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a b s t r a c t

Monitoring trace metal and metalloid concentrations in marine animals is important for their conser-
vation and could also reliably reflect pollution levels in their marine ecosystems. Concentrations vary
across tissue types, with implications for reliable monitoring. We sampled blood and moulted feathers of
the Little Penguin (Eudyptula minor) from three distinct colonies, which are subject to varying levels of
anthropogenic impact. Non-essential trace metal and metalloid concentrations in Little Penguins were
clearly linked to the level of industrialisation adjacent to the respective foraging zones. This trend was
more distinct in blood than in moulted feathers, although we found a clear correlation between blood
and feathers for mercury, lead and iron. This study represents the first reported examination of trace
metals and metalloids in the blood of any penguin species and demonstrates that this high trophic feeder
is an effective bioindicator of coastal pollution.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Toxicants are present in our environment, particularly in the
marine environment, because the ocean acts as a sink (Neff, 2002).
Influx from rivers, agricultural and urban land runoff, sewage
outfalls, long-range atmospheric transport and deposition all
contribute to elevated levels of contaminants in marine ecosystems
(Lamborg et al., 2014). Monitoring this pollution and assessing its
ecological and human health effects has become a global concern
(Islam and Tanaka, 2004). Metals in particular, have been shown to
have a negative impact on coastal ecosystems in highly industri-
alised areas (Geens et al., 2010). Metals are released by both natural
(erosion, volcanism and upwelling) and anthropogenic sources
(mining, smelting, metallurgy), often accumulate in organisms at
higher trophic levels and have been studied in a range of seabirds to
investigate temporal and spatial variation (Furness, 1993; Becker,
2003; Vo et al., 2011).

Many researchers report on trace metal concentrations in
inger).
internal tissues and samples are often collected destructively, i.e. by
sacrificing randomly selected members of a population (Bacher,
1985; Smichowski et al., 2006), or opportunistically, i.e. starved
or killed 'by misadventure' (Lock et al., 1992; Gibbs, 1995; Choong
et al., 2007). While the former has ethical implications and
cannot be applied to species of conservation concern, the latter
carries potentially unquantified biases including (1) the sample not
being representative of a random cross-section of the population,
(2) unknown provenance, (3) unknown cause of death, and (4)
altered lipid content in a starved organ which can lead to falsely
elevated elemental concentrations (Bryan et al., 2007). Feather
collection is the most common non-destructive sampling protocol
(Burger, 1993). Moulted feathers can be obtained non-invasively
and transported and stored with minimal cost. Shunting non-
essential trace metals to the feathers is a main method of detoxi-
fication in seabirds (Furness et al., 1986), but feather metal con-
centrations are often a poor indicator for internal tissue
concentrations (Eagles-Smith et al., 2008; Lavers and Bond, 2013)
and results can be highly biased by external contamination (Jaspers
et al., 2004).

Recent advances in trace analysis such as atomic absorption
spectrometry (AAS) and inductively-coupled plasma spectrometry
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(ICP) promote non-destructive cross-section sampling, e.g. the
taking of a small sample of blood (<2 mL) from a free-ranging bird
without sacrificing it (Becker, 2003). The success of non-lethal
blood sampling techniques is evident in the literature (Eagles-
Smith et al., 2008; Carvalho et al., 2013; Fort et al., 2014). Trace
element concentrations in avian blood reflect current dietary
exposure and often correlate strongly with those in internal tissues,
presenting a potentially more suitable non-lethal matrix than
feathers for investigating a biologically relevant contaminant load
(Monteiro and Furness, 2001).

Penguins are ideal sentinels for marine pollution monitoring
(Boersma, 2008) due to their high trophic position, long lifespan,
philopatry, conspicuous nature and our extensive knowledge of
their life history (Trathan et al., 2014). Compared to other seabird
bioindicators, they have the advantage of being relatively seden-
tary, therefore reflecting local conditions (Ropert-Coudert et al.,
2004). While penguins have been used in ecotoxicological studies
using internal tissues and feathers (Gibbs, 1995; Smichowski et al.,
2006; Jerez et al., 2011), there are to date no trace metal concen-
tration data published from the blood of any penguin species.

Little Penguins (Eudyptula minor) are the smallest of the pen-
guins, breeding on offshore islands and small mainland colonies in
southern Australia and New Zealand (Marchant and Higgins, 1990).
Extensive research has been conducted on their breeding and
foraging ecology (Reilly and Cullen, 1981; Fortescue, 1999; Dann
and Chambers, 2013). Little Penguins are generalist feeders
whose diet can vary greatly among colonies and even years at the
same colony (Chiaradia et al., 2010; Kowalczyk et al., 2013). They
inhabit a wide range of coastal habitats - from relatively pristine
offshore islands in the Bass Strait (Hoskins et al., 2008) to human-
made structures in highly urbanised bays (Preston et al., 2008).
Fig. 1. Little Penguin breeding colonies sampled in February a
Little Penguins from the St Kilda colony (Fig. 1) forage exclusively
within Port Phillip Bay (Preston et al., 2008) a semi-enclosed body
of water bordering the highly industrialised metropolis of Mel-
bourne, Australia. This relatively shallow bay (mean depth 13.6 m,
area 1930 km2) is joined to Bass Strait through a 3 km-wide channel
and contains areas with highly contaminated sediments due to
historical and current industrial discharges through storm water
run-off (Harris et al., 1996). Semi-enclosed coastal areas are
contamination hotspots; with sediments remaining polluted,
sometimes for decades after the primary source is removed due to
restricted currents and wave action (Aly et al., 2012). Notably, little
is known about the contaminant load in Little Penguins breeding at
St Kilda and how it compares to that of conspecifics at less urban
environments, such as the nearby Phillip Island colony and more
remote Bass Strait island colonies.

Our emphasis in this study was to evaluate high-level trophic
feeding Little Penguins as indicators of the presence of bioavailable
metals and metalloids within their relatively small foraging areas.
The specific objectives were to: (1) investigate the spatial variation
of trace metals and metalloids in the blood and feathers of Little
Penguins; and (2) investigate correlations between the two sam-
pling matrices in order to (3) assess the usefulness of blood and
feathers as non-destructive sampling matrices for assessing expo-
sure of Little Penguins to trace metal and metalloid pollution.

2. Materials and methods

2.1. Study sites

We collected blood (n ¼ 31) and moulted feathers (n ¼ 35) from
wild Little Penguins during February and March of 2012 at three
nd March 2012: St Kilda, Phillip Island and Notch Island.
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locations: St Kilda, Phillip Island and Notch Island (Fig. 1). The St
Kilda colony is located 5 km from the central business district of
Melbourne, Australia (37�510S, 144�570E), where approximately 1000
Little Penguins nest on a 650 m long man-made breakwater
structure (Z. Hogg, unpublished data). St Kilda Little Penguins
remain in Port Phillip Bay throughout the year and feed predomi-
nantly on Australian anchovy (Engraulis australis) (Preston et al.,
2008), but their diet varies depending on prey availability
(Kowalczyk et al., 2013). Phillip Island (38�300S, 145�100E) is located
140 km southeast of Melbourne, Australia, and has approximately
32,000 penguins nesting on the Summerland Peninsula
(Sutherland and Dann, 2012). Phillip Island Little Penguins feed on a
range of clupeoid fish (Australian anchovy, Pilchard Sardinops
sagax, Barracouta Thyrsites atun, Red Cod Pseudophysis bachus) and
Arrow squid (Nototodarus gouldi) in Bass Strait (Chiaradia et al.,
2010), but during the winter months often forage within Port
Phillip Bay, partially overlapping with the foraging area of penguins
from the St Kilda colony (Chiaradia et al., 2012). Notch Island
(38�940S, 146�680E) lies 19 km east of Wilsons Promontory, Victoria,
Australia, and home to approximately 660 penguins in summer
(Schumann et al., 2014). The foraging ecology of Notch Island's
penguins is not well-studied, but satellite tracking in 2007e08
showed they fed in open Bass Strait waters, away from terrestrial
point sources of anthropogenic pollution (P. Dann, unpublished
data). Schumann (2012) reported that penguins at Notch Island fed
predominantly on unidentified post-larval fish, Australian pilchard,
Barracouta and Arrow squid.

2.2. Sample collection

All samples collected in this study were from moulting pen-
guins. Penguins undergo a complete (catastrophic) moult over a
period of 15e20 days, during which time they cannot return to sea
to forage (Brasso et al., 2013). Adult Little Penguins forage exten-
sively for a few weeks at the end of each breeding season,
increasing their weight considerably (Reilly and Cullen, 1983).
While moulting, penguins fast and become increasingly anorexic.
Trace element concentrations circulating in the blood at the time of
moult are thought to be a combination of what has been consumed
in the weeks of pre-moult feeding and a remobilisation of espe-
cially non-essential metals sequestered from internal tissues
(Furness et al., 1986; Bearhop et al., 2000). The blood supply to
feathers is closed off after formation of the new feathers. Therefore,
the data presented here are an indication of the contaminant body
burden in 2011 (via feathers moulted in 2012) and 2012 (via 2012
blood).

We caught Little Penguins individually by hand from their
burrows and plucked a handful of moulting feathers from the
dorsal and another from the ventral region of the penguin (~30
feathers in total). We kept the feathers in labelled sterile,
laboratory-grade press and seal bags stored at room temperature.
We aspirated up to 2 mL of blood from the medial metatarsal
(caudal tibial) vein using a 25-gauge butterfly needle with a 3 mL
syringe (Sergent et al., 2004) and transferred it into 6 mL Vacu-
tainers® (BD Diagnostics, trace element tube plus K2EDTA, product
number 368381). We placed blood samples in a cooler with ice
packs, transferred them to a freezer within 12 h of sampling and
kept them frozen at �20 �C until analysis.

2.3. Trace element analysis

Blood samples were thawed at room temperature before being
homogenised. We divided each blood sample into two or three
replicate samples of 0.5 g aliquots, depending on available blood
volume. We dried replicate samples to constant weight at 60 �C in
50 mL digestion tubes (DigiTubes by SCP Science, product number
010-500-261) for � 48 h (mean drying quotient: 5.87 ± 0.88 SD). A
sublimation test found no significant losses during the drying
process (Tables S1 and S2, Supplementary Material). The dried
blood samples were then digested in 3 mL 65% nitric acid
(SUPRAPUR, tracemetal grade, Merck) and 0.5 mL 37% hydrochloric
acid (EMSURE, trace metal grade, Merck) for 3 h at 95 �C with one
intermittent vortex. Then we cooled, filtered (syringe filter, 28 mm
diameter, 0.45 mm pore size) and diluted the solutions with Milli-
QTM water to a final volume of 14 mL. For quality assurance, we ran
each batch of nine replicate samples with one procedural blank
(Milli-QTM ultrapure water) and two Standard Reference Materials
(SRM) provided by the National Measurement Institute (NMI),
Melbourne, Australia: AGAL3 (prawn tissue) and AGAL4 (bovine
liver tissue). Aluminium (Al), calcium (Ca), iron (Fe) and zinc (Zn)
were analysed at the NMI using a Perkin Elmer Optima 8300 Dual
View Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES) with a limit of reporting of 0.5, 10, 2 and 0.01 mg/kg,
respectively; while arsenic (As), boron (B), cadmium (Cd), chro-
mium (Cr), copper (Cu), mercury (Hg), lead (Pb), selenium (Se) and
tin (Sn) were analysed on an Agilent 7700x Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) with a limit of reporting of
0.01 mg/kg. All results were corrected for procedural blanks. Mean
percentage recoveries of SRM in blood samples ranged from 71% to
143% for trace elements analysed. We excluded replicate results of
samples run concurrently with SRM, where both SRM for that
element returned recoveries outside 70%e130% from statistical
analysis. If only one replicate result remained for the sample, we
excluded that sample result for that element; else we took the
mean of the (remaining) replicate results.

We cleaned feather samples by vigorously washing them in
Milli-Q water three times. We oven-dried feathers at 45 �C for
�48 h until constant weight and delivered them to NMI for acid
digestion and analysis of Al, As, Cd, Cu, Fe, Hg, Pb, Se and Zn, using
the same instrumentation and limits of reporting as for blood
analysis. Mean percentage recoveries of SRM in feathers ranged
from 78% to 102%. All feather samples returned results over the
limit of reporting and had percentage recovery rates within the
range of 70%e130%.

We detected analytical outliers (i.e. outliers within replicate
samples due to instrumental and laboratory variations) in both
blood and feather samples following the NMI's outlier detection
protocol (NMI, 2014), i.e. calculating the percentage relative stan-
dard deviation (%RSD) for each replicate sample and trace metal:

%RSD ¼ ðstandard deviation=meanÞ*100
We then executed an acceptance test: replicate results that were

lower than ten times the limit of reporting were accepted if the
calculated %RSD was �38 for duplicates and �45 for triplicates.
Replicate results that were higher than ten times the limit of
reporting were accepted if the calculated %RSD was �24 for du-
plicates and �29 for triplicates. We excluded all replicate results
failing the acceptance test from further analysis. In triplicate sam-
ples, if one replicate result failed the analytical outlier detection
test, we removed this replicate result. We then recalculated %RSD
for the remaining two replicate results and applied the acceptance
test for duplicate samples stated above. We report final results as
mg/kg dry weight (dw).
2.4. Statistical analyses

Data were statistically analysed using R version 3.1.1 (R Core
Team, 2014) and SPSS (version 20, SPSS Inc., Chicago, IL). We took
significance to be p < 0.05 for all statistical analyses. Results under



Table 1
Mean trace metal concentrations (mg/kg dry weight) ± standard deviation (sample number for that element, if different from the value given in first column) in whole blood of Little Penguins and other comparable species of
birds, sorted by geographical distance from Australia. Blood analysed from adults unless otherwise specified. Range (where available) is given in square brackets. Absence of data is shown as ‘e‘. <DL represents a value determined
that was below detection limit. The levels of pollution given here do not reflect absolute values, but were chosen based on proximity to metropolitan centre as identified by author or background knowledge (NA¼ not available).

Species Year Location Level of
pollution

Al As B Ca Cu Fe Pb Hg Se Zn Source

Little Penguin
(n ¼ 10)

2012 St Kilda, Victoria,
Australia

High 3.89 ± 1.26
[2.50e6.90]

3.72 ± 1.76
[1.40e6.97]

0.70 ± 0.21
[0.45e1.20]

408.5 ± 89.8
[315.0e626.7]

2.48 ± 0.44
[1.77e3.10]

2147 ± 228
[1833e2433]

0.07 ± 0.02
[0.05e0.12]

2.75 ± 0.85
[1.60e4.47]

12.46 ± 4.41
[6.1e18.7]

37.97 ± 5.28
[31.7e47.0]

This study

Little Penguin
(n ¼ 11)

2012 Phillip Is,
Victoria,
Australia

Medium 3.19 ± 0.84
(10) [1.87
e4.30]

1.07 ± 1.22
[0.20e4.57]

0.68 ± 0.16
[0.52e1.13]

348.9 ± 49.7
[266.7e430.0]

2.14 ± 0.42
[1.27e2.90]

2162 ± 159
[1950e2433]

0.04 ± 0.01
[0.02e0.06]

0.86 ± 0.23
(10) [0.49
e1.17]

19.20 ± 5.22
[10.0e25.0]

33.47 ± 3.27
[29.0e41.0]

This study

Little Penguin
(n ¼ 10)

2012 Notch Is, Victoria,
Australia

Low 4.22 ± 1.67 (9)
[2.4e6.7]

0.67 ± 0.43
[0.16e1.43]

0.81 ± 0.58
[0.59e2.47]

372.5 ± 59.3
[313e515]

2.32 ± 0.40
[1.70e2.93]

1877 ± 153
[1600e2033]

0.04 ± 0.01
(9) [0.02
e0.08]

0.84 ± 0.37
[0.44e1.50]

26.85 ± 13.75
[12.3e50.0]

38.77 ± 6.76
[30.0e51.7]

This study

Pied Oystercatcher
(n ¼ 10)

1998 Mangere Inlet,
New Zealand

High e e e e e e 0.45 ± 0.14
[0.25e0.76]

0.16 ± 0.05
[0.10e0.24]

e e Thompson and
Dowding, 1999

Pied Oystercatcher
(n ¼ 17)

1998 Sth Kaipara, New
Zealand

Low e e e e e e 0.22 ± 0.04
[0.25e0.76]

0.16 ± 0.05
[0.07e0.26]

e e Thompson and
Dowding, 1999

Spectacled Petrel
(n ¼ 38)

2006,
2007

Brazil NA e e e e 4.77 ± 4.46
[0.79e20.77]

e 9.30 ± 4.33
[5.02e26.03]

3.41 ± 2.14
[0.84e9.86]

e 14.11 ± 3.03
[10.95e28.02]

Carvalho et al.
2013

White-chinned
Petrel (n ¼ 30)

2006,
2007

Brazil NA e e e e 3.49 ± 1.82
[0.62e10.40]

e 8.21 ± 3.53
[5.72e24.03]

3.20 ± 3.67
[0.20e15.82]

e 13.64 ± 2.76
[10.73e24.69]

Carvalho et al.
2013

Black-footed
albatross chick
(n ¼ 30)

2002 Torishima Is,
Japan

Low e e e e 2.33 ± 0.17 e 0.05 ± 0.02 3.12 ± 1.32 8.8 ± 2.4 17.4 ± 1.5 Ikemoto et al.,
2005

Little Auk (n ¼ 14) 2011 Newfoundland,
Canada

Medium e e e e e e e 2.86 ± 0.78
[1.72e4.25]

e e Fort et al. 2014

Little Auk (n ¼ 63) 2009,
2010

East Greenland,
Canada

Low e e e e e e e 0.84 ± 0.20
[0.44e1.25]

e e Fort et al. 2014

Osprey chick
(n ¼ 10)

2000 Baltimore
Harbor,
Maryland, USA

High <DL 1.18b [0.83
e1.68]

2.01b [<ML
e 2.41]

e 1.38b [1.17
e2.02]

1926b [1780
e2110]

<DL 0.17b [0.11
e0.28]

5.75b [4.44
e7.86]

24.9b [21.4
e29.0]

Rattner et al.,
2008

Osprey chick
(n ¼ 12)

2000 South River,
Maryland, USA

Low <DL 0.55b [<ML
e 1.05]

2.12b [<ML
e 2.56]

e 1.30b [1.10
e1.67]

1916b [1780
e2170]

<DL 0.18b [0.11
e0.24]

6.81b [5.00
e7.89]

22.8b [19.2
e27.7]

Rattner et al.,
2008

Great tit (n ¼ 16) 2006 Antwerp,
Belgium

High e e e e 0.52 ± 0.08a e 1.12 ± 0.08a e e 22 ± 2a Geens et al.,
2010

Great tit (n ¼ 10) 2006 Antwerp,
Belgium

Low e e e e 0.52 ± 0.12a e 0.08 ± 0.08a e e 27.6 ± 2.8a Geens et al.,
2010

Note: Species are as follows, Little Penguin E. minor, Pied Oystercatcher H. longirostris, Spectacled Petrel P. conspicillata, White-chinned Petrel P. aequinoctialis, Little Auk A. alle, Osprey P. haliaetus, Great Tit P. major.
a Mean ± standard error.
b Geometric mean.
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Fig. 2. Concentrations of non-essential (left) and essential (right) trace metals and metalloids (mg/kg dry weight) in whole blood of Little Penguins sampled at three locations
(StK ¼ St Kilda, PI ¼ Phillip Island, NI ¼ Notch Island) in February and March of 2012. Different lower case letters indicate significant differences among locations (Tukey HSD,
p < 0.05). Data shown are median values with lower (Q1) and upper (Q3) quartiles, defined as the 25th and 75th percentiles. The length of the box is the interquartile range (IQR).
Lower and upper whiskers are minimum and maximum observation, or in case of outliers, calculated as Q1 - 1.5*IQR and Q3 þ 1.5*IQR. Mild outliers (B) are defined as between 1.5
and 3*IQR.
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the limit of reporting were excluded from further analysis. Statis-
tical population outliers (defined by > 3 * Cook's D), normality of
distribution and residual normality for each element were tested
using the Shapiro Wilk test and exploratory graphics. We used
Levene's test to investigate homogeneity of variances and applied
transformations to data as follows: blood concentrations of Al, As,
Ca, Hg and Se were log- and B concentrations were arcsin-
transformed; while feather concentrations of Al, As, Cd, Fe and Pb
were log-transformed to meet normality assumptions of our sta-
tistical analysis. We executed non-metric multidimensional scaling
(NMDS) using the R packages 'vegan' (Oksanen et al., 2015) and
'ggplot2' (Wickham, 2009) to analyse dissimilarity among colonies.
We conducted a one-way multivariate analysis of variance (MAN-
OVA) for each tissue type to test whether the effect of the linear
combination of all trace metal concentrations was significantly
different among locations sampled. Where this was significant, we
ran post-hoc tests (Tukey HSD) to investigate interactions among
locations. We did not compare differences in trace metal
concentrations between genders since sample sizes were too small
for multivariate analysis. We executed Spearman correlations to
measure the strength of the association between tissue types using
a subset of penguins, where both blood and feathers were collected
(paired data, n ¼ 19).
3. Results

3.1. Trace elements in blood of Little Penguins

Cadmium (Cd), chromium (Cr) and tin (Sn) concentrations for
most samples were either below the limit of reporting (0.01 mg/kg
for all), returned SRM percentage recovery results outside the
acceptable range (70%e130%) or failed the analytical outlier
detection test, therefore we excluded these elements from statis-
tical analysis.

Concentrations of the remaining ten elements in the blood
sampled at the three locations in February and March 2012 are



Fig. 3. Concentrations of non-essential trace metals and metalloids As, Cd, Hg and Pb (mg/kg dry weight) in feathers of Little Penguins sampled at three locations (StK ¼ St Kilda,
PI ¼ Phillip Island, NI ¼ Notch Island) in February and March of 2012. Different lower case letters indicate significant differences among locations (Tukey HSD, p < 0.05). Data shown
are median values with lower (Q1) and upper (Q3) quartiles, defined as the 25th and 75th percentiles. The length of the box is the interquartile range (IQR). Lower and upper
whiskers are minimum and maximum observation, or in case of outliers, calculated as Q1 - 1.5*IQR and Q3 þ 1.5*IQR. Mild outliers (B) are defined as between 1.5 and 3*IQR.
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given in Table 1. We found the greatest differences in mean con-
centrations among locations for the non-essential elements As, Hg
and Pb (Fig. 2, left panels). This was supported by NMDS analysis,
which identified As, Hg and Pb as the largest vectors for dissimi-
larity among colonies (Fig. 6A). We found a statistically significant
difference among the three locations sampled for mean trace
element concentrations in the blood of Little Penguins,
F20,30 ¼ 5.869, p < 0.001;Wilk's l¼ 0.041; partial h2 ¼ 0.796. Tukey
HSD post-hoc tests showed that mean As, Hg and Pb blood con-
centrations were significantly different between St Kilda and Phillip
Island (p< 0.001 for As and Hg, p¼ 0.001 for Pb), as well as between
St Kilda and Notch Island (p < 0.001 for As and Hg, p¼ 0.001 for Pb),
but not between Phillip Island and Notch Island. For the essential
elements (Fig. 2, right panels), mean Fe concentrations at Notch
Island were significantly different when compared to St Kilda
(p ¼ 0.018) or Phillip Island (p ¼ 0.004) but not between St Kilda
and Phillip Island. Mean Se concentrations were marginally
different between St Kilda and Phillip Island (p ¼ 0.06), similar at
Phillip Island and Notch Island, but significantly different between
St Kilda and Notch Island (p ¼ 0.001). Mean Zn concentrations
differed significantly between St Kilda and Phillip Island (p¼ 0.036)
as well as between Phillip Island and Notch Island (p ¼ 0.015), but
not between St Kilda and Notch Island.
3.2. Trace elements in feathers of Little Penguins

Concentrations of nine trace elements analysed in feathers of
Little Penguins sampled at three locations in February and March
2012 are given in Table 2. Mean Pb concentrations in feathers
showed the greatest differences among locations, with St Kilda
penguin feathers containing on average 4.2 times and 5.2 times
more Pb than penguin feathers from Phillip Island and Notch Island,
respectively. The distribution of element concentrations in feathers
was distinctly different at each of the three colonies sampled and
their relatedness did not overlap when presented in an NMDS plot
(Fig. 6B). One-way MANOVA found a significant effect for the dis-
tribution of mean trace element concentrations in the feathers of
Little Penguins at the three locations sampled, F18, 48 ¼ 13.445,
p < 0.001; Wilk's l ¼ 0.027; partial h2 ¼ 0.834. Tukey HSD post-hoc
tests found significant differences among locations in non-essential
elements As, Cd, Hg and Pb (Fig. 3) and essential elements Al, Fe
and Se (Fig. 4). Specifically, mean As and Cd feather concentrations
were similar at St Kilda and Phillip Island, but significantly different
between St Kilda andNotch Island (p¼ 0.029 for As, p¼ 0.026 for Cd),
and Phillip Island andNotch Island (p¼ 0.013 for As, p¼ 0.028 for Cd).
Aluminium, Fe, Hg and Se were significantly different among each of
the locations sampled (p < 0.05 for all), while Pb at St Kilda was
significantly different from both, Phillip Island (p < 0.001) and Notch
Island (p < 0.001), but not between Phillip Island and Notch Island.
3.3. Comparison of element concentrations measured in blood and
feathers of Little Penguins

We executed Spearman correlations for eight elements
measured in both blood and feathers of 19 Little Penguins and
found significant positive correlations between tissue types for Hg



Fig. 4. Concentrations of essential trace metals Al, Fe and Se (mg/kg dry weight) in feathers of Little Penguins sampled at three locations (StK ¼ St Kilda, PI ¼ Phillip Island, NI ¼
Notch Island) in February and March of 2012. Different lower case letters indicate significant differences among locations (Tukey HSD, p < 0.05). Data shown are median values with
lower (Q1) and upper (Q3) quartiles, defined as the 25th and 75th percentiles. The length of the box is the interquartile range (IQR). Lower and upper whiskers are minimum and
maximum observation, or in case of outliers, calculated as Q1 - 1.5*IQR and Q3 þ 1.5*IQR. Mild outliers (B) are defined as between 1.5 and 3*IQR.
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(rS (363)¼ 0.68, p¼ 0.001), Pb (rS (289)¼ 0.70, p¼ 0.001) and Fe (rS
(463) ¼ 0.59, p ¼ 0.007) (Fig. 5). Most of the eight trace elements,
namely Al, Cu, Pb, Hg and Zn, were present in larger concentrations
in feathers compared to blood concentrations. Additionally, con-
centrations of Al, Cu, Fe and Pb were more variable (as indicated by
standard deviations) in feathers of Little Penguins, while As, Se and
Zn showed greater variation in the blood.
Fig. 5. Spearman correlations between trace metal concentrations in blood and
4. Discussion

4.1. Non-essential trace elements

Arsenic (As) in the blood of Little Penguins showed the greatest
geographical differences and the values observed in St Kilda pen-
guins (mean 3.72 mg/kg, max 6.97 mg/kg) are well above levels
feathers of Little Penguins (paired data from all locations sampled, n ¼ 19).



Fig. 6. Two-dimensional NMDS plot with BrayeCurtis distance for Little Penguin A) blood (stress ¼ 0.12) and B) feather samples (stress ¼ 0.11). Polygon ellipse lines are drawn for
each sampling location: St Kilda (StK, squares), Phillip Island (PI, triangles) and Notch Island (NI, full circle). Trace elements are displayed by their periodic symbols.
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reported in seabirds elsewhere (Table 1). Correspondingly, high As
concentrations have been measured in Port Phillip Bay sediments
(max 150 mg/kg; EPA, 2013), water (mean As in water 2.8 mg/L;
Fabris et al., 1999) and fish (snapper Pagruss auratus, edible tissue,
mean 12.1 mg/kg wet weight; Fabris et al., 2006). The source of
these elevated concentrations is thought to be due to natural
sediment mineralogy (Harris et al., 1996), although Pettigrove and
Hoffmann (2003) suggest past gold mining activities in the 19th
century released large quantities of As into the Bay through
catchment inputs. In comparison, snapper caught around Phillip
Island and Notch Island contained four to five times less As in edible
tissues (mean 2.8e4.2 mg/kg; Fabris et al., 2006). Feather As con-
centrations exhibited less variation among locations and showed
little distinction between St Kilda and Phillip Island (Table 2).
Arsenic in feathers can be highly variable, likely due to external
contamination, and can vary greatly among locations for the same
seabird species (Bond and Lavers, 2011). Elevated As concentrations
are common in marine species (Eisler, 1988) and while some
studies observed detrimental effects in birds (e.g. Fairbrother et al.,
1994), chronic toxicity has not yet been adequately verified in
experimental or wild animals (Huff et al., 2000). To establish
whether high As concentrations found in the blood of St Kilda
penguins are a potential concern, we propose that future studies
measure the relative proportions of inorganic As, which is highly
toxic (Eisler, 1988) and has been implicated as an endocrine dis-
ruptor (see review by Kunito et al., 2008).

Cadmium (Cd) concentrations in the blood of Little Penguins
were below the limit of reporting for all samples from St Kilda and



Table 2
Mean trace metal concentrations (mg/kg) ± standard deviation (sample number for that element, if different from the value given in first column) in feathers of Little Penguins and other comparable species of birds, sorted by
geographical distance from Australia. Feathers analysed from adults unless otherwise specified. Range values (where available) are given in square brackets. Absence of data is shown as ‘e‘.<DL represents a value determined that
was below detection limit. The levels of pollution given here do not reflect absolute values, but were chosen based on proximity to metropolitan centre as identified by author or background knowledge (NA ¼ not available).

Species Year Location Level of
pollution

Al As Cd Cu Fe Pb Hg Se Zn Source

Little Penguin
(n ¼ 13)

2012 St Kilda, Victoria,
Australia

High 40.38 ± 22.96
[17e91]

0.16 ± 0.05
[0.07e0.24]

0.04 ± 0.02
[0.012e0.07]

11.42 ± 2.19
[7.7e15.0]

71.31 ± 43.99
[29e170]

0.42 ± 0.20
[0.16e0.80]

4.13 ± 0.98 [1.7
e5.9]

2.31 ± 0.59
[1.4e3.5]

84.77 ± 11.28
[64e100]

This study

Little Penguin
(n ¼ 12)

2012 Phillip Is, Victoria,
Australia

Medium 16.78 ± 16.11
[6.3e67]

0.18 ± 0.10
[0.06e0.40]

0.04 ± 0.03
[0.01e0.13]

10.77 ± 1.50
[8.6e13.0]

28.0 ± 16.2 [13
e77]

0.08 ± 0.03
[0.03e0.12]

2.7 ± 0.37 [2.1
e3.2]

4.21 ± 0.94
[2.7e5.6]

80.58 ± 8.06
[65e89]

This study

Little Penguin
(n ¼ 10)

2012 Notch Is, Victoria,
Australia

Low 6.25 ± 2.79 [2.8
e9.6]

0.09 ± 0.03
[0.03e0.13]

0.06 ± 0.02
[0.03e0.10]

10.54 ± 2.07
[8.5e16.0]

13.03 ± 3.64
[8.2e19.0]

0.10 ± 0.05
[0.05e0.18]

1.50 ± 0.82
[0.87e3.50]

3.11 ± 0.65
[2.4e4.2]

76.80 ± 7.15
[69e91]

This study

Little Penguin
(n ¼ 10)

2008
e2012

Phillip Island,
Victoria, Australia

Medium e e e e e e 2.92 ± 2.88 e e Brasso et al. 2013

Little Penguin
(n ¼ 12)

2012 Garden Is, South
Western Australia

High e e 0.031 ± 0.01
[0.015e0.055]

e e 0.45 ± 0.28
[0.15e0.75]

2.84 ± 0.74 [1.6
e3.8]

3.41 ± 0.48
[2.5e4.2]

e Dunlop et al. 2013

Little Penguin (n ¼ 9) 2009 Penguin Is, South
Western Australia

Medium e e 0.043 ± 0.02
[0.025e0.073]

e e 0.93 ± 0.9
[0.32e3.10]

1.67 ± 0.62
[0.78e2.6]

2.73 ± 0.99
[1.6e4.8]

e Dunlop et al. 2013

Little Penguin
(n ¼ 10)

2010 Mistaken Is, South
Western Australia

Medium e e 0.093 ± 0.054
[0.03e0.20]

e e 0.82 ± 0.98
[0.28e3.4]

1.32 ± 0.66
[0.82e3]

5.9 ± 1.41
[3.9e8.6]

e Dunlop et al. 2013

Little Penguin
(n ¼ 10)

2009 Woody Is, South
Western Australia

Low e e 0.302 ± 0.445
[0.049e1.50]

e e 0.38 ± 0.13
[0.16e0.58]

0.61 ± 0.17
[0.44e0.89]

3.07 ± 0.78
[2.2e4.4]

e Dunlop et al. 2013

Little Penguin (n ¼ 5) <1983 New Zealand NA e e 0.4 ± 0.5 29.4 ± 11.8 e 1.7 ± 1.7 3.4 ± 3.7 e 99.2 ± 16.0 Lock et al. 1992
Silver Gull (n ¼ 45) 1996 Sydney, Australia High e e 0.38 ± 0.34 e e 10.10 ± 3.78 0.82 ± 1.31 0.51 ± 0.25 e Burger and

Gochfeld, 1999
Silver Gull (n ¼ 15) 1996 Blue Mountains NP,

Australia
Low e e 0.01 ± 0.05 e e 3.81 ± 1.42 0.96 ± 1.06 0.62 ± 0.35 e Burger and

Gochfeld, 1999
Flesh-footed

Shearwater
(n ¼ 33)

2008 Woody Is, South
Western Australia

NA 222.45 ± 195.80 3.09 ± 8.57 0.29 ± 0.82 18.38 ± 3.05 e 0.52 ± 0.37 6.04 ± 4.0 e 92.24 ± 33.94 Bond and Lavers,
2011

Flesh-footed
Shearwater
(n ¼ 18)

2008 Lord Howe Is,
Eastern Australia

NA 63.26 ± 34.52 0.24 ± 0.16 0.09 ± 0.1 9.63 ± 1.41 e 0.47 ± 0.29 11.22 ± 5.61 e 8.59 ± 24.06 Bond and Lavers,
2011

Flesh-footed
Shearwater
(chicks, n ¼ 37)

2011 Lord Howe Is,
Eastern Australia

NA 112.53 ± 72.79 0.22 ± 0.13
(n ¼ 29)

0.49 ± 0.17
(n ¼ 6)

14.64 ± 16.99 e 0.30 ± 0.29 2.40 ± 1.70 e 91.70 ± 11.23 Lavers et al. 2014

Adelie Penguin
(n ¼ 10)

1981 Antarctica Low e e 0.20 ± 0.09
[0.07e0.45]

12.9 ± 1.45
[9.42e15.9]

23 ± 15.3 [5.71
e66.2]

0.28 ± 0.07
[0.12e0.54]

0.172 ± 0.045
[0.008e0.304]

e 78.2 ± 5.3 [64
e100]

Honda et al. 1986

Gentoo Penguin
(n ¼ 20)

2005
e2012

King George Is,
Antarctica

Medium 39.76 ± 24.741 0.05 ± 0.041 0.03 ± 0.031

(n ¼ 7)
16.44 ± 3.161 77.60 ± 134.551 0.51 ± 0.461 0.28 ± 0.052

(n ¼ 10)
2.46 ± 0.701 85.12 ± 14.841 1Jerez et al.

2011,2Brasso et al.
2013

Gentoo Penguin
(n ¼ 17)

2005
e2007

Ronge Is, Antarctica Low 22.92 ± 27.87 0.04 ± 0.02
(n ¼ 8)

0.03 ± 0.01
(n ¼ 8)

16.02 ± 2.09 69.45 ± 109.94 0.25 ± 0.44 e 2.15 ± 0.80 72.89 ± 7.46 Jerez et al. 2011

Chinstrap Penguin
(n ¼ 25)

2005
e2012

King George Is,
Antarctica

Medium 132.4 ± 198.11 0.101 (n¼ 1) < DL 20.29 ± 8.301 126 ± 103.631 1.76 ± 1.741 0.69 ± 0.182

(n ¼ 10)
4.44 ± 1.711 77.12 ± 45.151 1Jerez et al.

2011,2Brasso et al.
2013

Chinstrap Penguin
(n ¼ 20)

2005
e2007

Ronge Is, Antarctica Low 14.26 ± 9.72 0.05 ± 0.03
(n ¼ 7)

0.10 ± 0.05 19.23 ± 3.65 22.47 ± 11.63 0.14 ± 0.09 e 6.77 ± 3.23 97.27 ± 21.35 Jerez et al. 2011

Adelie Penguin
(n ¼ 25)

2005
e2012

King George Island,
Antarctica

Medium 43.36 ± 69.031 < DL < DL 12.68 ± 7.091 59.74 ± 45.261 0.64 ± 1.091

(n ¼ 5)
0.32 ± 0.082

(n ¼ 10)
6.37 ± 2.521 50.84 ± 17.381 1Jerez et al.

2011,2Brasso et al.
2013

Adelie Penguin
(n ¼ 22)

2005
e2007

Avian Island,
Antarctica

Low 5.08 ± 3.03 0.07 ± 0.03
(n ¼ 3)

0.04 ± 0.02 13.16 ± 3.04 27.98 ± 41.20 0.14 ± 0.21 e 6.06 ± 3.05 77.69 ± 15.17 Jerez et al. 2011

White-chinned Petrel
(n ¼ 30)

2006,
2007

Brazil NA e e 7.34 ± 1.70
[5.72e24.03]

10.74 ± 5.56
[2.68e23.92]

e 33.05 ± 8.48
[18.62e55.51]

1.84 ± 2.48
[0.19e8.91]

e 67.48 ± 11.64
[48.96e93.54]

Carvalho et al.
(2013)

Spectacled Petrel
(n ¼ 38)

2006,
2007

Brazil NA e e 7.33 ± 1.57
[3.76e10.44]

7.91 ± 5.05
[1.05e21.57]

e 32.26 ± 8.71
[16.53e59.00]

11.17 ± 3.78
[4.24e24.03]

e 62.05 ± 7.58
[45.30e81.49]

Carvalho et al.
(2013)

(continued on next page)
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half the samples from Phillip Island and Notch Island. All mea-
surements were <0.3 mg/kg. This is likely a result of Cd in birds
being predominantly stored in the kidneys and liver
(Scheuhammer, 1987). Feather Cd concentrations were highest at
Notch Island (Fig. 3), which could be due to penguins at that
location having a larger dietary proportion of cephalopods
(17e25%; Schumann, 2012), which contain higher concentrations
of Cd (Szefer et al., 1993; Bustamante et al., 1998). However, all
samples returned results well below the hypothesised adverse ef-
fect level in feathers (2 mg/kg; Burger, 1993).

Mercury (Hg) is one of the most important environmental
contaminants monitored in seabirds (Scheuhammer et al., 2014).
Most Hg in the marine environment is anthropogenic (UNEP, 2013),
has increased over the last decades (Lamborg et al., 2014) and
bioaccumulates up the food chain (Neff, 2002). Chronic and acute
Hg toxicity in birds has been associated with reduced hatchability,
egg weight, chick survival and increased mortality (Burger and
Gochfeld, 1997). Mercury in Port Phillip Bay has in the past been
largely anthropogenic in origin (Walker, 1982), but has decreased
since the implementation of stricter effluent controls in the late
1970s and now compares to other uncontaminated coastal waters
elsewhere in the world (mean Hg in water 1.7 ng/L; Fabris et al.,
1999). Fabris et al. (2006) found that edible tissue of sand flat-
head (Platycephalus bassensis) within Port Phillip Bay contained a
mean Hg concentration of 0.21 mg/kg wet weight, while the closely
related tiger flathead (Neoplatycephalus richardsoni) in areas sur-
rounding Phillip and Notch Islands measured only 0.06 mg/kg and
0.07 mg/kg wet weight, respectively. Blood Hg concentrations of
Phillip and Notch Island penguins measured in this study are
similar towhat Fort et al. (2014) reported for Little Auks (Alle alle) in
their Arctic breeding grounds, while the St Kilda penguins matched
the blood Hg concentrations of Little Auks wintering in more
polluted northwest Atlantic areas. Feather Hg concentrations re-
ported here are similar to those reported in other Little Penguin
studies and higher than in Antarctic penguins (Table 2). One indi-
vidual from St Kilda exceeded the lowest hypothesised adverse
effect level for Hg in feathers (5 mg/kg; Eisler, 1987), but all samples
were well below 20 mg/kg; a threshold concentration for signifi-
cant reproductive concern often applied to piscivorous birds (Evers
et al., 2014; Bond et al., 2015). However, interspecies comparisons
are difficult, often exacerbated by differences in methodology and
Shore et al. (2011) found evidence for substantial differences in
susceptibility toward trace metal burdens among bird species. Diet
composition often affects Hg body burdens, but does not explain
the pattern observed in this study. Krill is the prey item most
associated with high Hg concentrations (Minganti et al., 1996; Bond
and Diamond, 2009), and while krill has been found in the diet of
penguins from Bass Strait island colonies, it has not been reported
for the St Kilda colony (Chiaradia et al., 2012). Hence, local differ-
ences in prey composition are unlikely to be a contributing factor in
the pattern observed. To interpret the strong correlation found
between Hg concentrations in blood and feathers of Little Penguins
(Fig. 5), we need to consider that Hg contained in the blood during
moult is a combination of recent dietary intake and fast-induced
remobilised Hg from body tissues (Furness et al., 1986; Bearhop
et al., 2000). This aids Hg sequestration into new feathers and pro-
vides an effectivemeans of detoxification (Furness et al.,1986). Moult
blood may therefore be a proxy for Hg sequestered into the new
feathers. Since the Little Penguin feathers used in our study were
grown in the year prior, this correlation may also suggest a relative
stability of Hg in the prey of these penguins between 2011 and 2012.

While lead (Pb) measured in fish and crustacea showed little
variation among Port Phillip Bay and fishing zones overlapping
with foraging areas of Bass Strait penguin colonies (Fabris et al.,
2006), both matrices measured in this study clearly reflected the
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following Pb pollution gradient: St Kilda > Phillip Island > Notch
Island. Lead concentrations in Little Penguins were correlated be-
tween matrices, but geographical differences were more pro-
nounced in feathers than in blood. This may be explained by the
affinity of Pb to attach itself to the outside of feathers (Jaspers et al.,
2004). As such, Pb concentrations in feathers reflect the exogenous
contamination of their environment as well as the endogenous
contamination. Port Phillip Bay has an annual Pb input of 31 t
(Harris et al., 1996), which is reflected in surface waters containing
Pb concentrations of 0.19 mL/L and up to 197 mg/kg in sediments
(Fabris et al., 1999). According to the guidelines established by Long
et al. (1995), the Pb sediment value in Port Phillip Bay is within the
“possible effects” range. However, at present, Pb concentrations in
St Kilda penguin feathers and blood are well below the hypoth-
esised deleterious effect level (4 mg/kg; Burger, 1993).

4.2. Essential trace elements

Essential trace elements are required for biochemical processes
in the organism, but can become toxic at high concentrations.
Copper and Zn, in particular, are anthropogenically added to the
marine environment and are known to bioaccumulate, therefore it
is important to understand the limits of 'healthy' concentrations in
organisms (Neff, 2002). For essential elements, penguins would be
expected to exert homeostatic control and metabolically regulate
blood concentrations, which homogenises variability among sites.
In concurrence, there was no clear geographical pattern detected
for essential trace element concentrations in the blood (Fig. 2, right
panels), while Al and Fe concentrations in feathers (Fig. 4) followed
a pollution gradient similar to that expressed in Hg and Pb blood
and feather concentrations. The reasons for this are unknown, but
Jaspers et al. (2004) identified both Al and Fe as sources of external
contamination in feathers.

Selenium is an important trace element that has been included
here because of its important role in reducing Hg assimilation and
aiding Hg detoxification in marine animals (Cuvin-Aralar and
Furness, 1991). There are no data on Se concentrations in the
penguin prey items at any of the locations sampled, but Dunlop
et al. (2013) executed a controlled feeding study on captive Little
Penguins and found Se prey concentrations correlated with that in
feathers. Hence, it would appear that the penguin diet at Notch
Island is higher in Se than at St Kilda and Phillip Island (Fig. 4).
Dunlop et al. (2013) also found higher Hg feather concentrations in
the captive group (mean 2.61 mg/kg) compared to samples
collected from Mistaken Island, Western Australia (mean 1.32 mg/
kg, Table 2), an area historically contaminated with Hg (Francesconi
et al., 1997). Dunlop et al. (2013) suggested that Se rich food, evi-
denced as high Se concentrations in the feathers at that colony,
might help decrease Hg bioaccumulation. Conversely, the low Se
fish fed to the captive group might have led to their dispropor-
tionally high Hg feather concentrations (Dunlop et al., 2013). Both
blood and feather Se concentrations of St Kilda penguins were
relatively low, indicating low dietary intake. Therefore, any long-
term high Hg food intake by this urban colony could result in
exacerbated deleterious effects.

4.3. Suitability of the Little Penguin as a bioindicator for local trace
element contamination

Penguins, in comparison with other high trophic indicators
(other seabirds, cetaceans, sharks), have the distinction of being
fairly easily and reliably sampled and their foraging areas are
relatively small, meaning, their body burdens indicate local pollu-
tion. Analysis of moderate sample numbers showed pronounced
spatial differences in both tissue types (Fig. 6). Non-essential trace
element concentrations in blood, in particular, provided strong
evidence of a pollution gradient with increased concentrations
observed in the metropolitan St Kilda colony. Our findings corre-
spond well with previous data on elevated trace element concen-
trations in seawater, sediment and vertebrates in Port Phillip Bay
(Fabris, 1995; Harris et al., 1996; Fabris et al., 1999). With only
limited data available on trace element concentrations in biota of
Bass Strait, this study furthers our understanding of background
levels at a relatively uncontaminated site, such as Notch Island.
While Phillip Island penguins exhibited larger body burdens of
non-essential trace elements than penguins at Notch Island, they
differed significantly from those at St Kilda and might provide a
rare opportunity to investigate demographic or behavioural effects
of contamination. Demographic effects of chronic exposure to
contaminants in seabirds can be measured by population growth
rates, survival rates and long-term breeding performance (Tartu
et al., 2013; Fort et al., 2014; Goutte et al., 2014a, 2014b). While
the St Kilda and Phillip Island colonies are regularly surveyed and
many penguins have passive induction transponders (Dann et al.,
2014), therefore enabling mark-recapture data collection, the dif-
ferences in nesting (rock crevasses at St Kilda, burrows at Phillip
Island) confound a direct comparison of these measures. Never-
theless, further coordinated research at both colonies, coupled with
continued feather and/or blood collectionmight uncover indicators
that can be connected to the difference in contaminant exposure of
this high trophic feeder.

4.4. Utility of blood and feathers as sampling matrix

Both blood and feathers of Little Penguins provided suitable
matrices to investigate spatial differences of contamination with
moderate sample sizes (Fig. 6). Moulted feather collection is non-
invasive and inexpensive, but can suffer from increased bias due
to external contamination (Jaspers et al., 2004). Little Penguins
moult on land over a relatively brief period (Reilly and Cullen,
1983), providing a reliable, time window to collect feathers.
While Hg, Se, and to some degree Pb, are adequately reflected in
feathers, some trace elements that are of biological and ecological
interest in environmental monitoring are not, or are heavily biased
by exogenous contamination. The collection of blood samples is
more invasive and has more specific skill, storage and trans-
portation requirements. However, the analysis of blood allows for
finer scale temporal investigations than feathers, and metals in
blood are often a better representation of the biologically relevant
contaminant load (Carvalho et al., 2013).

5. Conclusions

This study reports on trace element concentrations in the blood
and feathers of Little Penguins at three locations with varying de-
grees of anthropogenic contamination. The results provide the first
data onmetal andmetalloid concentrations in blood of any penguin
species and indicate a strong link between non-essential trace
element concentrations in the blood of Little Penguins and the level
of industrialisation of their foraging zone. While feathers provided
a less precise indicator of penguin body burden for most metals and
metalloids, they provide a simplified, non-invasive means of
monitoring pollution levels if collected over extended time periods.
We advocate that the Little Penguin be utilised as a suitable proxy
of coastal ecosystem health and, in light of the pollution patterns
detected during this study, recommend more detailed coordinated
monitoring of the St Kilda and Phillip Island populations. The
design of this study did not include any measures to determine the
effect of increased toxicant load, and therefore, an assessment of
any potential health impacts on Little Penguins was not made.
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However, there is to date no evidence of any colony-level delete-
rious effects of the increased contaminant load at St Kilda when
compared to Phillip Island, with relatively secure population status
and breeding success being reported for both colonies (Z. Hogg,
unpublished data; Sutherland and Dann, 2014).
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