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ABsTRACT:  Humboldt Penguin (Spheniscus humboldti) population declines are attributable to several
multifaceted anthropogenic impacts. At present, the exposure of Humboldt Penguins to high
concentrations of heavy metals in the marine environment is a preeminent concern, due to mining
along the Peruvian coast near key rookery sites. Metal and selenium concentrations were determined
in eggs collected from September 2020 to April 2021 from a managed-care penguin population at the
Brookfield Zoo to establish reference values for health indices conducted on wild populations.
Concentrations of 16 elements, with emphasis on those found in mine efflux—arsenic, cadmium,
copper, lead, mercury, selenium, and zinc—were assessed via inductively coupled plasma mass
spectrometry in yolk, albumen, and eggshell. Data analyses indicate a clear delineation between egg
constituents, with lipid-rich yolk displaying notably higher concentrations (pg/g) of arsenic (0.20 *
0.064), chromium (0.086 * 0.03), cobalt (0.01 = 0.003), iron (238.65 *= 54.72), lead (0.32 = 0.97),
manganese (2.71 = 0.66), molybdenum (0.57 = 0.14), tin (3.29 = 0.99), and zinc (64.03 = 13.01)
than other components (albumen and eggshell). These data confirm that heavy metals are partitioned
differently across Humboldt Penguin egg components, which provides insight into the potential
connection between embryonic nutrient source contamination and subsequent chick viability.
Key words:  Albumen, eggshell, heavy metals, Humboldt Penguin, yolk.

INTRODUCTION mining operations have long threatened the

species with habitat degradation and direct
anthropogenic disturbance, including mass
culls organized to remove the “nuisance” birds
(Zavalaga and Paredes 1997; Paredes et al.
2002, 2003), recent mining expansions near

Seabirds play an integral role in the establish-
ment and preservation of stable marine ecosys-
tems through their extensive trophic diversity
and global ubiquity (Colabuono et al. 2016).

However, their populations are often destabilized
by anthropogenic activities. The Humboldt Pen-
guin (Spheniscus humboldti) has been recognized
for nearly 2 decades as a species vulnerable to
extinction, largely because of human activity
(BirdLife International 2020). Population declines
throughout the species’ range of Peru and Chile
are attributed to guano harvesting (Duffy 1983;
Paredes and Zavalaga 2001), resource competi-
tion from commercial fisheries (Thiel et al. 2007),
trophic restructuring following spatiotemporally
cyclical E]l Nifio Southern Oscillation events
(Taylor et al. 2008), and industrial mining
(Zavalaga and Paredes 1997). Although coastal

the species’ largest Peruvian rookery, Punta
San Juan Reserve (PSJ, 15°22'S, 75°11'W), have
made heavy metal exposure a significant concern
(Adkesson et al. 2019).

Peru is the world’s second largest producer
of copper (Cu), zinc (Zn), and silver (Ag); it is
also South America’s leading contributor of
gold (Au) and lead (Pb), third largest source of
tin (Sn), and fourth largest source of molybde-
num (Mo; Ministerio de Energia y Minas 2020).
The country’s largest open-pit iron (Fe) ore
mine, producing 4 million tons annually, is
within 20 km of PS], and an expanding copper
mine is within 6 km (Adkesson et al. 2018).
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Contaminants from local mines may reach the
PSJ rookery directly via runoff from waste
retention ponds where flocculated debris is
consolidated before removal and disposal.
Additionally, the northward flow of the Hum-
boldt Current in the Pacific Ocean off the coast
of South America may facilitate transport of
contaminant runoff from Tacna, a mining com-
munity in southern Peru that manages the world’s
fifth largest copper mine, as well as copper tailings
from dumping sites along Chile’s northern coast
(Castilla and Correa 1997).

Many metals, such as Cu, Fe, selenium (Se),
and Zn, are essential micronutrients required to
facilitate many physiologic processes; however,
excess amounts, particularly of acutely toxic
heavy metals, can lead to deleterious effects
(Richards 1997). Heavy metals are a group of
high-atomic-mass metals and metalloids that
are toxic at low concentrations (Fergusson 1990),
and previous research on Humboldt Penguins
at PS] confirmed heavy metal exposure in this
protected population (Adkesson et al. 2019).
Although heavy metal toxicity is dependent on
dose, chemical form (e.g., organic vs. inorganic
metal compounds), route of exposure, and phys-
iologic parameters (e.g., sex, age, body condi-
tion, immune status), chronic exposure can
cause severe physiologic detriment, including
endocrine dysfunction, neurologic disruption,
and immunohematologic complications (Scheu-
hammer 1987). Lipophilic metals, such as Cu,
manganese (Mn), and Zn (Tjilve and Gottofrey
1991), exhibit distribution partiality once ingested
and absorbed by the body, resulting in a dispro-
portionate accumulation of contaminants in adi-
pose-rich tissues, such as the brain. Metals
also tend to accumulate in organs responsible
for toxin elimination, such as the liver and
kidneys (Das et al. 2003). Avian-specific
effects of heavy metal exposure and bioaccu-
mulation include decreased egg production,
behavioral abnormalities (Fry 1995), and ter-
atogenesis (Scheuhammer 1987).

Mechanisms of heavy metal elimination in
birds include excretion (e.g., via feces), feather
deposition, and egg offloading (Burger 1994;
Ackerman et al. 2016, 2017, 2019). Although
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maternal offloading is well established as a
physiologic pathway for toxin elimination in
fowl (Holeman and Stibilj 1997; Grace and
MacFarlane 2016; Kabeer et al. 2021), pas-
serines (Mora 2003), and shorebirds (Bur-
ger 2002; Burger and Gochfeld 2004), heavy
metal research on penguin egg components
is scarce and, when present, almost entirely
comprises data from Antarctic species (Metcheva
et al. 2006, 2011; Smichowski et al. 2006; Jerez
et al. 2011, 2013a, b; Celis et al. 2014). We aimed
to quantify concentrations of heavy metals in the
egg components (shell, yolk and white) of Hum-
boldt Penguins, a South American species, using
eggs from a managed-care population at the
Brookfield Zoo, Chicago, Illinois, USA.

MATERIALS AND METHODS

Sample collection

Whole eggs were collected from nine breeding
pairs of Humboldt Penguins under managed care at
the Brookfield Zoo, Chicago, Illinois, USA, from Sep-
tember 2020 to April 2021. Eggs were refrigerated in
plastic specimen containers (4 C) until shipment to
Nova Southeastern University (Fort Lauderdale,
Florida, USA) for analysis. Analyzed samples included
eggshell (n=18), yolk (n=14), and albumen (n=14).
Internal components for four eggs were omitted from
analyses because of structural degradation.

Sample preparation and analysis

Whole eggs were rinsed with ultrapure deionized
water (18.2 megohms) from a Barnstead water (Lake
Balboa, California, USA) purification system, and
gently scrubbed with a nylon cleaning brush. Eggs
were then cracked along the equatorial axis and sepa-
rated into eggshell, albumen, and yolk. Individual
egg components were placed in acid-washed glass
beakers and dried for a minimum of 24 h in an iso-
temp vacuum oven (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA) at 100 C, with pressure
reduced below 1072 torr using a vacuum pump
(14008-01 model Welch 1400 DuoSeal, Welch, Mt.
Prospect, Lllinois, USA). Approximately 0.2 g (dry
mass) of each sample was placed in a microwave
acid digestion vessel (Parr Instrument Company,
Moline, Illinois, USA) with 4 mL of 30% hydrogen
peroxide (Sigma-Aldrich, St. Louis, Missouri, USA)
and 1 mL of concentrated trace-metal-grade nitric
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acid (Sigma-Aldrich). The vessel was heated in a con-
ventional microwave oven at 400 W for 35 s to
achieve internal device pressure up to 1200 psi and
reactant temperatures up to 250 C, ensuring total
sample digestion, then cooled and depressurized for
45 min.

Digested samples were shipped to the Univer-
sity of Southern Mississippi Center for Trace
Analysis (Hattiesburg, Mississippi, USA) for anal-
ysis of 16 elements (15 metals plus selenium) via
inductively coupled plasma-mass spectrometry
(ICP-MS): aluminum (Al), arsenic (As), cadmium
(Cd), chromium (Cr), cobalt (Co), copper (Cu),
iron (Fe), lead (Pb), manganese (Mn), mercury
(Hg), molybdenum (Mo), nickel (Ni), selenium
(Se), tin (Sn), vanadium (V), and zinc (Zn). Before
analysis, digested samples were diluted fivefold in
0.64 M ultrapure nitric acid containing 2 ppb
indium as an internal standard and held in acid-
washed Teflon autosampler vials (Thermo Fisher).
Mass spectrometer scans were performed at low
(Cd-111, Hg-199, 200, 201, 202, Pb-208), medium
(Al-27, V-51, Cr-52, Mn-55, Fe-56, Co-59, Ni-60,
Cu-63, Zn-66), and high (As-75, Se-77,82) resolution,
depending on the isotope. To correct for molybde-
num oxide interference on Cd, Mo0-98 was moni-
tored. External standards were used with a high
standard and a blank rerun every eight samples. Two
US Geological Survey reference water concentra-
tions were also assessed as part of each analytical run
to verify standardization. In several cases, sample cal-
ibration was also verified by standard additions.
Blanks of ultrapure deionized water and trace metal
basis nitric acid (3%, 4%, 5%) were used for quality
control purposes. The ICP-MS detection limits of
each element are provided in Supplementary Mate-
rials Table S1. No certified reference materials were
used because none are available for heavy metal con-
centrations in egg components.

Statistical analyses were performed using Excel
(version 16.60; Microsoft Corporation, Redmond,
Washington, USA) and R statistical software (R
4.2.0 GUI 1.78 High Sierra build [8075]; R Core
Team 2022). Geometric mean was used rather
than arithmetic mean, to mitigate the impact of
data outliers. A Shapiro-Wilk test was used to
determine if the data were normally distributed,
and a Bartlett’s test was used to determine homo-
geneity of variances. Nonparametric analyses were
used because of variable data distributions and lack
of homogeneity. Kruskal-Wallis and post-hoc  tests
were performed to determine if metal concentrations
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varied among egg components. Potential correlations
in heavy metal concentrations within egg components
were assessed via Kendall’s tau correlation (for
n<30) and plotted as correlation matrices (Supple-
mentary Materials Figs. S1-S3). Values below the
detection limit (DL) were proxied as one-half of
the DL. Statistical significance was identified when
P<0.05. Selenium binds to organic Hg at a molar
ratio of 1:1; therefore the molar ratio was calcu-
lated for each sample using

[Se]/78.96 g/mol

Molar Ratio = [Hg]/200.59 g/mol’

where 78.96 g/mol and 200.59 g/mol represent
the atomic masses of Se and Hg, respectively.

RESULTS

Summary statistics for egg component element
data are presented by sample type (eggshell,
albumen, and yolk) in Supplementary Materials
Tables S2-S4. All 15 metals and Se were
detected in yolk (n=14). Albumen (n=14) and
eggshell (n=18) contained detectable levels of
13 of the 16 elements: Al, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, Se, Sn, V, and Zn. Arsenic, Hg, and
Mo were below the detection limit in eggshells,
and Mo could not be detected in albumen. Ele-
ment distributions for each sample type (yolk,
albumen, eggshell) are displayed in Fig. 1.

Molar Se:Hg ratios exceeded 1:1 for all yolk
and albumen samples (Supplementary Mate-
rials Table S5). Mercury was not detected in
eggshell, precluding molar Se:Hg ratio calcu-
lation for this component.

Yolk exhibited the highest geometric mean
concentrations (pg/g) for As (0.20 = 0.064),
Co (0.01 = 0.003), Cr (0.086 = 0.03), Fe
(238.65 + 54.72), Mn (2.71 *+ 0.66), Mo (0.57 +
0.14), Pb (0.32 = 0.97), Sn (3.29 = 0.99), and
Zn (64.03 *= 13.01; Table 1). Albumen had the
highest concentrations of Al (4.19 = 2.52), Cd
(0.0009 = 0.001), Cu (4.02 = 1.22), Hg (0.62 =
0.22), Se (1.52 = 0.45), and V (0.0015 = 0.03;
Table 1). Eggshell had the highest concentration
of Ni (0.31 = 1.29; Table 1).

Statistically significant differences between
eggshell and yolk occurred for all metals except
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Geometric mean concentrations (pg/g) for aluminum (Al), arsenic (As), cadmium (Cd), chro-

mium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), mercury (Hg), molybdenum (Mo),
nickel (Ni), selenium (Se), tin (Sn), vanadium (V), and zinc (Zn) across egg component types for eggs from
Humboldt Penguins (Spheniscus humboldti). Concentration data outliers are represented as circles above the

maximum value.

Al, Cd, and Pb. Eggshell and albumen statistical
differences were found for all metals except Al,
As, Fe, Mo, and Zn. Arsenic, Co, Fe, Hg, Mn,
Mo, and Zn concentrations differed significantly
between yolk and albumen (Table 2). Aluminum
was the only metal to show no variation among
egg components.

Correlation matrices (Supplementary Materials
Figs. S1-S3) represent associations between
heavy metals within egg components. In
yolk, highly positive (r > 0.7) correlations
were observed between Se and Sn, Se and
Mn, Hg and Ni, Cr and Ni, Cd and Ni, Fe
and Zn, and Cu and Zn; highly negative cor-
relations (r > —0.7) were observed between
Sn and Mo, Ni and Mo, Mo and Hg, and Cr
and Mo. Albumen had highly positive correla-
tions between Zn and Mn, Zn and Fe, Sn and
Cr, Mn and Fe, Pb and Co, Ni and Co, and Pb

and Cd; highly negative correlations were not
observed. Eggshell produced highly positive
correlations between Se and Ni, V and Mn, Zn
and Fe, Ni and Cd, and Pb and Al; highly nega-

tive correlations were not observed.

DISCUSSION

It is well established that wild penguins may
act as reliable bioindicators of inorganic envi-
ronmental pollution (Celis et al. 2014; Finger
et al. 2015; Adkesson et al. 2018, 2019), but
contaminant data are scarce from penguins in
managed care. We therefore draw comparisons
between our data and heavy metal concentra-
tions reported for eggs and tissues from other
bird species. The value of intertissue and inter-
species heavy metal concentration comparisons
in seabirds has been given by Ackerman et al.
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TaBLE 1. Summary of geometric mean and standard deviation for metal and selenium concentrations (pg/g)
determined through inductively coupled plasma-mass spectrometry analysis of egg components of Humboldt
Penguins (Spheniscus humboldti) from a managed-care population at the Brookfield Zoo, Chicago, Illinois,

USA. The highest concentration for each element is denoted with boldface text.

Sample type

Element® Eggshell Albumen Yolk

Al 3.61 £ 1.79 4.19 = 2.52 3.86 = 0.94
As NDP 0.0164 = 0.0328 0.195 = 0.064
Cd 0.0007 = 0.002 0.0009 = 0.001 0.0006 = 0.0007
o) 0.0024 = 0.0023 0.0038 = 0.0031 0.0097 = 0.003
Cr 0.035 = 0.015 0.063 = 0.018 0.0864 = 0.031
Cu 1.32 £ 0.33 4.02 = 1.22 3.77 = 0.52
Fe 4.04 + 9.23 10.4 = 16.03 239 = 54.7
Hg ND 0.618 = 0.217 0.079 = 0.061
Mn 0.498 = 0.22 0.171 = 0.219 2.71 = 0.66
Mo ND ND 0.575 = 0.144
Ni 0.314 = 1.29 0.269 = 0.688 0.0908 = 0.058
Pb 0.0154 = 0.008 0.0541 = 0.071 0.322 = 0.972
Se 0.304 £ 0.083 1.52 + 0.45 1.37 = 0.18
Sn 0.798 = 0.085 2.78 = 1.29 3.29 = 0.99
A% 0.0003 = 0.0005 0.0015 *+ 0.002 0.0021 = 0.0025
7n 3.00 = 1.96 3.99 = 4.59 64.0 = 13.0

* Aluminum (Al), arsenic (As), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), mercury
(Hg), molybdenum (Mo), nickel (Ni), selenium (Se), tin (Sn), vanadium (V), and zinc (Zn).

YND = not detected.

(2016). Across three seabird species, Forster’s
Terns (Sterna forsteri), Black-necked Stilts
(Himantopus mexicanus), and American Avo-
cets (Recurvisrostra americana), metal content
in eggs was highly correlated with concentra-
tions in maternal blood, kidney, muscle, liver,
and head feathers. Although such relationships
have yet to be quantified for Humboldt Pen-
guins, Ackerman et al. (2016) validate the rele-
vance of drawing comparisons between eggs
and tissues from adult birds across taxa.
Selenium is not a metal, but selenium con-
centrations were measured because Hg exhibits
a high binding affinity for Se and acts to inhibit
Se-dependent enzymes vital to metabolic path-
ways in the brain and neuroendocrine system
(Ralston and Raymond 2010). As such, ratios
exceeding 1:1 may indicate a protective effect of
Se against Hg toxicity (Berry and Ralston 2008).
Alternatively, a molar ratio <1 would be indica-
tive of all available Se being bound to Hg, poten-
tally resulting in oxidative stress risk if any
unbound Hg existed (Caceres-Saez et al. 2013).

However, increased Se tissue concentrations (i.e.,
Se:Hg >1) preserves Se-dependent enzyme
activity, subsequently mitigating Hg toxicity
(Berry and Ralston 2008; Ralston et al. 2008;
Ralston and Raymond 2010). As molar Se:Hg
ratios exceeded 1:1 for all yolk and albumen
samples, indicating that Hg present in these egg
components was fully bound to Se, it is posited
that the potential for oxidative stress due to
mercury exposure during chick embryogenesis
is reduced for Humboldt Penguins in our man-
aged-care population.

Yolk

Of all egg components, yolk exhibited the
highest concentrations for 10/16 elements;
Mo was detected only in yolk and not in albu-
men or eggshell. The range of elements con-
centrated in yolk can be largely explained by
the metabolomics of avian vitellogenesis. Lipid is
the largest yolk constituent by dry mass (Nys and
Guyot 2011). Certain metals, such as Mn and
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Kruskal-Wallis test outputs for aluminum (Al), arsenic (As), cadmium (Cd), chromium (Cr), cobalt

(Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), sele-
nium (Se), tin (Sn), vanadium (V), and zinc (Zn) concentrations (lg/g) in egg components of Humboldt Pen-
guins (Spheniscus humboldti) from a managed-care population at the Brookfield Zoo, Chicago, llinois, USA.
For comparisons where a significant difference in element content was found, the sample with higher concen-
tration is denoted with boldface text.

Element" Sample comparison H value P value Significant difference?
Al Eggshell 4 albumen 0.577 0.4474 No
Eggshell 4 yolk 1.48 0.2242 No
Yolk + albumen 0.475 0.4907 No
As Eggshell 4 albumen 1.05 0.3051 No
Eggshell + yolk 22.9 <0.0001 Yes
Yolk + albumen 20.3 <0.0001 Yes
Cd Eggshell 4+ albumen 7.48 0.0062 Yes
Eggshell 4 yolk 3.54 0.0601 No
Yolk + albumen 0.762 0.3827 No
Co Eggshell + albumen 3.9 0.0482 Yes
Eggshell 4 yolk 20.1 <0.0001 Yes
Yolk + albumen 14.5 0.0001 Yes
Cr Eggshell 4+ albumen 15.9 0.0007 Yes
Eggshell 4 yolk 20.1 <0.0001 Yes
Yolk + albumen 3.72 0.0536 No
Cu Eggshell + albumen 22.2 <0.0001 Yes
Eggshell 4 yolk 22.9 <0.0001 Yes
Yolk 4+ albumen 0.931 0.3346 No
Fe Eggshell 4 albumen 2.55 0.1106 No
Eggshell 4 yolk 229 <0.0001 Yes
Yolk + albumen 20.3 <0.0001 Yes
Pb Eggshell 4+ albumen 6.67 0.0098 Yes
Eggshell 4 yolk 1.67 0.1965 No
Yolk + albumen 0.357 0.5503 No
Mn Eggshell + albumen 13 0.0003 Yes
Eggshell 4 yolk 229 <0.0001 Yes
Yolk + albumen 20.3 <0.0001 Yes
Hg Eggshell + albumen 22.9 <0.0001 Yes
Eggshell 4 yolk 22.9 <0.0001 Yes
Yolk + albumen 20.3 <0.0001 Yes
Mo Eggshell 4 albumen 0.468 0.4941 No
Eggshell + yolk 22,9 <0.0001 Yes
Yolk + albumen 20.3 <0.0001 Yes
Ni Eggshell + albumen 17.1 <0.0001 Yes
Eggshell + yolk 17.1 <0.0001 Yes
Yolk + albumen 0.076 0.7828 No
Se Eggshell 4+ albumen 22.9 <0.0001 Yes
Eggshell 4 yolk 22.9 <0.0001 Yes
Yolk + albumen 2.03 0.1543 No
Sn Eggshell 4+ albumen 16.8 <0.0001 Yes
Eggshell + yolk 22.9 <0.0001 Yes
Yolk + albumen 1.54 0.2140 No
\Y Eggshell 4+ albumen 9.01 0.0025 Yes
Eggshell 4 yolk 12.8 0.0004 Yes
Yolk + albumen 1.43 0.2322 No
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TasLE 2.  Continued.

Element" Sample comparison H value P value Significant difference?
Zn Eggshell 4 albumen 0.175 0.6761 No

Eggshell + yolk 22.9 <0.0001 Yes

Yolk + albumen 20.3 <0.0001 Yes

* Aluminum (Al), arsenic (As), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), mercury
(Hg), molybdenum (Mo), nickel (Ni), selenium (Se), tin (Sn), vanadium (V), and zinc (Zn).

Zn, are able to form lipophilic metal complexes
that promote absorption and tissue penetration,
increasing contaminant retention in yolk (Tjilve
and Gottofrey 1991). These metals also tend to
accumulate in organs responsible for toxin elimi-
nation, such as the liver (Das et al. 2003). The
lipids vitellogenins and yolk-targeted very-low-
density lipoproteins (VLDLy) are synthesized in
the liver, secreted into the circulatory system,
and taken up within the ovary’s follicles for gen-
eration of yolk, the nutrient source for the devel-
oping embryo (Walzem 1996; Vezina et al.
2003). Once transported to the oocyte, vitelloge-
nin is catabolized to phosvitin and lipovitellin,
the predominant proteins found in yolk (Herm-
ier et al. 1989; Speake et al 1998). Phosvitin
exhibits a high capacity to bind essential metals
(e.g., Ca and Fe), hence their enrichment in yolk
(Strixner and Kulozik 2011).

During yolk development, ~17 d in Humboldt
Penguins (Ancel et al. 2013), hepatic lipid pro-
duction increases as lipoprotein synthesis shifts to
generate the smaller, lipid-rich VLDLy mole-
cules required to support an embryo. As plasma
vitellogenin concentrations increase, a corre-
sponding rise in trace mineral concentrations
occurs due to vitellogenin-metal binding (Hill
1974; Panic et al. 1974; Richards 1989).
Increases in VLDLy and vitellogenin pro-
duction by the liver necessitate a corresponding
increase in hepatocyte metabolism (Vezina et al.
2003). Richards (1997) attributes yolk heavy
metal content almost entirely to vitellogenesis-
driven increases in hepatic metabolism, which
in turn facilitate maternal transfer of con-
taminants to the developing egg via the cir-
culatory system.

The trends in yolk metal accumulation that
we found have been seen in other birds, as

vitellogenesis mechanisms are conserved across
avian species. Duck eggs from commercial
farms in Thailand had yolk concentrations of
Fe, Mn, and Zn an order of magnitude greater
than those in albumen (Aendo et al. 2018), a
trend reflected in our Humboldt Penguin eggs
(Table 3). Humboldt Penguin yolk Cu, Hg, and
Pb concentrations (Table 1) exceeded wet weight
concentrations in Taiwanese duck eggs (Jeng
and Yang 1994) by an order of magnitude of 19.
However, concentrations in commercial chicken
eggs (Demirulus 2013; Sarkar et al. 2018), were
consistently higher than those we observed in
Humboldt Penguin eggs; this might be attribut-
able to herbicide or pesticide contamination of
feed residues (Sarker et al. 2017; Table 3). Yolk
Pb concentrations (0.322 ng/g; Table 1) in our
study were similar to those found in the homoge-
nized internal egg components of Great Cormo-
rants (Phalacrocorax carbo) in Greece (Goutner
et al. 2001). Although values for yolk of Pied
Avocets (Recurvirostra avosetta), Yellow-legged
Gulls (Larus cachinnans michahellis), and Medi-
terranean Gulls (Larus melanocephalus) from
the Evros and Axios deltas in Greece were an
order of magnitude greater than those penguin
yolk, these birds also occupy habitats with con-
siderable pollutant input from freshwater dis-
charge generated by local agricultural complexes
and commercial aquaculture ponds (Goutner
et al. 2001). Compared to homogenized egg con-
tents collected from Yellow-breasted Chats (Icte-
ria virens) and Willow Flycatchers (Empidonax
traillii) from Arizona, USA (Mora 2003), Hum-
boldt Penguin yolk values exceeded wet weight
concentrations of Cu, Mn, and Zn but were
lower in Se (Table 3). This may be attributable
to the managed-care Humboldt Penguins occu-

pying a higher trophic niche than either
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shorebird species, with contaminant biomagnifi-
cation subsequently resulting in greater metal
accumulation in the penguins” egg components.

Mean As (0.20 pg/g), Mn (2.71 pg/g), Pb
(0.322 pg/g), and Zn (64.03 pg/g; Table 1)
concentrations in Humboldt Penguin yolk fell
within the range of mean concentrations
reported for feathers from the Antarctic pen-
guins Adelie Penguins (Pygoscelis adeliae; Dos
Santos et al. 2006), Chinstrap Penguins (Pygo-
scelis antarctica; Jerez et al. 2013b), and Gentoo
Penguins (Pygoscelis papua; Metcheva et al.
2006; Jerez et al. 2011, 2013a;). Although As,
Mn, and Zn concentrations in kidney, liver, and
muscle of these species exceed managed-care
Humboldt Penguin yolk concentrations by up
to an order of magnitude (Metcheva et al. 2010;
Jerez et al. 2013a, b), the same tissues are signif-
icantly lower than yolk for Pb. Yolk Pb values
were also similar to those in feathers of Magel-
lanic Penguins (Spheniscus magellanicus) from
the coast of southern Brazil (Kehrig et al. 2015),
and yolk As and Zn concentrations were similar
to those in feathers of Little Penguins (Eudyp-
tula minor) from three island rookeries near
Melbourne, Australia (Finger et al. 2015).

Yolk was an order of magnitude higher in
Hg and two orders of magnitude higher in Zn
than serum from wild Humboldt Penguins
at PS] but comparable in Al concentrations.
Wild Humboldt Penguin feathers at PS] had
significantly higher concentrations of Al, As,
Cu, Fe, Hg, and Mn than yolk from the eggs
that we tested (Adkesson 2019). Humboldt
Penguin excreta from three Chilean rooker-
ies had mean As and Pb concentrations 40
times greater and mean Zn eight times
higher (Celis et al. 2014) than in the yolks
we tested (Table 4). Heightened metal con-
centrations in wild birds are to be expected
because of the prevalence of mines and gen-
eralized anthropogenic activity throughout
coastal Peru and Chile (Adkesson 2019).

Data for other heavy metals that we found
to be highly concentrated in the yolk (Co
[0.01 pg/g], Cr [0.086 pg/e], Mo [0.57 pg/g),
and Sn [3.29 ng/g]; Table 1) are not well estab-
lished in the literature for penguins.

Albumen

We found the highest concentrations of Al,
Cd, Cu, Hg, and Se in albumen, a lipid-free
fluid comprising primarily water and proteins,
as well as vitamins and minerals required for
embryonic development (Strixner and Kulo-
zik 2011). Unlike yolk constituents, which are
derived from components synthesized remotely
(ie., in the liver), albumen proteins are synthe-
sized and secreted locally by the magnum of the
oviduct (Nys and Guyot 2011). Ovalbumin and
ovotransferrin, the two principal albumen pro-
teins, form metal complexes that offer protec-
tion from bacterial infections (Schiavone and
Barroeta 2011). Ovalbumin binds both Se and
Hg (Magat and Sell 1979; Latshaw and Biggert
1981), as well as Cu, Mn, and Zn (Goux and
Venkatasubramanian 1986). Ovotransferrin is
principally responsible for Fe binding (Schiavone
and Barroeta 2011), but Al, Cd, Cr, Co, Cu, Mn,
and Zn bind in vitro (Burley and Vadehra 1989).
The highly positive correlation between Mn and
Fe in Humboldt Penguin albumen may result
from Mn interacting with Fe cofactors on
enzymes and impinging on transferrin receptor
expression, limiting Fe endocytosis into red
blood cell precursors, hepatocytes, and endo-
thelial cells (Gupta et al. 2007).

Mercury levels in birds are well established
due to the toxicity associated with its bioaccu-
mulation and biomagnification. Humboldt
Penguin mean Hg concentrations in albumen
(0.62 pg/g; Table 1) were five times higher
than levels found in wild Gentoo Penguin
albumen (Brasso et al. 2012). This likely results
from managed-care birds receiving higher tro-
phic prey items than those foraged in the wild,
because Hg levels in albumen from eggs laid by
managed-care Gentoo Penguins are higher than
albumen from wild birds (Brasso et al. 2012).

Notably, Hg in Humboldt Penguin albumen
(0.62 ng/g; Table 1) far exceeded values in wild
Magellanic Penguin feathers (0.033 pg/g; Frias
et al. 2012) despite the species’ nearly identical
trophic dynamics and ecological niche (Simeone
et al. 2009). Additionally, Humboldt Penguin

albumen is comparable to values found in
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Adelie (Carravieri et al. 2016) and Gentoo Pen-
guin feathers (Dos Santos et al. 2006; Table 4).

Concentrations of Cu (4.02 pg/g), Hg (0.618
ng/g), and Pb (0.0541 pg/g) in Humboldt Pen-
guin albumen were greater than those found in
Thai (3.38 pg/g for Cu, 2.21 png/g for Pb; Aendo
et al. 2018), and Taiwanese duck eggs (0.00136
ng/g, 0.0178 pg/g, and 0.0146 ng/g, respectively;
Jeng and Yang 1994). Additionally, penguin
albumen had higher Cd levels than yolk, a trend
also observed in ducks (Aendo et al. 2018) that
is likely attributable to ovotransferrin binding
(Burley and Vadehra 1989). However, much
like for yolk, heavy metal concentrations in
commercial chicken egg albumen have been
found to be significantly greater than those in
Humboldt Penguin egg albumen (Demirulus
2013; Sarkar et al 2018; Table 3).

The mean albumen Al (4.19 pg/g) that we
found resembled concentrations in the kid-
neys and livers of Adelie, Chinstrap, and Gen-
too Penguins (Jerez et al. 2013a), while mean
Cd levels (0.0009 pg/g) were lower than values in
these penguins across tissue types (Jerez et al.
2013a; Table 4). While mean Al concentrations in
feathers from Humboldt Penguin at PS] far
exceeded mean egg albumen levels in the man-
aged-care population, serum Al levels in the wild
birds were approximately half that seen in albu-
men (Adkesson et al. 2019). Albumen also con-
tained up to two orders of magnitude higher Hg
and Zn than serum collected from wild Hum-
boldt Penguins at PS]. Concentrations of Se (1.52
ng/g) were highest in albumen; however, much
like Co, Cr, Mo, Sn, and V in yolk, Se concentra-
tions are not reported for penguins (Table 4).

Eggshell

Eggshell had the lowest concentration of all
analyzed metals except Ni (0.31 pg/g). This
was unexpected, as certain divalent metals,
specifically Cd and Pb, mimic and replace Ca
during shell biomineralization (Strixner and
Kulozik 2011). The replacement of calcium
by its mimics results in the inhibition of Ca
precipitation in calcified tissues (Wada et al.
1995; Bridges and Zalups 2005), resulting in
metal increases in eggshells (O’Flaherty 1991;
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3.99
64

0.0541

0.322

0.171
2.71

4.02 0.618

0.0009
0.0006

0.0164
0.195

4.19

Albumen
Yolk

0.079

I~

-

3.

3.86

* Aluminum (Al), arsenic (As), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se), tin (Sn),

7n).

vanadium (V), and zinc (

Teodorova et al. 2003; Scheuhammer 1996).
Accordingly, Cd and Pb are expected to con-
centrate in the eggshell but were found in
greater concentrations in albumen and yolk.
Humboldt Penguin heavy metal concentra-
tions in eggshell were comparable to Gentoo
Penguin eggshells for Al, Cu, Mn and Zn;
Gentoo Penguin eggshell had higher metal
concentrations (Metcheva et al. 2011). Like-
wise, all analyzed metals were found in higher
concentrations in the feathers and serum of
wild penguins at PSJ than in our Humboldt
Penguin eggs (Adkesson et al. 2019; Table 4).
However, our Humboldt Penguin eggshells
were higher in As (3.61 pg/g) than eggshells
collected from Bridled Terns (Sterna anaethe-
tus; 0.397 pg/g) inhabiting the Pearl River
Delta manufacturing complex near Hong
Kong (Lam et al. 2005). Eggshells of Little
Egrets (Egretta garcetta) and Black-crowned
Night Herons (Nycticorax nycticorax) inhabit-
ing the same industrial complex had higher
quantities of Cd, Mn, and Pb, while Zn concen-
trations were within the same range (2.351 pg/g
to 9.636 pg/g) as our Humboldt Penguin egg-
shells (3.00 pg/g; Table 3). Managed-care birds
represent a population with a significantly
reduced risk of environmental contaminant expo-
sure, yet the penguins assessed in this study nev-
ertheless had accumulated metals in their
eggshells to an extent comparable to findings in
the wild birds assessed by Lam et al. (2005).
Thus, when considering Humboldt Penguin pop-
ulations inhabiting rookeries near coastal mines
in Peru and Chile, we conjecture that there is an
immense potential for significant contaminant
accumulation in wild penguin eggshells, because
of the introduction of metals and other environ-
mental contaminants from local ore generation.

Implications for wild Humboldt Penguins

A recent ecosystem health assessment of
Peruvian marine protected areas (MPAs),
Loaiza et al. (2022) designated Punta San
Juan, home to the largest Peruvian Humboldt
Penguin rookery, as having the highest inci-
dence of adverse biological effects and highest
metal concentrations for As, Cd, Cu, Ni, Pb,
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and Zn in sediment and seston (particles sus-
pended in water) out of all surveyed MPAs,
because of its proximity to mines. Heavy metal
exposure during embryonic development has
been heavily implicated in teratogenesis and
developmental deformities in birds (Gilani and
Alibhai 1990). Accordingly, the potential for
reductions in offspring viability due to heavy
metal contamination in eggs is a concern for spe-
cies exhibiting multidecadal population declines,
such as the Humboldt Penguins. Our findings
serve to substantiate the value of assessing eggs
when conducting assessments of environmental
contamination in these birds.

It is important to note that the penguins in
this study remained in a controlled environ-
ment (i.e., consistent diet and environment)
throughout oogenesis and egg laying. Variance in
habitat, diet, and environmental exposure risk
experienced by wild birds significantly influences
their assimilation of inorganic contaminants, and
this must be taken into consideration. Addition-
ally, most published studies assessing heavy
metal contamination in eggs have presented data
in terms of eggshell and homogenized internal
components (i.e., combined yolk and albumen),
limiting the extent to which some comparisons
could be made. In the future, quantification of
heavy metal concentrations in wild Humboldt
Penguin egg components should be pursued to
fully assess concerns regarding heavy metal expo-
sure and contamination to the chick embryo. By
determining the extent of heavy metal offloading
that occurs via egg production, linkages among
contaminants, embryo viability, and the likeli-
hood of post-hatch chick mortality may be estab-
lished. Such data would significantly inform
existing strategies for the management of wild
Humboldt Penguins, facilitating the conserva-
tion of this species.

ACKNOWLEDGMENTS

The authors thank the Chicago Zoological Society
veterinary and animal care staff at Brookfield Zoo for
their assistance with sample collection. Heavy metal
ICP-MS analyses were conducted by Alan M. Shiller
and Melissa Gilbert at the University of South-
ern Mississippi’s Center for Trace Analysis. Project

JOURNAL OF WILDLIFE DISEASES, VOL. 60, NO. 2, APRIL 2024

funding was provided by the Chicago Zoological
Society’s Chicago Board of Trade Endangered
Species Fund.

SUPPLEMENTARY MATERIAL

Supplementary material for this article is online
at httpr/dx.doi.org/10.7589/JWD-D-22-00176.

LITERATURE CITED

Ackerman |T, Eagles-Smith CA, Herzog MP, Hartman
CA. 2016. Maternal transfer of contaminants in birds:
Mercury and selenium concentrations in parents and
their eggs. Environ Pollut 210:145-154.

Ackerman JT, Hartman CA, Herzog MP. 2017. Maternal
transfer of mercury to songbird eggs. Environ Pollut
230:463-468.

Ackerman JT, Herzog MP, Evers DC, Cristol DA, Kenow
KP, Heinz GH, Lavoie RA, Brasso RL, Mallory ML,
et al. 2019. Synthesis of maternal transfer of mercury
in birds: Implications for altered toxicity risk. Environ
Sci Technol 54:2878-2891.

Adkesson MJ, Levengood JM, Scott JW, Schaeffer DJ,
Langan N, Cardenas-Alayza S, de la Puente S, Majluf
P, Yi S. 2018. Assessment of polychlorinated biphenyls,
organochlorine pesticides, and polybrominated diphe-
nyl ethers in the blood of Humboldt Penguins (Sphe-
niscus humboldti) from the Punta San Juan Marine
Protected Area, Peru. | Wildl Dis 54:304-314.

Adkesson M], Levengood JM, Scott JW, Schaeffer DJ,
Panno B, Langan JN, Cirdenas-Alayza S, James-Yi S.
2019. Analysis of toxic and essential elements in the
blood and feathers of Humboldt Penguins (Sphenis-
cus humboldti) at Punta San Juan, Peru. | Wildl Dis
55:438-443.

Aendo P, Netvichian R, Tippayalak S, Sanguankiat A,
Khuntamoon T, Songserm T, Tulayakul P. 2018.
Health risk contamination of heavy metals in yolk and
albumen of duck eggs collected in central and west-
ern Thailand. Biol Trace Elem Res 184:501-507.

Ancel A, Beaulieu M, Gilbert C. 2013. The different
breeding strategies of penguins: A review. C R Biol
336:1-12.

Barbosa A, De Mas E, Benzal |, Diaz ], Motas M, Jerez S,
Pertierra L, Benayas |, Justel A, et al. 2013. Pollution
and physiological variability in gentoo penguins at
two rookeries with different levels of human visita-
tion. Antarct Sci 25:329-338.

Berry MJ, Ralston NVC. 2008. Mercury toxicity and the
mitigating role of selenium. Ecohealth 5:456-459.
BirdLife International. 2020. Spheniscus humboldti.

The TUCN Red List of Threatened Species 2020:
€.T22697817A182714418. doi: https://dx.doi.org/10.2305/
TUCN.UK.2020-3.RLTS.T22697817A182714418.en.

Accessed November 2023.

Brasso RL, Abel S, Polito MJ. 2012. Pattern of mercury
allocation into egg components is independent of die-
tary exposure in Gentoo penguins. Arch Environ
Contam Toxicol 62:494-501.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 04 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use


http://dx.doi.org/10.7589/JWD-D-22-00176
https://dx.doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697817A182714418.en
https://dx.doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22697817A182714418.en

DANIELS-ABDULAHAD ETAL.—METALS IN HUMBOLDT PENGUIN EGGS

Bridges CC, Zalups RK. 2005. Molecular and ionic mim-
icry and the transport of toxic metals. Toxicol Appl
Pharmacol 204:274-308.

Burger J. 1994. Heavy metals in avian eggshells: Another
excretion method. J Toxicol Environ Health 41:207-220.

Burger J. 2002. Food chain differences affect heavy met-
als in bird eggs in Barnegat Bay, New Jersey. Environ
Res 90:33-39.

Burger |, Gochfeld M. 2004. Marine birds as sentinels of
environmental pollution. EcoHealth 1:263-274.

Burley RW, Vadehra DV. 1989. The avian egg: Chemistry and
biology. John Wiley and Sons, New York, New York.

Ciceres-Saez I, Dellabianca NA, Goodall RNP, Cappozzo
HL, Guevara SR. 2013. Mercury and selenium in sub-
antarctic Commerson’s dolphins (Cephalorhynchus c.
commersonii). Biol Trace Elem Res 151:195-208.

Carravieri A, Bustamante P, Churlaud C, Cherel Y. 2013.
Penguins as bioindicators of mercury contamination in
the Southern Ocean: Birds from the Kerguelen Islands
as a case study. Sci Total Environ 454-455:141-148.

Carravieri A, Cherel Y, Jaeger A, Churlaud C, Bustamante
P. 2016. Penguins as bioindicators of mercury contami-
nation in the southern Indian Ocean: Geographical and
temporal tends. Environ Pollut 213:195-205.

Castilla J, Correa J. 1997. Copper tailing impacts in
coastal ecosystems of northern Chile: From species
to community responses. Copper. Report of an Inter-
national Meeting 20-21 June 1996, Brisbane, Austra-
lia, Moore M, Imray P, Dameron C, Callan P,
Langley A, Mangas S, editors. National Environmen-
tal Health Forum, Metal Series No. 3, Brisbane, Aus-
tralia, pp. 71-80.

Celis ], Espejo W, Gonzilez-Acufia D, Jara S, Barra R.
2014. Assessment of trace metals and porphyrins in
excreta of Humboldt Penguins (Spheniscus hum-
boldti) in different locations of the northern coast of
Chile. Environ Monit Assess 186:1815-1824.

Colabuono FI, Vander Pol SS, Huncik KM, Taniguchi S,
Petry MV, Kucklick JR, Montone RC. 2016. Persis-
tent organic pollutants in blood samples of Southern
Giant Petrels (Macronectes giganteus) from the South
Shetland Islands, Antarctica. Environ Poll 216:38—45.

Das K, Debacker V, Pillet S, Bouquegneau J. 2003. Heavy
metals in marine mammals. In: Toxicology of marine
mammals, Vos ]G, Bossart G, Fournier M, O’Shea T,
editors. Taylor and Francis, London, UK, pp. 135-154.

Demirulus H. 2013. The heavy metal content in chicken
eggs consumed in Van Lake territory. Ekoloji Dergisi
22:19-25.

Dos Santos IR, Silva-Filho EV, Schaefer C, Sella SM,
Silva CA, Gomes V, Passos MJACR, Van Ngan P.
2006. Baseline mercury and zinc concentrations in
terrestrial and coastal organisms of Admiralty Bay,
Antarctica. Environ Poll 140:304-311.

Duffy DC. 1983. Competition for nesting space among
Peruvian guano birds. Auk 100:680—6SS.

Fergusson JE. 1990. The heavy elements: Chemistry, envi-
ronmental impact and health effects. Pergamon Press,
Oxford, UK.

Finger A, Lavers JL, Dann P, Nugegoda D, Orbell D,
Robertson B, Scarpaci C. 2015. The little penguin
(Eudyptula minor) as an indicator of coastal trace
metal pollution. Environ Poll 205:365-377.

487

Frias JE, Gil MN, Esteves JL, Garcia Borboroglu P, Kane
O], Smith JR, Boersma PD. 2012. Mercury levels in
feathers of Magellanic penguins. Mar Pollut Bull
64:1265-1269.

Fry DM. 1995. Reproductive effects in birds exposed to
pesticides and industrial chemicals. Environ Health
Perspect 103(Suppl. 7):165-171.

Gilani SH, Alibhai Y. 1990. Teratogenicity of metals to
chick embryos. | Toxicol Environ Health 30:23-31.

Goutner V, Papagiannis I, Kalfakakou V. 2001. Lead and
cadmium in eggs of colonially nesting waterbirds of differ-
ent position in the food chain of Greek wetlands of inter-
national importance. Sci Total Environ 267:169-176.

Goux W], Venkatasubramanian PN. 1986. Metal binding
properties of hen ovalbumin and S-ovalbumin: Char-
acterization of the metal ion binding site by >'P NMR
and water protein relaxation rate enhancements. Bio-
chemistry 25:84-94.

Grace EJ, MacFarlane GR. 2016. Assessment of the bio-
accumulation of metals to chicken eggs from residen-
tial backyards. Sci Total Environ 563-564:256-260.

supta S, Stroh GM, Hassouna H. 2007. Positive influence
of supplemental manganese on iron incorporation in
brain and red blood cells. | Investig Med 55:355.

Hermier D, Folgez P, Williams ], Chapman M]. 1989.
Alterations in plasma lipoproteins and apolipopro-
teins associated with oestrogen-induced hyperlipid-
emia in the laying hen. Eur | Biochem 184:109-118.

Hill R. 1974. Changes in circulating copper, manganese
and zinc with the onset of lay in the pullet. In: Trace
Elements in Man and Animals. Vol. 2. Proceedings of
the second International Symposium on Trace Element
Metabolism in Animals, Madison, Wisconsin, 18-22
June 1973; Hoekstra WG, Suttie JW, Ganther HE,
Mertz W, editors. University Park Press, Baltimore,
MD, pp. 632-634.

Holeman A, Stibilj V. 1997. Arsenic residues in eggs from
laying hens fed with a diet containing arsenic (III)
oxide. Arch Environ Contamin Toxicol 32:407-410.

Jeng SL, Yang CP. 1995. Determination of lead, cad-
mium, mercury and copper concentrations in duck
eggs in Taiwan. Poultry Sci 74:187-193.

Jerez S, Motas M, Benzal |, Diaz |, Barbosa A. 2013a.
Monitoring trace elements in Antarctic penguin
chicks from south Shetland Islands, Antarctica. Mar
Pollut Bull 69:67-75.

Jerez S, Motas M, Benzal ], Diaz ], Vidal V, D’Amico V,
Barbosa A. 2013b. Distribution of metals and trace
elements in adult and juvenile penguins from the
Antarctic peninsula area. Environ Sci Pollut Res Int
20:3300-3311.

Jerez S, Motas M, Palacios M], Valera F, Cuervo JJ,
Barbosa A. 2011. Concentration of trace elements in
feathers of three Antarctic penguins: Geographical and
interspecific differences. Environ Pollut 159:2412-2419.

Kabeer MS, Hameed I, Kashif SU, Khan M, Tahir A,
Anum F, Khan S, Raza S. 2021. Contamination of
heavy metals in poultry eggs: A study presenting rela-
tion between heavy metals in feed intake and eggs.
Arch Environ Occup Health 76:220-232.

Kehrig HA, Hauser-Davis RA, Seixas TG, Fillmann, G.
2015. Trace-elements, methylmercury and metallo-
thionein levels in Magellanic penguin (Spheniscus

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 04 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



488

magellanicus) found stranded on the southern Brazil-
ian coast. Mar Poll Bull 96:450—455.

Lam JCW, Tanabe S, Lam MHW, Lam PKS. 2005. Risk
to breeding success of waterbirds by contaminants in
Hong Kong: Evidence from trace elements in eggs.
Environ Pollut 135:481-490.

Latshaw JD, Biggert M. 1981. Incorporation of selenium
into egg proteins after feeding selenomethionine or
sodium selenite. Poultry Sci 60:1309-1313.

Loaiza I, De Boeck G, De Troch M. 2022. Peruvian
marine ecosystems under metal contamination: First
insights for marine species consumption and sustain-
able management. Sci Total Environ 826:154132.

Magat W, Sell JL. 1979. Distribution of mercury and sele-
nium in egg components and egg-white proteins.
Proc Soc Exp Biol Med 161:458-463.

Metcheva R, Yurukova L, Teodorova SE. 2011. Biogenic
and toxic elements in feathers, eggs, and excreta of
gentoo penguin (Pygoscelis papua ellsworthii) in the
Antarctic. Environ Monit Assess 182:571-585.

Metcheva R, Yurukova L, Teodorova S, Nikolova E. 2006.
The penguin feathers as bioindicator of Antarctica
environmental state. Sci Total Environ 362:259-265.

Ministerio de Energfa y Minas. 2020. Peru: Mining coun-
try. https://mineria.minem.gob.pe/en/institucional/
peru-mining-country/. Accessed October 2022.

Mora MA. 2003. Heavy metals and metalloids in egg con-
tents and eggshells of passerine birds from Arizona.
Environ Poll 125:393-400.

Nys Y, Guyot N. 2011. Chapter six: Egg formation and chem-
istry. In: Improving the safety and quality of eggs and
egg products, Nys Y, Bain M, Immerseel FV, editors.
Woodhead Publishing, Cambridge, UK, pp. 83-132.

O’Flaherty E]J. 1991. Physiologically based models for
bone-seeking elements. II. Kinetics of lead disposi-
tion in rats. Toxicol Appl Pharmacol 111:313-331.

Panic B, Bezbradica L, Nedeljkov N, Istwari AG 1974.
Some aspects of trace element metabolism in poultry.
In: Trace element metabolism in animals. Volume 2.
Proceedings of the second International Conference on
Trace Element Metabolism in Animals. Hoekstra WG,
Suttie JW, Ganther HE, Mertz W, editors. University
Park Press, Baltimore, Maryland, pp. 635-637.

Paredes R, Zavalaga CB. 2001. Nesting sites and nest
types as important factors for the conservation of
Humboldt Penguins (Spheniscus humboldti). Biol
Conserv 100:199-205.

Paredes R, Zavalaga CB, Basttistine G, Majluf P, McGill
P. 2003. Status of the Humboldt Penguin in Peru
1999-2000. Waterbirds 26:129—138.

Paredes R, Zavalaga CB, Boness DJ. 2002. Patterns of egg
laying and breeding success in Humboldt Penguins
(Spheniscus humboldti) at Punta San Juan, Peru. Auk
119:244-250.

Ralston NVC, Raymond LJ. 2010. Dietary selenium’s pro-
tective effects against methylmercury toxicity. Toxi-
cology 278:112-123.

Ralston NVC, Raymond CR, Blackwell JL 3rd, Raymond
LJ. 2008. Dietary and tissue selenium in relation to
methylmercury toxicity. Neurotoxicology 29:802-811.

R Core Team. 2022. R: A language and environment for statis-
tical computing, R Foundation for Statistical Computing,

JOURNAL OF WILDLIFE DISEASES, VOL. 60, NO. 2, APRIL 2024

Vienna, Austria. https://Awvww.R-project.org/. Accessed
April 2022,

Richards MP. 1997. Trace mineral metabolism in the
avian embryo. Poult Sci 76:152-164.

Richards MP. 1989. Influence of egg production on zinc,
copper and iron metabolism in the turkey hen (Melea-
gris gallopavo). Comp Biochem Physiol A Comp Physiol
93:811-817.

Sarkar A, Hossain MM, Sarkar AC. 2018. Heavy metal
residue in eggs of chicken (Gallus gallus domesticus)
available in Sylhet. In: Fifth International Conference
on Chemical Engineering, Dhaka, Bangladesh, 20-22
December 2017, pp. 146-154.

Sarker MS, Quadir QF, Hossen MZ, Nazneed T, Rahman
A. 2017. Evaluation of commonly used fertilizers, fish
and poultry feeds as potential sources of heavy metals
contamination in food. Asian Australas | Food Saf Secur
1:74-81.

Scheifler R, Gauthier-Clerc M, Le Bohec C, Crini N,
Cceurdassier M, Badot PM, Giraudoux P, Le Maho
Y. 2005. Mercury concentrations in king penguin
(Aptenodytes patagonicus) feathers at Crozet Islands
(sub-Antarctic): temporal trend between 1966-1974
and 2000-2001. Environ Toxicol Chem 24:125-128.

Scheuhammer AM. 1987. The chronic toxicity of alumin-
ium, cadmium, mercury, and lead in birds: A review.
Environ Poll 46:263-295.

Scheuhammer A. 1996. Influence of reduced dietary cal-
cium on the accumulation and effects of lead, cadmium
and aluminum in birds. Environ Poll 94:337-343.

Schiavone A, Barroeta AC. 2011. Egg enrichment with
vitamins and trace minerals. In: Improving the safety
and quality of eggs and egg products. Vol. 2. Egg
safety and nutritional quality, Nys Y, Bain M, Immerseel
FV, editors. Woodhead Publishing, Cambridge, UK, pp.
289-320.

Simeone A, Hiriart-Bertrand L, Reyes-Arriagada R, Halpern
M, Dubach J, Wallace R, Ptz K, Liithi B. 2009. Hetero-
specific pairing and hybridization between wild
Humboldt and Magellanic Penguins in southern
Chile. Condor 11:544-550.

Smichowski P, Vodopivez C, Muiioz-Olivas R, Gutierrez
AM. 2006. Monitoring trace elements in selected
organs of Antarctic penguin (Pygoscelis adeliae) by
plasma-based techniques. Microchem | 82:1-17.

Speake BK, Noble RC, Murray AMB. 1998. The utiliza-
tion of yolk lipids by the chick embryo. World’s Poult
Sci | 54:319-334.

Strixner T, Kulozik U. 2011. Egg proteins. In: Handbook
of food proteins, Phillips GO, Williams PA, editors.
Woodhead Publishing, Cambridge, UK, pp. 150-209.

Taylor MH, Tam [, Blaskovic V, Espinosa P, Ballon RM,
Wosnitza-Mendo C, Argiielles |, Diaz E, Purca, S,
et al. 2008. Trophic modeling of the Northern Hum-
boldt Current Ecosystem, Part IT: Elucidating ecosys-
tem dynamics from 1995-2004 with a focus on the
impact of ENSO. Prog Oceanogr 79:266-378.

Teodorova SE, Metcheva R, Topashka-Ancheva M. 2003.
Bioaccumulation and damaging action of polymetal
industrial dust on laboratory mice Mus musculus alba
I. Analysis of Zn, Cu, Pb and Cd disposition and
mathematical model for Zn and Cd bioaccumula-
tions. Environ Res 91:85-94.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 04 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use


https://mineria.minem.gob.pe/en/institucional/peru-mining-country/
https://mineria.minem.gob.pe/en/institucional/peru-mining-country/
https://www.R-project.org/

DANIELS-ABDULAHAD ETAL.—METALS IN HUMBOLDT PENGUIN EGGS

Thiel M, Macaya EC, Acuiia E, Arnts WE, Bastias H,
Brokordt K, Camus PA, Castilla JC, Castro L, et al.
2007. The Humboldt current system of northern and
central Chile: Oceanographic processes, ecological
interactions and socioeconomic feedback. Oceanogr
Mar Biol 45:195-344.

Tjilve H, Gottofrey J. 1991. Effects of lipophilic complex
formation on the uptake and distribution of some
metals in fish. Pharmacol Toxicol 69:430-439.

Vezina F. 2003. The metabolic cost of avian egg forma-
tion: Possible impact of yolk precursor production?
J Exp Biol 206:4443-4451.

Wada N, Yamashita K, Umegaki T. 1995. Effects of divalent
cations upon nucleation, growth and transformation of

489

calcium carbonate polymorphs under conditions of
double diffusion. | Cryst Growth 148:297-304.

Walzem RL. 1996. Lipoproteins and the laying hen: Form
follows function. Poult Avian Biol Rev 7:31-64.

Yin X, Xia L, Sun L, Luo H, Wang Y. 2008. Animal
excrement: A potential biomonitor of heavy metal
contamination in the marine environment. Sci Total
Environ 399:179-185.

Zavalaga CB, Paredes S. 1997. Humboldt Penguins at Punta
San Juan, Peru. Penguin Conserv 10:6-8.

Submitted for publication 22 December 2022.
Accepted 20 October 2023.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 04 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



