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c Alaska Department of Fish and Game, Division of Commercial Fisheries, Anchorage, AK 99518-1599, USA
d Warnell School of Forestry and Natural Resources, University of Georgia, Athens, GA 30602-2152, USA

Received 19 June 2006; received in revised form 21 September 2006; accepted 19 October 2006

Patterns of essential and non-essential elements provide insight into sleeper shark biology and physiology.

Abstract

A number of elements/metals have increased in arctic biota and are of concern due to their potential toxicity. Most studies on elements in the
Arctic have focused on marine mammals and seabirds, but concentrations in the Greenland shark (Somniosus microcephalus) and Pacific sleeper
shark (Somniosus pacificus), the only two shark species known to regularly inhabit arctic waters, have never been reported. To address this data
gap, concentrations and patterns of 25 elements were analyzed in liver of Greenland sharks collected about Cumberland Sound (n¼ 24) and
Pacific sleeper sharks collected about Prince William Sound (n¼ 14). Several non-essential elements differed between species/locations, which
could suggest geographical exposure differences or ecological (e.g., diet) differences between the species. Certain essential elements also dif-
fered between the two sleeper sharks, which may indicate different physiological requirements between these closely related shark species,
although information on such relationships are lacking for sharks and fish.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Certain elements1 have been highly studied in arctic inver-
tebrates, freshwater fish, birds, and marine mammals due to
concern over their toxicity and potential to biomagnify in arc-
tic wildlife (Dietz et al., 1996; Riget et al., 2000). Mercury
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1 The term ‘‘elements’’ is considered more appropriate than the more com-

monly used terms ‘‘metals’’ or ‘‘heavy metals’’ because the large suite of el-

ements generated by modern analytical methods, and reported in this study,

include both metallic and non-metallic members (Duffus, 2002).
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(Hg), for example, is frequently analyzed in arctic ecosystems,
as it is associated with neurological damage in humans and bi-
ota (World Health Organization, 1990), is known to biomag-
nify (Campbell et al., 2005a; Dietz et al., 1996) and has
achieved concentrations in some biota that warrant concern
for both the wildlife and for humans whose diet includes these
wildlife species (Fisk et al., 2003). Cesium, zinc, and rubidium
have also been shown to biomagnify (Campbell et al., 2005a,b;
Dietz et al., 1996). Despite concern over elements in arctic bi-
ota, there are limited data on elements in arctic marine fish,
and no data for the only sharks, the Greenland shark, Somnio-
sus microcephalus, and the Pacific sleeper shark, Somniosus
pacificus, that routinely inhabit arctic waters (Bigelow and
Schroeder, 1948; Benz et al., 2004). As high concentrations
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of organic contaminants (e.g., polychlorinated biphenyls
(PCBS)) have been previously measured in the Greenland
shark, likely due to the shark’s high trophic level (Fisk
et al., 2002), there is a need to address the concentrations of
elements in the Greenland shark and its Pacific congener,
the Pacific sleeper shark.

The Greenland and Pacific sleeper sharks are megafaunal
vertebrates of Somniosidae, the sleeper sharks (Compagno,
1984). To date, Greenland sharks have been primarily re-
ported from areas seasonally covered by ice in the North
Arctic (Bigelow and Schroeder, 1948; Skomal and Benz,
2004), but have also been reported through more temperate
areas in the Atlantic (Bigelow and Schroeder, 1948) and as
far south as about the coast of Georgia, United States (Her-
dendorf and Berra, 1995). Pacific sleeper sharks have been
reported from areas as far north as the Chukchi Sea (Benz
et al., 2004) to as far south as approximately the southern
coast of California, United States (Compagno, 1984). Based
on stomach content data, the Greenland and Pacific sleeper
sharks feed on a wide variety of taxa including invertebrates,
fish, and marine mammals (Bigelow and Schroeder, 1948;
Bright, 1959; Yang and Page, 1999), although the recent
use of biochemical tools suggests that the species composi-
tion of the sharks’ diet could vary between the species.
For example, using stable isotope and stomach content anal-
ysis, the Greenland shark was shown to consume piscivorous
fishes (e.g., turbot, Reinhardtius hippoglossoides) and pisciv-
orous pinnipeds (e.g., ringed seal, Phoca hispida) (Fisk
et al., 2002), whereas a recent study utilizing fatty acid anal-
ysis suggested that Pacific sleeper sharks off the coast of
Alaska feed heavily on zooplanktonivorous fishes (e.g., Pa-
cific herring, Clupea pallasi) and occasionally consume the
blubber of filter-feeding cetaceans (i.e., baleen whales)
(Schaufler et al., 2005). Although more detailed studies on
the feeding behavior of these sharks are needed, these stud-
ies suggest that Pacific sleeper sharks could be feeding at
a lower trophic level than Greenland sharks. The Greenland
and Pacific sleeper sharks are the largest fish in arctic wa-
ters, apparently abundant (Bigelow and Schroeder, 1948;
Hansen, 1963), and likely ecologically significant (Fisk
et al., 2002; Taggart et al., 2005), however, there is a lack
of data concerning their biology and life history. Further,
the potentially high trophic level (Fisk et al., 2002) and
long life (Hansen, 1963) of the Greenland shark could
make it an excellent sentinel for contaminants in the arctic
marine ecosystem.

Few previous studies have assessed element concentrations
in sharks (Marcovecchio et al., 1991; Storelli et al., 2003;
Domi et al., 2005), and most have only focused on four or
five elements of concern due to their toxicity. Elements differ
from most organic contaminants in that they occur naturally in
the environment and can be classified as either essential (e.g.,
copper, zinc, manganese), which are necessary to an organism
for life, or non-essential (e.g., arsenic, cadmium, mercury),
which may be present in an organism, but serve no known pur-
pose. Non-essential elements can sometimes behave like es-
sential elements if regulated through the same processes, but
are generally believed to be regulated less efficiently than
essential elements (Kraemer et al., 2005). Therefore, interpret-
ing concentrations of non-essential and biomagnifying ele-
ments (Hg and Rb) could provide information concerning
diet and trophic level, whereas concentrations of non-essential
elements that have not been shown to biomagnify could pro-
vide information on geographical exposure variations. Essen-
tial elements, which should be highly regulated, could be
used to infer the physiological requirements of an organism.
Very little is known about element regulation in marine fishes,
and even less information exists concerning elasmobranchs
(Grosell et al., 2003). Although the lack of data requires ex-
treme conservation when drawing conclusions about shark
physiology, further investigations into concentrations and pat-
terns of certain essential elements in the Greenland shark and
Pacific sleeper shark, or any species of shark, is a valid effort
with potentially important implications.

This study addresses a data gap for elements in sharks and
provides the first hepatic element data for the Greenland shark
(collected in Cumberland Sound, Nuavut) and the Pacific
sleeper shark (collected in Prince William Sound, Alaska)
(Fig. 1), and has two main goals: (1) To assess within-species re-
lationships of individual element concentration vs. shark length
for all non-essential elements (which could be useful in deter-
mining the occurrence of any biomagnification) and essential el-
ements (which could provide information concerning changes
in physiological requirement with size), and (2) To make be-
tween-species comparisons of non-essential element concentra-
tions to determine environmental and/or dietary exposure
differences, and essential element concentrations to infer phys-
iological differences between the species. The Greenland sharks
were expected to exhibit higher concentrations of non-essential,
biomagnifying elements (i.e., mercury and rubidium) based on
the assumption that they feed at a higher trophic level than the
Pacific sleeper sharks. Variances in other non-essential elements
that are not known to biomagnify are expected to reflect environ-
mental exposure differences. The Greenland and Pacific sleeper
sharks were expected to have similar concentrations of essential
elements based on their close phylogenetic relationship and
therefore potentially similar physiologies.

2. Methods

2.1. Sampling

Greenland shark samples (n¼ 24, 14 males and 10 females) were collected

as by-catch in the bottom long-line commercial turbot fisheries in Cumberland

Sound in April of 1999 and 2000 and ranged in size from 234 cm to 322 cm

(fork length) with a mean fork length of 278.0� 4.8 (mean� 1 SE). All Pa-

cific sleeper shark samples (n¼ 14, 7 males and 7 females) were collected

as part of an Alaska Department of Fish and Game bottom long-line survey

in Prince William Sound in September of 2000. The Pacific sleeper sharks

ranged in size from 139 cm to 244 cm (fork length) with a mean fork length

of 201.3� 8.9. The low sample sizes are due to the enigmatic nature of these

sharks, in that they often occur at high latitudes and in deep water (Compagno,

1984; Herdendorf and Berra, 1995). Liver samples (left lobe) were collected

from each shark shortly after death and were stored frozen in plastic bags until

element analysis. Liver tissue typically has higher concentrations of elements
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Fig. 1. Map showing sampling sites. Greenland shark samples (n¼ 24, 14 males and 10 females) were collected in Cumberland Sound and ranged in size from

234 cm to 322 cm (fork length). Pacific sleeper shark samples (n¼ 14, 7 males and 7 females) were collected in Prince William and ranged in size from 139 cm to

244 cm (fork length).
relative to muscle tissue (Dietz et al., 1998), and was therefore chosen for el-

ement analysis in an attempt to maximize the number of quantifiable elements.

2.2. Element analysis

Tissue samples were analyzed for elements at the National Laboratory for

Environmental Testing (NLET) at the National Water Research Institute in

Burlington, Canada (National Laboratory for Environmental Testing, 2003).

Total mercury (Hg) in liver tissue (NLET Method 02-2802) was analyzed

by cold vapour atomic absorption spectrometry (CVAAS). Analyses of 24 el-

ements in liver samples (NLET Method 02-2705) were analyzed by induc-

tively coupled plasma-Sector Field spectrometry (ICP-SFMS), with 22

elements analyzed at low resolution (silver (Ag), barium (Ba), cadmium

(Cd), cobalt (Co), chromium (Cr), copper (Cu), gallium (Ga), lanthanum

(La), lithium (Li), manganese (Mn), molybdenum (Mo), nickel (Ni), palladium

(Pd), lead (Pb), platinum (Pt), rubidium (Rb), antimony (Sb), strontium (Sr),

thallium (Tl), uranium (U), vanadium (V) and zinc (Zn) and the rest at high

resolution (arsenic (As) and selenium (Se)). Instrumental detection limits

(DL) for most elements is 0.001 mg/g, except for Sr (0.05 mg/g), Pt (0.01 mg/g),

Pd (0.1 mg/g), Li (0.1 mg/g) and Sb (0.01 mg/g). Of the analyzed elements,

Co, Cr, Cu, Mn, Mo, Ni, Se, and Zn were considered essential for the sharks

based on their known necessity in the diets of fish (Lovell, 1998), and there-

fore, the remaining elements (Ag, As, Ba, Cd, Ga, Hg, La, Li, Pd, Pb, Pt,

Rb, Sb, Sr, Tl, U, V) were considered non-essential. All elements were ana-

lyzed with wet tissue, and therefore are expressed as mg/g wet weight (mg/g,

ww). NLET is certified by the Canadian Environmental Analytical Laboratory

program of the Canadian Standards Association and participates in the QA

program for the Northern Contaminants Program, with good results (Stokker,

2003).

2.3. Data analyses

Elements that were below DL in more than 30% of all samples (Ba, Cr, La,

Li, Ni, Pb, Pd, Pt, Sb, Tl, U, and V) were excluded from the within-species

(linear regression) and between-species (univariate and multivariate) statistical

analyses. The data for Ag and Mn were arcsine transformed and concentra-

tions of As, Cd, Co, Cu, Hg, and Zn were logarithmically transformed to re-

duce skewness and heterogeneity prior to analyses. Concentrations of Ga, Mo,

Rb, Se, and Sr were left untransformed.

To investigate length/element relationships within-species, linear regres-

sions were performed on individual element concentrations vs. length for

each shark species separately.
Element concentrations between species were compared using univariate

and multivariate statistics. Univariate analyses (general linear methods

GLM, Type III Sum of Squares, SAS, version 8.2, Cary, NC) were performed

on absolute element concentrations to determine the effects of individual ele-

ment concentrations as a function of species and sex of the shark, and to

determine any interaction between species and sex (GLM: ELEMENT¼
SPECIESþ SEXþ SPECIES� SEX). Length was left out of the GLM

expression because linear regression analysis did not reveal any significant re-

lationships between element concentration and length for either species, and

also because length and species were confounding variables, due to the almost

exclusive separation of the generally larger Greenland sharks and smaller

Pacific sleeper sharks into two size classes. It should also be noted that because

all Greenland sharks were collected in Cumberland Sound and all Pacific

sleeper sharks were collected in Prince William Sound, the variable ‘‘species’’

could have also been defined as ‘‘location’’ in the GLM expression.

Multivariate ordinations (Principal component analyses PCA, CANOCO

4.5 for Windows, Ter Braak and Šmilauer, 1998) were performed both on

logarithmically transformed absolute element concentrations and on element

pattern (sample standardized by norm, similar to [element]/[Selements]).

SElements only include the 13 elements quantified above the DL. The

PCA assigns scores to the individual samples that are linear combinations

of 13 elements, and are presented relative to their ordination axes

(Fig. 2). Elements are presented as arrows pointing to the direction of in-

creasing value. Details for diagram interpretation are described elsewhere

(Ter Braak, 1995; Van Wijngaarden et al., 1995; Van den Brink and Ter

Braak, 1999).

Molar Hg and Se relationships were investigated more closely, due to their

known biochemical relationship (Dietz et al., 2000). Hg and Se concentrations

(mg/g, ww) were converted to nmol/g as explained in Dietz et al. (2000). The

means and standard deviation of molar Se:Hg ratios were calculated for each

shark.

3. Results

Among all shark samples, Zn had the highest mean concen-
tration, followed by As (Table 1). Means of element concentra-
tions that were below detection limit, along with the number of
samples above detection limit, are shown in Table 2. The within-
species comparisons (linear regression) revealed that no ele-
ment concentration was related to shark length for either the
Greenland sharks (r2¼ 0.0009e0.0856, p¼ 0.291e0.890),
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which had a fork length range of 234e322 cm, or the Pacific
sleeper sharks (r2¼ 0.0076e0.2320, p¼ 0.088e0.767), which
had a fork length range of 139e244 cm. The Hg vs. length rela-
tionship is shown in Fig. 2A and B.

Fork length (cm)
220 240 260 280 300 320 340

H
g 

(µ
g/

 g
, w

w
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fork length (cm)
120 140 160 180 200 220 240 260

H
g 

(µ
g/

 g
, w

w
)

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

Pacific sleeper Greenland
SHARK SPECIES

A

B

Fig. 2. Hg vs. fork lengths of individual (A) Pacific sleeper sharks (black cir-

cles) from Prince William Sound and (B) Greenland sharks (white circles)

from Cumberland Sound.
The GLM (univariate statistics) revealed sex was only sig-
nificant for Rb (F1,34¼ 4.98, p¼ 0.0323), with higher levels in
females than males (0.44� 0.11, 0.38� 0.07 mg/g, ww, re-
spectively), and there was no interaction between species
and sex for any element. Several elements differed between
the species based on GLM analysis of concentrations (Table 1):
the non-essential elements Ag, As, Cd and Hg (F1,34¼ 4.47e
56.35, p�0.0001e0.0420) and the essential element Cu
(F1,34¼ 13.17, p¼ 0.0009) were higher in Greenland sharks
(Cumberland Sound) than Pacific sleeper sharks (Prince Wil-
liam Sound). Concentrations of the non-essential element Rb
(F1,34¼ 6.05, p¼ 0.0192), and the essential elements Co,
Mn and Zn (F1,34¼ 6.35e122.72, p�0.0001e0.0166) were
higher in Pacific sleeper sharks (Prince William Sound) than
Greenland sharks (Cumberland Sound). The other elements
(essential: Ga, Sr; non-essential: Mo, Se) did not differ
between the species (all p> 0.05).

The PCA (multivariate statistics) of absolute element con-
centrations (Fig. 3A) provided similar results to the GLM
analysis. One exception is that Zn did not differ between spe-
cies based on the PCA of concentrations (Fig. 3A) but was
significantly higher in Pacific Sleeper sharks based on the
GLM results. The PCA of element concentrations also re-
vealed four Pacific sleeper sharks that grouped out with the
Greenland sharks, but overall, the variance of element con-
centrations between the species that were suggested by the
GLM are supported by the PCA of absolute element
concentrations.

The PCA of element pattern (Fig. 3B) revealed two clearly
separated groups with less variability between the species than
the PCA of element concentrations (Fig. 3A), as the four
Pacific sleeper sharks observed to separate out in the PCA
of element concentrations were not apparent in the analysis
of pattern. PC1 and PC2 explained 95.5% of the total variabil-
ity in element concentrations among samples on the PCA of
pattern, and results were similar to the results of GLM, as
Greenland sharks separated out due to higher Cd, Ag, Hg,
As (non-essential elements) and Cu (essential element)
concentrations, and Pacific sleeper sharks separated out due
to higher concentrations of Zn, Co, Mn (essential elements)
and Rb (non-essential element).
Table 1

Means (standard errors) for selected concentrations of elements (mg/g, ww) in liver tissue of Pacific sleeper sharks collected about Prince William Sound and

Greenland sharks collected about Cumberland Sound

Species n Essential elements

Co* Cu* Mn* Mo Se Zn*

Pacific sleeper shark 14 0.027

(0.004)

0.833

(0.071)

0.427

(0.023)

0.039

(0.003)

0.542

(0.026)

10.39

(0.708)

Greenland shark 24 0.018

(0.001)

1.754

(0.202)

0.179

(0.009)

0.033

(0.002)

0.516

(0.029)

6.898

(0.338)

Non-essential elements

Species n Ag* As* Cd* Ga Rb* Sr Hg*

Pacific sleeper shark 14 0.048

(0.014)

5.364

(0.149)

2.638

(0.354)

0.005

(2E-04)

0.454

(0.026)

0.241

(0.011)

0.122

(0.010)

Greenland shark 24 0.198

(0.022)

9.815

(0.702)

3.913

(0.436)

0.005

(2E-04)

0.383

(0.016)

0.206

(0.200)

0.492

(0.058)

Elements marked with an asterisk (*) are significantly different between species at p< 0.05.
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The mean Se:Hg molar ratio in the Pacific sleeper shark
(12.36� 5.46) was higher than that in the Greenland shark
(3.26� 1.45).

4. Discussion

4.1. Univariate and multivariate analysis of elements

Due to the increased risk of type II error (failure to reject
a false null hypothesis) that occurs when individual elements
are analyzed separately using repeated univariate analyses
(Sokal and Rohlf, 1981), this study included both univariate
(GLM) and multivariate (PCA) analyses. Univariate and mul-
tivariate analyses of element data in Greenland sharks and Pa-
cific sleeper sharks yielded generally similar results, but the
PCA of element concentrations did identify some differences
in elements among four individual Pacific sleeper sharks.
The variability in these individuals could potentially be ex-
plained by variable feeding events of the sharks, such as occa-
sional cetacean/pinniped predation or scavenging (Smith and
Baco, 2003; Schaufler et al., 2005). However, further research
is needed to determine the relationship between shark element
concentrations and feeding ecology before this conclusion can
be made. It should also be noted that interpreting feeding be-
havior and bioaccumulation trends of elements based solely on
hepatic element concentrations should be done with caution
due to the high turnover and metabolic activity of liver tissue.
The PCA of element pattern is useful because it normalizes the
data and minimizes the effect of individual element concentra-
tions, and relative to the concentrations PCA, the pattern PCA
more clearly separates the samples into two groups based on
either species identity or location. Thus the results of this
study demonstrate that multivariate statistics can be a useful
tool in element studies, often identifying underlying variability
that is not obvious from univariate analysis, but also providing

Table 2

Means and standard errors (SE) for concentrations of elements (mg/g, ww) in

liver tissue of Pacific sleeper sharks collected about Prince William Sound and

Greenland sharks collected about Cumberland Sound that were excluded from

statistical analyses

Element DL Pacific sleeper sharks

n¼ 14

Greenland sharks

n¼ 24

n above

DL

Mean SE n above

DL

Mean SE

Ba 0.005 11 0.015 0.03 13 0.011 0.002

Cr 0.050 0 e e 0 e e
La 0.001 0 e e 11 0.001 0

Li 0.005 6 0.006 0 7 0.005 0

Ni 0.010 2 0.020e0.150 e 7 0.043 0.016

Pb 0.002 2 0.002e0.150 e 5 0.017 0.009

Pt 0.001 7 0.001 0 21 0.001 0

Sb 0.001 4 0.001 0 4 0.001 0

Tl 0.001 0 e e 0 e e
U 0.001 0 e e 13 0.001 0

V 0.002 5 0.010 0.002 17 0.010 0.001

The detection limits (DL) (mg/g) and the number of samples above the DL,

which were included in the mean calculation, are provided.
a means to use all element data in analyses when there is in-
sufficient samples sizes for univariate statistics. Similar results
and suggestions were made for statistical analysis of elements
in seabirds (Borgå et al., 2006).
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4.2. Element/length relationships within the sleeper
shark species

Linear regression analysis did not reveal any significant rela-
tionships between hepatic element concentrations and shark
length, although element/length relationships have been previ-
ously demonstrated in other fishes (Riget et al., 2000; Adams
and Onorato, 2005; Muir et al., 2005). Certain non-essential el-
ements, especially Hg (Campbell et al., 2005a) and to a lesser
degree Rb (Campbell et al., 2005b), are known to increase
with increasing trophic level and with increasing length in fishes
(Adams and Onorato, 2005; Muir et al., 2005) and one shark spe-
cies (Storelli and Marcotrigiano, 2002). This is likely because
fish generally increase in trophic level as they grow larger and
are able to feed on larger prey. The lack of a mercury/length re-
lationship (Fig. 2A and B) in the Greenland and Pacific sleeper
sharks could be a result of the limited size range of sharks rep-
resented in this study. However, the lack of a mercury/length re-
lationship could also indicate that these sharks are not
necessarily increasing in trophic level as they grow larger (at
least not within the size ranges sampled in this study), which
is supported by the known scavenging behavior of Greenland
sharks and Pacific sleeper sharks. For example, the Greenland
shark that had the highest Hg concentration (1.16 ug/g, ww),
and is therefore assumed to be feeding at the highest trophic
level, had a fork length of 248 cm, which is at the low end of
the range and below the mean of Greenland shark fork lengths
sampled in this study. The scattered Hg concentrations along
the length axis could also be reflective of the known omnivory
of the Greenland and Pacific sleeper sharks, and could indicate
variable marine mammal scavenging events. For example, it has
been suggested, based on organic contaminants levels, that the
frequency of marine mammal predation varies between individ-
ual Greenland sharks (Fisk et al., 2002), which would further ex-
plain the lack of a linear increase in Hg with shark length. The
lack of a mercury/length relationship could also indicate that
Hg does not bioaccumulate in the tissues of Greenland and Pa-
cific sleeper sharks, although this explanation is highly unlikely
because Hg has repeatedly been demonstrated to biomagnify.
The impact of trophic position on Hg concentrations within
the Greenland sharks and Pacific sleeper sharks is probably iso-
lated from contributions of environmental Hg concentrations
because both species were collected entirely in the same respec-
tive areas (i.e., all Greenland sharks were collected in Cumber-
land Sound and all Pacific sleeper sharks were collected in
Prince William Sound), such that the environmental exposure
is assumed to be the same for all individual representatives of
each species.

The lack of a relationship between concentrations of essen-
tial elements and fork lengths in either Greenland sharks or
Pacific sleeper sharks suggests that the physiological require-
ments of essential elements do not vary with size, and there-
fore likely age, over the size ranges of sharks sampled in
this study. Although the relationship between element require-
ments and physiology in fish is poorly understood, a negative
relationship between Zn concentration and fish size has been
previously observed, suggesting a decrease in Zn requirement
with size/age (Halden et al., 2000; Zhang and Wang, 2005). As
the documented symptoms of Zn deficiency in fish include de-
pressed growth (Lovell, 1998), Zn could potentially be re-
quired in higher concentrations in smaller, rapidly growing
fishes. In the Greenland and Pacific sleeper sharks, this trend
either does not occur, or occurs in sharks smaller than the
ones sampled in this study.

4.3. Differences in non-essential elements between the
sleeper sharks

Based on similar results between the PCA and GLM, the
concentrations of the non-essential elements Ag, As, Cd, Hg,
and Rb differed between Greenland sharks (Cumberland
Sound) and Pacific sleeper sharks (Prince William Sound),
and all but Rb were higher in the Greenland sharks. Because
non-essential elements are likely not regulated to a specific
level, or regulated less efficiently than essential elements
(Zhang and Wang, 2005), we suggest that variances in the
non-essential element concentrations are indicative of environ-
mental exposure differences between the locations. The higher
concentrations of the biomagnifying element Hg in the Green-
land sharks could also be attributed to their potentially higher
trophic level relative to the Pacific sleeper sharks (Fisk et al.,
2002; Schaufler et al., 2005). Cadmium, which has also been
shown to exhibit trophic transfer in some species (Muir et al.,
1992), was significantly higher in Greenland sharks from Cum-
berland Sound, which further suggests that the Greenland
sharks are feeding at a higher trophic level than the Pacific
sleeper sharks. However, higher concentrations of Hg and Cd
in the Greenland sharks may also reflect greater concentrations
of these elements in the environment where they were collected
(i.e., Cumberland Sound) relative to where the Pacific sleeper
sharks were collected (i.e., Prince William Sound). Cadmium
concentrations increase from the western to the eastern North
American arctic in marine mammals (Dietz et al., 1998), which
is consistent with the trends seen in the Greenland and Pacific
sleeper sharks. Spatial trends in Hg in the North American arc-
tic are more variable (Dietz et al., 1998), and thus it is hard to
assess differences in Hg levels in the sharks’ ecosystems.
Thus, a combination of a potentially higher trophic level and
higher regional contaminants could explain the higher Cd and
Hg concentrations in the Greenland sharks.

Higher concentrations of As and Ag were also found in the
Greenland sharks, which is likely due to regional differences
in exposure since these compounds have not been observed
to biomagnify in food webs (Campbell et al., 2005a). Al-
though Rb biomagnified in an arctic marine food web, but to
a lesser degree than Hg (Campbell et al., 2005a,b), it was
the only non-essential element that was higher in the smaller
and potentially lower trophic level Pacific sleeper sharks.
Rubidium therefore contradicts the trend observed in Hg, but
this could be due to variation in Rb levels between locations,
with higher levels in Prince William Sound than in Cumber-
land Sound. Unfortunately, information on Rb concentrations
in the environment is scarce and conclusions about regional
differences are not possible.
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4.4. Differences in essential element concentrations
between the sleeper sharks

The Greenland shark and Pacific sleeper shark were as-
sumed to have similar physiologies and similar concentrations
of essential elements in individuals representing both species
were expected. It was shown in several arctic seabird species
that the essential element concentrations in individuals be-
longing to the same species remained relatively constant
across wide geographical distances (Borgå et al., 2006). In
the Greenland and Pacific sleeper sharks, however, which be-
long to the same Genus but not the same species, only two es-
sential element concentrations (Mo, Se) did not differ while
the other four essential elements (Co, Cu, Mn, Zn) did differ
between species. This suggests that either the metabolic regu-
lation of essential elements is not highly efficient in these
cold-blooded fishes, and that environmental levels determined
the observed concentrations in the sharks, or that regulation is
efficient, and the Greenland shark and Pacific sleeper shark
have different physiological requirements. However, the lack
of information and data for comparison, and the complicated
behavior and fate of elements in the environment requires cau-
tion be taken when comparing element concentrations be-
tween species/locations.

4.5. Elements in sharks collected in arctic waters vs.
sharks collected in more temperate waters

Of the few studies that have analyzed element concentrations
in sharks, several report data for muscle tissue only (Domi et al.,
2005; Turoczy et al., 2000) and cannot be used for comparisons
to the hepatic element concentrations reported in this study be-
cause muscle and liver have been shown to vary in their element
concentrations (Storelli et al., 2003; Campbell et al., 2005a;
Borgå et al., 2006). Past studies that have analyzed hepatic tis-
sue from sharks sampled about the coast of Argentina (Marco-
vecchio et al., 1991) and the Mediterranean Sea (Storelli
et al., 2003; Storelli and Marcotrigiano, 2002), have generally
reported higher mean concentrations of As, Cd, Cu, Hg, Pb,
Se and Zn than those observed in the Greenland and Pacific
sleeper sharks. For example, the Greenland sharks from Cum-
berland Sound and the Pacific sleeper sharks from Prince Wil-
liam Sound had lower mean hepatic Cd concentrations
(3.9� 1.3 mg/g, ww and 2.6� 1.3 mg/g, ww, respectively)
than three species of sharks sampled about the Argentinian
coast: Mustelus schmitti, 5.92� 1.65; Notorynchus sp.,
8.41� 0.32; Schroederichthys bivius, 7.93� 1.78 mg/g, ww
(note that S. bivius is the current valid name for Halaelurus bi-
vius) (Marcovecchio et al., 1991). A hammerhead shark species
Sphyrna zygaena, from about the Mediterranean Sea, had an ap-
proximately five times higher hepatic Cd concentration
(19.77� 1.29 mg/g, ww) than the sleeper sharks (Storelli
et al., 2003). Similar to Cd results, the Greenland shark and Pa-
cific sleeper shark had lower hepatic Hg concentrations than
previously reported for sharks collected about Argentina, (M.
schmitti: 0.79� 0.39; S. bivius: 2.26� 0.56; Notorynchus sp.:
2.11� 0.33 mg/g, ww) (Marcovecchio et al., 1991) and in
S. zygaena, from the Mediterranean Sea (35.89� 3.58 mg/g,
ww) (Storelli et al., 2003). The variance in Hg concentrations
among the shark species collected about Argentina reported in
Marcovecchio et al. (1991) could be a result of differences in
feeding ecology or closer proximity to emission sources relative
to the Greenland and Pacific sleeper sharks. For example, S. bi-
vius and Notorynchus sp. feed on a higher percentage of fish and
have higher Hg concentrations relative to M. schmitti, but be-
cause specific trophic positions were not reported, comparisons
between the feeding ecology of the sleeper sharks to that of the
sharks collected about Argentina are difficult. Size differences
among shark species could also contribute to variance in ele-
ment concentrations, but S. zygaena were of similar size to the
sharks in this study and Marcovecchio et al. (1991) only report
lengths for M. schmitti, which were much smaller than the
Greenland and Pacific sleeper sharks.

Concerning essential elements, several studies have re-
ported shark hepatic Zn concentrations (Marcovecchio et al.,
1991; Storelli et al., 2003). Zn is of interest because it has
been suggested to biomagnify (Campbell et al., 2005a,b), al-
though it appears to be efficiently regulated by fish (Kraemer
et al., 2005; Zhang and Wang, 2005). The variance in Zn con-
centrations observed in the food web could be attributed to dif-
ferent physiological requirements between invertebrates and
vertebrates (i.e., higher Zn requirements in higher trophic level
vertebrates), instead of biomagnification. Hepatic Zn concen-
trations in the Greenland shark and Pacific sleeper shark
were compared with previously published hepatic concentra-
tions of Zn in four different species of shark (Marcovecchio
et al., 1991; Storelli et al., 2003) and in two mammal species
(Campbell et al., 2005a) (Fig. 4). This comparison reveals a ca-
sual observation that the different species of sharks, and the
sharks and mammals, have different tissue concentrations,
and likely different physiological requirements of Zn. The
Zn concentrations also appear to be similar within, but differ-
ent among, orders of sharks (Squaliformes, Carcharhini-
formes, Hexanchiformes). Although this is preliminary data
and no conclusions can be drawn, the comparison is nonethe-
less interesting.

4.6. HgeSe relationships in sleeper sharks

The mean Se:Hg molar ratios in the Pacific sleeper shark
(12.36� 5.46) and Greenland shark (3.26� 1.45) reflect the
similar Se concentrations between the two species
(0.54� 0.03, 0.52� 0.03 mg/g, ww, respectively) and the
higher Hg concentrations in the Greenland shark. A 1:1 molar
ratio of Se:Hg has been suggested to occur due to the potential
of Se to mitigate the toxicity of Hg, but is most often observed
only in marine mammals with very high Hg concentrations
(above approximately 2.0 mg/g, ww) (Braune et al., 1991; Dietz
et al., 2000). Organisms with lower Hg concentrations relative
to marine mammals, such as seabirds and fish, generally have
excess concentrations of Se relative to Hg, resulting in Se:Hg ra-
tios larger than 1 (Dietz et al., 2000; Campbell et al., 2005a;
Borgå et al., 2006). For example, previously reported mean he-
patic Se:Hg ratios include: 16.3� 15.2 for a species of cat shark
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(Galeus melastomus) (Storelli and Marcotrigiano, 2002),
26.3� 44.1 for several species of seabird, and 198� 296 for tel-
eost fishes (Dietz et al., 2000). However, a mean Se:Hg ratio of
1.14� 0.272 was reported for polar bears (Dietz et al., 2000),
suggesting that high Hg concentrations (such as those observed
in polar bears) induces a Se detoxification action, and that the
Se:Hg ratio might tend towards 1:1 as Hg concentrations in-
crease towards some species-specific threshold level (Storelli
and Marcotrigiano, 2002). Although the Hg concentrations in
the Greenland shark were substantially lower than the Hg con-
centrations previously reported for marine mammals and scav-
enging seabirds, the mean molar Se:Hg ratio in the Greenland
shark is more similar to reported values for the ringed seal (P.
hispida) (2.2� 2.8) and the glaucous gull (Larus hyperboreus)
(3.7� 1.4) (Campbell et al., 2005a) than to values reported for
other fish (Dietz et al., 2000) and one shark species (Storelli and
Marcotrigiano, 2002). This relatively low Se:Hg ratio could in-
dicate a low Hg threshold (i.e., a Se detoxification response that
is potentially activated at low Hg concentrations) for the Green-
land shark, even though its Hg concentration seems low relative
to other mammals and southerly fishes and sharks. However, it is
difficult to draw conclusions about shark physiology, as both the
natural levels and ‘‘normal’’ concentrations of Se and Hg in the
sleeper sharks are not known.

4.7. Comparison of Hg in sharks collected in arctic
waters to other arctic species

Due to the potential toxicity of Hg and its ability to bio-
magnify, Hg concentrations have been analyzed in several
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Fig. 4. A comparison of hepatic Zn concentrations (mean� SD) among sev-

eral shark species, including: Pacific sleeper shark (Somniosus pacificus),

Greenland shark (Somniosus microcephalus), smooth hammerhead shark

(Sphyrna zygaena) (Storelli et al., 2003), narrownose smooth-hound (Mustelus
schmitti) (Marcovecchio et al., 1991), narrowmouthed cat shark (Schroederich-

thys bivius) (Marcovecchio et al., 1991), sevengill shark (Notorynchus sp.)

(Marcovecchio et al., 1991); and two mammal species: ring seal (Phoca his-

pida) and glaucous gull (Larus hyperboreus) (Campbell et al., 2005a). The

shark species belong to order Squaliformes (black bars), order Carchirhini-

formes (grey bars), or order Hexanchiformes (white bar), and the ring seal

and glaucous gull belong to the class Mammalia (hatched bars).
arctic organisms. Mean Hg concentrations were higher in the
Greenland shark (0.49� 0.06 mg/g ww) than in arctic cod,
Boreogadus saida, liver samples collected about Greenland
(0.015� 0.002 mg/g, ww) (Campbell et al., 2005a), and in
other arctic areas summarized by Muir et al. (1992)
(0.01� 0.01e0.04� 0.02 mg/g, ww), which is likely due to
the higher trophic level of the sharks. However, the mean
Hg concentrations in the Greenland and Pacific sleeper sharks
were much lower than previously reported hepatic Hg concen-
trations for the ringed seal, P. hispida, (22.51� 16.87 mg/g,
ww) and the scavenging glaucous gull, L. hyperboreus,
(2.92� 1.06 mg/g, ww) collected about Greenland (Campbell
et al., 2005a), despite the fact that these species probably all
feed at similar trophic levels (Fisk et al., 2002). Lower concen-
trations of Hg in Greenland sharks compared to marine mam-
mals and seabirds is a contradiction to what has been observed
for biomagnifying organic contaminants such as PCBs and di-
chloro-diphenyl-trichloroethane (DDT), the levels of which
are much higher in Greenland sharks compared to ringed seals
(Fisk et al., 2002). This discrepancy is most likely due to vary-
ing half lives between Hg and organic contaminants and pro-
vides insights on the feeding ecology of the shark species.
Organic contaminants, such as PCBs, would have very long
half lives, potentially decades, in large cold water fish species
like Greenland sharks and Pacific sleeper sharks (Fisk et al.,
2002), which are likely much longer than for Hg. Thus the oc-
casional predation or scavenging of a marine mammal would
result in a significantly higher exposure and accumulation of
Hg and organic contaminants than from feeding on inverte-
brates or fish, and the increased concentrations of the organic
contaminants would remain in the sharks much longer than the
Hg. Thus, lower Hg concentrations in the shark compared to
the seals and seabirds suggest that on average Greenland
sharks feed at a lower trophic level, but higher organic con-
taminants levels suggest that at times the sharks feed at a
higher trophic level. Concentrations of mercury in the liver of
flathead sole, Hippoglossoides elassodon, (0.32� 0.1 mg/g,
dw) (Meador et al., 2005) collected about Prince William
Sound are similar to Hg concentrations in Pacific sleeper shark
livers (0.12� 0.01 mg/g, ww), if the liver of the flathead sole is
assumed to be approximately 50% water and most of the Hg in
fish is assumed to be methylmercury. Concentrations of Hg in
livers of harbor seals, Phoca vitulina, (range¼ 0.4e72 mg/g,
ww, n¼ 23) from the Gulf of Alaska/Prince William Sound
area (Miles et al., 1992) are much higher than those of Pacific
Sleeper sharks. These results suggest that the Pacific sleeper
sharks feed at a lower trophic level than seals, even though
Pacific sleeper sharks occasionally consume marine mammals
(Bright, 1959). However, evidence from fatty acids suggests
that the marine mammals consumed by Pacific sleeper sharks
are baleen whales, which are likely at a lower trophic level than
piscivorous seals (Schaufler et al., 2005).

5. Summary

This study presents the first element data reported for the
only two shark species known to regularly inhabit arctic
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waters. The within-species comparison revealed that no non-
essential element concentration was related to length in either
the Greenland shark or the Pacific sleeper shark, which could
suggest a lack of trophic level increase in sharks within the
size range sampled in this study. No changes in physiological
requirements with size were apparent based on the lack of sig-
nificant essential element vs. length relationships in either spe-
cies. Univariate and multivariate statistics suggested that the
Greenland sharks had higher levels of certain non-essential el-
ements relative to the Pacific sleeper sharks, likely due to ex-
posure variances (environmental and dietary). The variance in
essential elements between the species could suggest that the
Greenland and Pacific sleeper sharks have different physiolog-
ical requirements. The Greenland and Pacific sleeper sharks
had lower non-essential and essential element concentrations
than those previously reported for sharks inhabiting lower lat-
itudes. However, the mean molar Se:Hg ratio in the Greenland
shark was lower than that observed in more southerly fishes,
which could indicate a lower Hg threshold for the Greenland
shark relative to other fishes. Baseline element data is impor-
tant because the Greenland shark and Pacific sleeper shark are
likely ecologically significant in the arctic marine ecosystem,
and could be sentinel species based on their feeding behavior.
Further, very little element data exists for sharks and there is
a need to better understand the trophic transfer, assimilation,
and elimination of both non-essential and essential elements,
which could be useful in not only addressing concerns over
toxicity, but could also help in answering basic questions
about shark life history and physiology.
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