed rabbitfish Hydrolagus
affinis) from the North Atlantic Ocean (Newman et
al. 2011) and linked to variable but typically high TP
values reported in carnivorous gastropod (TP = 2.8 to
3.8) and polychaetes (TP = 3.4 to 4.3, Davenport &
Bax 2002). Clearly diet and habitat (food web and
species composition) structure are largely responsi-
ble for the differences in mercury biomagnification
rates between holocephalans and elasmobranchs,
and among-system differences in calculated TMF
(Table 2); however, the full implications remain
unknown. To further examine THg transfer path-
ways in benthic systems, THg data on various in-
faunal and epibenthic organisms, along with greater
sample sizes and more informed dietary information
on these predators, are needed.

TMF calculations for the extended continental
shelf and slope community food web (13.4) are
higher than those typically reported (3.0 to 4.8, using
whole/muscle) in studies of whole ecosystems
(Atwell et al. 1998, Campbell et al. 2005, Jeeger et al.
2009). Such a finding may reflect a greater rate of
mercury bioaccumulation in deep (>600 m) continen-
tal slope waters, as this is the first study (to the
authors knowledge) to calculate THg magnification
factors (TMF and BMEF) in this environment. How-
ever, we found large TMF differences between lower
(low to mid) and higher (mid to high) order meso-
pelagic food chains, indicating a rapid increase of
biomagnification after its incorporation in mid-
trophic organisms (Fig. 3, Table 2). The TMF from
low- to mid-food chain (3.04, R? = 0.57) is comparable
to those found in other food web studies (Campbell et
al. 2005, Jeeger et al. 2009), but that between mid- to
high-order predators seems far too high (28.8),
despite the better fit to the dataset (R? = 0.83). This
clearly demonstrates that the relationship between
THg and TP (and the ability of THg to be biotrans-

formed) is not the same across all species and that
biological properties (energy demands and growth,
metabolic and biotransformation rates) need greater
consideration in such regression models.

Age is known to confound TMF in systems contain-
ing mostly predators that are slow growing (Swanson
& Kidd 2010). Low sample sizes meant this effect
could not be eliminated from our analysis. As
turnover rates of isotopes represent a shorter time-
interval (weeks and months) than does mercury
accumulation (years), THg elimination and biomag-
nification rates (and thus, TMF) would be greatly
affected by the slow growth rates observed in these
long-lived, deepwater sharks (Irvine 2004) compared
to their fast-growing, short-lived counterparts. Other
factors to consider are that we only studied muscle
tissue THg concentrations in sharks, despite large
loadings having been observed in the liver (Pethy-
bridge et al. 2010b), whereas whole THg concentra-
tions in prey were used. Lastly, although THg is a
good proxy of MeHg in higher-order predators, the
relative proportion of MeHg in THg only accounts for
~15% in phytoplankton and ~30% in zooplankton
(Watras & Bloom 1992), which would have an affect
on THg vs. MeHg TMF calculations, due to increased
transfer efficiencies of MeHg.

Regardless of the influences of age and other
physiological factors, we report evidence of system
differences with a much higher degrees of THg bio-
magnification shown to occur in deeper-dwelling,
mid-slope species (16.8) compared to those primarily
occurring in continental shelf and upper-slope waters
(11.0). This finding is in agreement with that of Choy
et al. (2009), who demonstrated that THg loadings of
predatory fishes and their prey increase with median
vertical distribution in the water column. Monteiro et
al. (1996) also found that total Hg concentrations in
the subtropical Atlantic increased 4-fold from epi-
pelagic (surface <200 m) to mesopelagic (continental
shelf >300 m) fish species. Not surprisingly, our find-
ings also correspond to the vertical profile of MeHg
in waters off southeastern Australia, in which Cossa
et al. (2011) reported higher MeHg in deeper (650—
1200 m) compared to shallower (200-650 m) conti-
nental slope waters. Furthermore, the proportion of
THg as MeHg have also been shown to differ sub-
stantially between surface waters (5%) and deep
waters below 1000 m (50 %) (Cossa et al. 2011). Thus
it seems evident that the among-system differences
found in the present study are largely explained by
the physical-chemical (related to bathome distribu-
tion) and community (species composition and food
chain length) structure.
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Our study presents new information on trophic
definition and mercury biomagnification in rarely
studied species and environments. Nonetheless, as
noted throughout this paper, considerable variability
remains unexplained. Much of this uncertainty could
be reduced through (1) greater sample sizes and
inclusion of more diverse prey taxa, (2) the establish-
ment of baseline §'°C or §'°N, and (3) quantifying the
effect of age, because long-lived predators comprise
a major proportion of the biomass in these deepwater
systems. If these improvements were achieved, mer-
cury sources and transfer processes in deepwater
food webs could be identified through the utilization
of ecosystem based models.
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