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Abstract - In this study, the mitochondrial cytochrome ¢ oxidase 1 gene, three nuclear microsatellite markers, and the MHC class Il DR81
exon 2 were assessed for species-specific differences that would allow the diagnostic identification of Spheniscus mendiculus, S. humboldt,
and S. magellanicus specimens. Analyses of reference samples for these species revealed that genetic variation at these markers showed
species-specific haplotypes and alleles that can provide positive evidence for species identification. Bayesian cluster analyses demonstrated
high probability of assignment (>99%) for individual samples to their corresponding species. The set of nuclear and mitochondrial markers
studied proved useful for the identification of a juvenile penguin stranded on the Pacific Ocean shores of El Salvador as a Magellanic Penguin.
The negative consequences of accidental captures of Magellanic Penguins by fishermen and the relocation of wildlife through human inter-
vention are discussed.

Resumen - Caracterizacion de marcadores genético-moleculares en pingiiinos Spheniscus para la identificacion de un espécimen juvenil
varado en Centroamérica

En este estudio, el gen mitocondrial citocromo c oxidasa 1, tres marcadores de microsatélites y el exén 2 del gen CMH DREB1 de clase Il fue-
ron evaluados en busca de diferencias especie-especificas que permitan la identificacion de especimenes de Spheniscus mendiculus, S. hum-
boldti y S. magellanicus. El andlisis de muestras de referencia reveld que la variacidon genética en estos marcadores presenta haplotipos y
alelos especie-especificos que pueden proveer evidencia positiva para la identificacidn de las especies. Analisis bayesianos demostraron altas
probabilidades de asignacion (>99%) de muestras individuales a sus correspondientes especies. El grupo de marcadores nucleares y mitocon-
driales estudiados demostrd utilidad para la identificacion, como pingliino de Magallanes, de un individuo juvenil varado en las costas del
océano Pacifico en El Salvador. Las consecuencias negativas de capturas incidentales de pingiliinos de Magallanes por la industria pesquera y
la relocalizacién de individuos silvestres mediante intervencidn humana son discutidas.
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INTRODUCTION

Spheniscus banded penguins constitute the most tropical penguin genus, containing the most northerly distributed penguin
species across the southern hemisphere. Their geographic range encompasses the southern coast of Africa (S. demersus), Pa-
cific and Atlantic coastal regions of South America (S. humboldti and S. magellanicus), and the Galapagos islands (S. mendicu-
lus), as well as numerous other islands across their distribution (Garcia Borboroglu & Boersma 2013, Ramos et al. 2018). Three
species of Spheniscus penguins inhabit coastal regions of the Pacific Ocean, including the Galapagos Penguin, the Humboldt
Penguin, and the Magellanic Penguin.

Galapagos Penguins primarily inhabit limited coastal regions of Fernandina and Isabela Islands (Valle 1986, Vargas et al.
2005; Figure 1), where the Cromwell current upwells, creating a pocket of highly productive cold water. The population is esti-
mated to be between 1,500 to 4,700 individuals (Boersma et al. 2013a), and their colonies exhibit low levels of genetic diversity
—likely due to founder effects and serial bottlenecks because of El Nifio Southern Oscillations (Bollmer et al. 2007, Nims et al.
2008, Arauco-Shapiro et al. 2020). In this species, movements are limited mainly to areas close to their nesting sites, except
during El Nifio events, when they may move farther to find productive waters (Boersma et al. 2013a).

Humboldt Penguins are endemic to the coasts of Chile and Peru (Figure 1), where the Humboldt current carries productive
cold Antarctic waters to the region. The species has an estimated population of 30,000 to 40,000 breeding individuals (De la
Puente et al. 2013), and their populations show some genetic structuring among colonies from Peru, northern Chile, and cen-
tral-southern Chile (Vianna et al. 2014). Humboldt Penguin feeding migration is limited, except during El Nifio events, when
individuals travel farther south in search of productive waters (Culik et al. 2000).
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Figure 1. Map of Central and South America showing the distribution ranges of Spheniscus mendiculus (Galapagos Penguin), S. humboldti (Humboldt Penguin),

and S. magellanicus (Magellanic Penguin). The stranded penguin was found on

the Pacific Ocean shore of El Salvador, indicated by a red star. The warm Equa-

torial Current is represented by an orange arrow. Cold ocean currents are represented by blue arrows. BirdLife International and Handbook of the Birds of the
World (2016) provided spatial data for species distribution ranges; data downloaded May 2021. Penguin pictures by Mike’s Birds (2019), Przemek Pietrak

(2019), and Dominic Sherony (2014); distributed under Creative Commons publ

Magellanic Penguins inhabit the Atlantic and Pacific
coasts of southern South America (Figure 1). The estimated
population size is between 1.2-1.6 million breeding pairs
(Boersma et al. 2013b), and their primary breeding grounds
range from Cape Horn to 40°S and includes the Falkland/
Malvinas Islands (Boersma et al. 2013b). Bouzat et al. (2009)
found limited genetic structuring among Magellanic Penguin
colonies distributed throughout the South Atlantic Ocean,
likely a result of population intermixing through natal disper-
sal and the large effective population size of the species.
However, genetic comparisons using both nuclear and mito-
chondrial markers revealed significant differentiation be-
tween populations from the Pacific and Atlantic Oceans
(Bouzat et al. 2013). Magellanic Penguins on the Pacific coast
have limited feeding migration patterns, remaining close to
their colonies (Skewgar et al. 2014). Conversely, those on the
Atlantic coast follow the Falkland current, migrating as far
north as southern Brazil to feed and overwinter (Stokes et al.
2014).

Based on the geographic distribution and migratory
patterns of Spheniscus species, and given the patterns of
oceanographic currents, finding vagrant individuals outside
of their natural range is not uncommon. Changes in ocean
currents due to cyclic El Nifio and La Nifia events alter
patterns of upwelling and productivity, thereby influencing
the movements and population sizes of Galapagos (Boersma
1998, Boersma et al. 2013a) and Humboldt (Hays 1986, Culik
et al. 2000) Penguins, which could potentially lead to vagrant
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penguin sightings. For example, during the 1997-1998 El
Nifo event, Humboldt individuals satellite-tracked from Pan
de Azucar Island (northern Chile) traveled up to 895 km
south in search for better conditions and productive waters
(Culik et al. 2000). There are some reports of long-distance
vagrants, such as Humboldt Penguins displaced to the North-
ern hemisphere (reviewed by Van Buren & Boersma 2007,
Scordino & Akmajian 2012) and Little Penguins (Eudyptula
minor) have been observed in Chile, more than 10,000 km
from their native range in New Zealand (Valverde & Oyarzo
1996, Brito 1999, Wilson et al. 2000). The finding of unidenti-
fied penguins (e.g., juveniles) or biological remnants (e.g.,
tissue remnants or feathers) of vagrant specimens stranded
on ocean shores warrants the need for a genetic method for
the assignment of species identity. Thus, we assessed a set
of genetic markers to determine their usefulness for species
identification among Galapagos, Humboldt, and Magellanic
Penguins —the three banded penguin species distributed in
South America. The mitochondrial cytochrome c oxidase
subunit 1 (mtDNA COI) gene, three nuclear microsatellite
markers, and exon 2 of the Major Histocompatibility Com-
plex (MHC) class Il DRB1 gene were assessed for species-
specific alleles that would allow diagnostic identification of
the three Spheniscus species.

The use of mtDNA COI as a DNA barcoding gene has been
remarkably successful in discriminating avian species (Hebert
et al. 2004, Kerr et al. 2007, Tavares & Baker 2008), since it is
not only highly conserved across taxa (due to its essential
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Figure 2. Photographic images of the stranded penguin specimen found on the Pacific Ocean shores of Ahuachapdn Department in El Salvador. Measuring tape
approximates the body length at 54 cm. Stranded penguin photo credits: Fundacion Zooldgica de El Salvador (FUNZEL) and SalvaNatura (www.salvanatura.org).

role in metabolism), but also relatively variable between spe-
cies due to the higher evolutionary rate of mtDNA genes
compared to nuclear genes (Hebert et al. 2003a, 2003b).
Microsatellites are short, tandem repeats of about one to six
nucleotides found at high frequency in non-coding regions of
the nuclear genome (Toth et al. 2000, Ellegren 2004, Selkoe
& Toonen 2006). The high mutation rate of these markers
creates high levels of allelic diversity, including unique al-
leles, which can be used to detect hybridization events or to
determine population origin and species identification of
individual specimens (Schlotterer 2000, Jan et al. 2010, Daw-
son et al. 2013, Hibbets et al. 2020). Finally, the MHC class Il
DRB1 gene encodes antigen-presenting surface proteins,
which are crucial to the vertebrate immune system
(Benacerraf 1981, Snell 1981, Piertney & Oliver 2006, Ujvari
& Belov 2011). Given their role in the immune system, class I
loci exhibit extraordinarily high degrees of polymorphism
(Doherty & Zinkernagel 1975, Sallaberry-Pincheira et al.
2016), which are associated to disease resistance; therefore,
their high levels of variation make these markers valuable for
species identification, as well as evolutionary studies on the
adaptive value of ecologically relevant genes.

Here, we assessed the genetic variability of mtDNA COI,
microsatellites, and MHC DRB1 markers in reference popula-
tions of Galapagos, Humboldt, and Magellanic Penguins, to
evaluate the presence of species-specific variation useful for
species identification. These genetic markers were then used
to perform a Bayesian quantitative assignment of species
identity of a juvenile banded penguin stranded on the Pacific
shores of Ahuachapan, El Salvador (Jones & Komar 2007).
We then compared lorum morphology (specifically the shape
of the loreal edge) of this stranded individual with reference
pictures of the three species to identify a diagnostic charac-
ter that would complement our genetic data. Our study pro-
vides a set of molecular markers for the identification of
Spheniscus species from South America and the Galapagos
Islands. The identification of a stranded juvenile penguin on

the Pacific shores of Central America is discussed in relation
to the distribution ranges, migratory patterns, and conserva-
tion of these species.

METHODS

Sample collection and DNA extraction. Genetic data from
reference populations of Galapagos, Humboldt, and Magel-
lanic Penguins, used to assess the suitability of markers for
species identification, were collected from studies performed
in our lab (Bouzat et al. 2009, 2013; Arauco-Shapiro et al.
2020, Hibbets et al. 2020). Blood samples from 38 Galapagos
Penguins were collected in 1997-1998 from breeding colo-
nies on Fernandina and lIsabela islands (with permits from
the Galapagos National Park Service, Ecuador, to Dee Bo-
ersma). Samples from 23 Humboldt Penguins were obtained
during routine exams by veterinary personnel in 2017 from a
captive population at the Chicago Zoological Society’s
Brookfield Zoo (lllinois, USA), which had known ancestry
traced back to individual penguins captured in the wild in
northern Peru. The Magellanic Penguin reference population
included samples from 45 individuals collected in 2004 at
three breeding colonies (Sebastiana = 18; Puiiihuil = 16;
Ahuenco = 11) located in the northern distribution of the
species on the Pacific Ocean coast of Chile, along with sam-
ples from 20 individuals previously collected by Prof. Dee
Boersma (University of Washington) in 1998 from Punta Are-
nas, on the southern tip of South America. The sampling of
Magellanic Penguins was conducted with corresponding per-
mits from the Division of Forestry (CONAF) and Chile’s Secre-
tary of Fisheries (Permit # 3523, 2003), and then transported
to the United States with importation permits from the USDA
-APHIS (USDA permit # 51802 to Juan L. Bouzat, Bowling
Green State University).

Whole blood samples were collected by puncture of the
brachial vein and stored in Queen’s lysis buffer (0.01M Tris,
0.01M NacCl, 0.01M EDTA, and 1% n-lauroylsarcosine, pH 7.5;
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Seutin et al. 1991) or stored in lithium-heparin tubes. Total
DNA was extracted using standard phenol-chloroform ex-
traction protocols, followed by ethanol precipitation
(Sambrook et al. 1989) or through Qiagen DNeasy Blood and
Tissue DNA Extraction kits (Qiagen Inc., Valencia, CA, USA).

On 7 June 2007 an emaciated juvenile banded penguin
was reported stranded on the Pacific shores of Ahuachapan,
El Salvador and ultimately died later that day (Jones & Komar
2007). Morphology clearly indicated the stranded penguin
was a juvenile banded penguin (Figure 2); however, it was
not clear to which particular species this individual belonged
because the plumage had not developed the distinctive
white bands that are characteristic of adult banded pen-
guins. Tissue samples were collected by Carlos R. Hasbun
(Fundacién Zooldgica de El Salvador) from the liver and mus-
cle of the deceased stranded penguin and stored in 90% eth-
anol. DNA was extracted using the Qiagen DNeasy Blood and
Tissue DNA Extraction kit. Extractions from liver tissue were
discarded, as gel electrophoresis revealed the DNA was high-
ly degraded.

DNA sequencing and genotyping. A section of the mtDNA
COI gene and the contiguous tRNA-Cys (partial) and tRNA-Tyr
(complete) genes were amplified by PCR using primer sets
EM5287 (5'-CAC ATC AAT GAG CTT GCA ACTC-3') and COI-
R722 (5'-TAA ACT TCA GGG TGA CCA AAA AAT YA-3'). These
primers have previously shown to amplify mtDNA of
Spheniscus penguins (Bouzat et al. 2009, 2013, Arauco-
Shapiro et al. 2020, Hibbets et al. 2020). PCR amplifications
were performed in 25 pl volumes containing approximately
40 ng of DNA, 1X of GoTaq Flexi Buffer, 1 mM of MgCl,, 0.08
mM of each dNTP, 0.4 uM of each primer, and 0.5 units of
GoTaq Flexi DNA polymerase (Promega, Madison, WI, USA).
The PCR amplification profiles included an initial denaturing
step for three min at 94°C, followed by 35 cycles of 30 s at
94°C, 30 s at 52°C, and 30 s at 72°C, with a final extension
step of 5 min at 72°C. PCR products were purified by ethanol
precipitation and then sent for direct sequencing (forward
and reverse) at the University of Chicago Comprehensive
Cancer Center DNA Sequencing and Genotyping Facility.
Three microsatellite markers (G3-6, G2-2, and M1-2) orig-
inally developed for Spheniscus penguin species (Akst et al.
2002, Bouzat et al. 2013 ) were used for species identifica-
tion. These markers have previously shown variation within
Galapagos, Humboldt, and Magellanic Penguin species (Akst
et al. 2002, Bouzat et al. 2009, 2013; Arauco-Shapiro et al.
2020, Hibbets et al. 2020). PCR amplifications were per-
formed using forward (F) and reverse (R) primers for mi-
crosatellite G3-6 (F: 5’-TCT TAA GGT CTT GCA CAC-3’ and R:
5’-CAG CTC AGT AAC TGC AGG CA-3’), microsatellite G2-2 (F:
5’-ATG ACA TAT TGA TTG GC-3’ and R: 5’-CTG CCT GAA CTA
AGC TTT GTC-3’), and microsatellite M1-2 (F: 5’-GCT TCC AAG
AAG CTT GTG AC-3" and R: 5’-ACT GAA CTT TGT CTG CGT GC-
3’). Amplification reactions were performed by PCR in 25 pl
volumes containing approximately 40 ng of DNA, 1X of
GoTaq Flexi Buffer, 1.5 mM of MgCl,, 0.2 mM of each dNTP,
0.4 uM of each primer, and 0.625 units of GoTaq Flexi DNA
polymerase. The PCR amplification profiles included an initial
denaturing step for 2 min at 95°C followed by 30 cycles of 45
s at 95°C, 45 s at the respective annealing temperature, and
45 s at 72°C, with a final extension step of 10 min at 72°C.
The annealing temperature for microsatellite markers G2-2
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and M1-2 was set at 51°C, while the annealing temperature
for microsatellite marker G3-6 was set at 53°C. Amplification
products were sent for fragment analysis at the University of
Chicago.

PCR amplification of the MHC class Il DRB1 exon 2 was
performed using primers Lpen.hum1F2 (5’-ACT CCT GGC ACA
GCC GCG TG-3’) and Lpen.hum2R (5’-ACA CGC TCT CCC CTC
CTG TG-3'), which were originally developed by Kikkawa et
al. (2005, 2009) and have been shown to be locus-specific for
the MHC of Spheniscus penguins (Kikkawa et al. 2005, 2009,
Knaffler et al. 2012, Arauco-Shapiro et al. 2020, Hibbets et al.
2020). PCR amplification reactions were performed in 25 pl
volumes containing approximately 40 ng of DNA, 1X of
GoTaq Flexi Buffer, 1.5 mM of MgCl,, 0.2 mM of each dNTP,
0.5 uM of each primer, and 0.5 units of GoTaq Flexi DNA pol-
ymerase. The PCR amplification profiles included an initial
denaturing step for 2 min at 95°C followed by 27 cycles of 1
min at 94°C, 1 min at 62°C, and 2 min at 72°C, with a final
extension step of 15 min at 72°C. PCR products were purified
through standard ethanol precipitation and sent to the Uni-
versity of Chicago for direct sequencing to classify individuals
as either homozygotes or heterozygotes. Individual alleles
were then confirmed through cloning and sequencing of am-
plification products, following the protocol outlined by Arau-
co-Shapiro et al. (2020). Cloning and sequencing allowed
confirmation of individual MHC alleles for every genotype in
all samples analyzed.

Finally, mitochondrial haplotype, microsatellite geno-
types, and MHC sequences of the stranded penguin speci-
men were confirmed through three independent reactions,
using independent DNA extractions as templates for DNA
amplification of haplotype/genotypes.

Analyses of genetic data from reference species and the
stranded penguin. All DNA sequences and genotypes were
analyzed using Geneious v. R6.1.8 (Kearse et al. 2012). Final
COI sequences analyzed included 807 base pairs, with the
first 93 bases corresponding to the tRNA-Cys gene (partial)
and tRNA-Tyr gene (complete) of the mitochondrial genome.
The sequences of each haplotype detected in the reference
populations are available on GenBank under accession num-
bers MN565806, MN565807, MN565811, MN830876—
MN830879, MZ852655, and MZ852656. Sequences of MHC
alleles included 419 base pairs, with exon 2 of the DRB1 gene
located at bases 93—-362. The sequences of each allele de-
tected in the reference populations are available on GenBank
under accession numbers MN565812-MN565815,
MN565817, MN565819—-MN565823, MN565831, MN565832,
MN830880, MN830881, MN830884-MN830888, MN830894,
MN830897-MN830904, and MZ852649—-MZ852654.

Variation at each marker was assessed to estimate differ-
ences in haplotype/allele frequencies between reference
samples and to identify potential species-specific differences.
A marker was considered informative of species identity if
there were species-specific haplotypes/alleles detected in at
least one of the three reference species studied. The genetic
profile of the stranded penguin was then compared to the
reference samples. A match of a haplotype or allele observed
in the stranded penguin to a species-specific marker in a ref-
erence population was considered positive evidence for spe-
cies identification.
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Figure 3. Haplotype/allele frequencies of the mtDNA COI gene, microsatellite loci G3-6, G2-2, and M1-2, and the MHC DRB1 gene found in Galapagos, Hum-
boldt, and Magellanic Penguin reference populations. For each marker, different colors represent distinct haplotypes/alleles. Identical haplotypes/alleles from
different species are represented by the same color. The number of individuals sampled for each marker (n) appears in the bottom right corner of each chart.

Structure analysis and assignment probability of the uni-
dentified stranded penguin. Cluster analyses using Structure
v2.3.4 (Pritchard et al. 2000) were performed to characterize
the reference samples and estimate assignment probabilities
of the stranded specimen to the reference species. Structure
uses Bayesian model-based clustering methods and multi-
locus genotype data to identify distinct genetic clusters and
probabilistically assign individuals to said clusters (Pritchard
et al. 2000). Structure is traditionally used to discover popu-
lation structure within species; however, in our analyses, it
was used to evaluate the performance of genetic markers in
defining reference populations (in this case three species)
and then quantify the genetic identity of the stranded pen-
guin. This approach allowed estimates of the relative genetic

contribution of each reference species to the genome of the
unidentified specimen as the basis for its species assighment.

Prior to running Structure on the microsatellite and MHC
alleles, microsatellite locus M1-2 was eliminated because
previous linkage analysis by Hibbets et al. (2020) revealed
significant disequilibrium between loci M1-2 and G3-6 within
Humboldt and Magellanic populations. For the Structure
analyses, we used the no admixture-independent allele fre-
qguencies model. The no admixture ancestry model was se-
lected because the reference populations represented three
discrete species. The model selected assumed independent
allele frequencies for the three species, as levels of variation
at individual loci are driven by population-level processes
associated with the independent demographic dynamics of
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Table 1. Haplotypes/alleles detected in the unidentified stranded penguin and the Galdpagos, Humboldt, and Magellanic Penguin reference populations. Bold
font designates species-specific haplotypes/alleles. Green highlighting indicates alleles detected in the stranded penguin sample that were informative of
species identity. Pink highlighting indicates alleles detected in the stranded penguin that were uninformative as they were shared between at least two spe-
cies. Haplotypes/alleles from different species with identical sequences (Smen01/Shum01, Spma001/Sphu007, Spoma013/Sphu008) are underlined.

Stranded penguin Galapagos Penguin Humboldt Penguin Magellanic Penguin
Smag01 Smen01 Shumo01 Shumo03 Smag01 Smag03 Smag08
MDNA oI Shum02 Smag02 Smag04
266 266 264 262 276 292
298 268 266 264 278 294
268 266 282 296
G3-6 268 284 298
270 286 300
272 288 310
274 290
373 383 377 389 373 381
G2-2 381 379 391 375 383
383 393 377 387
387 379
212 212 212 209 223 241
247 214 216 211 225 243
212 227 245
213 231 247
M1-2 215 233 249
217 235 255
219 237 259
221 239
Spma001/ Spme001 Sphu001 Spma001 Spma010 Spma028
Sphu007 Spme002 Sphu002 Spma013 Spma011 Spma030
Sphu003 Spma002 Spma012 Spma031
MHC Spma038 Sphu004 Spma003 Spma015 Spma033
DRB1 Sphu005 Spma004 Smpa019 Spma038
Sphu006 Spma006 Spma021 Spma042
Sphu007 Spma008 Spma025 Spma043
Sphu008 Spma009 Spma026 Spma045

each species.

An initial Structure analysis including only the reference
samples was performed to assess the ability of the markers
and the selected model in properly assigning reference indi-
viduals to Galapagos, Humboldt, or Magellanic clusters.
Then, we added the stranded individual to determine the
assignment probability of this individual to the reference
populations. For each Structure run, we used a burn-in peri-
od of 50,000 iterations and 50,000 iterations after the burn-
in to compute posterior probabilities for identifying the num-
ber of distinct clusters (K) estimated from the data. We per-
formed 10 replicate runs for each K (K = 1 through 5) to veri-
fy the consistency of our estimates between runs. At the
inferred K, individual assignments (Q) were consistent across
runs. The online program Structure Harvester (Earl & von-
Holdt 2012) was used to calculate mean likelihoods per K as
well as AK (Evanno et al. 2005) from the Structure output.

Morphological characterization of the stranded penguin.
Photographs of the full body and head of the stranded pen-
guin were used to evaluate potential diagnostic morphologi-
cal traits. Pictures of the stranded penguin were taken on 7
June 2007, the same day the penguin was found and then
died. Images showed a juvenile banded penguin (Figure 2);
however, plumage had not yet developed the characteristic
black and white bands on the head and throat, which are
commonly used for species identification.

Given the heritable nature of beak morphology in birds,
the loreal region (lore, or the area located between the eyes
and nostrils) was evaluated across Galapagos, Humboldt, and
Magellanic Penguin specimens. A qualitative comparative
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analysis of the loreal region was done using 15 field photo-
graphs of each species, obtained from the eBird image data-
base (Sullivan et al. 2009). It was determined that the edge
between the base of the bill (rhamphotheca) and the bare
skin of the face forms a distinctive, species-specific shape in
each of the three Spheniscus species evaluated. One of us
(GC-V) used the field photographs to create reference
sketches of Galapagos, Humboldt, and Magellanic heads with
the species-specific loreal edge shapes highlighted. We then
compared the loreal edge morphology between the stranded
specimen and the three reference species to confirm the
species identification that resulted from our genetic analysis.

RESULTS

Characterization of molecular markers for species identifi-
cation. Overall, eight unique COI haplotype sequences were
observed among the three species reference populations
(Table 1). The Galapagos Penguin exhibited only one haplo-
type (Smen01), which was identical in sequence to the most
common Humboldt Penguin haplotype (ShumO01; Figure 3,
Supplementary Figure 1). Of the seven species-specific hap-
lotypes, two were observed in the Humboldt Penguins and
five in the Magellanic Penguins (Table 1); therefore, the COI
marker would have the potential to provide positive evi-
dence only for Humboldt and Magellanic species identity.
Most of the COI base pair sites were non-variable across all
three species, with only 20 polymorphic nucleotide positions
defining differences between haplotypes (Supplementary
Figure 1). Haplotypes observed within a species only differed
by one to three base pairs, whereas there were 14 fixed



differences when comparing all Magellanic Penguin haplo-
types to all Galapagos/Humboldt Penguin haplotypes
(Supplementary Figure 1). By fixed differences, we mean
that, at these 14 sites, all Magellanic sequences were identi-
cal to one another, whereas all Galapagos/Humboldt se-
quences were identical to one another, but the nucleotides
appearing in the Magellanic Penguins were different from
those in the Galapagos/Humboldt Penguins (Supplementary
Figure 1).

The three microsatellite markers studied (G3-6, G2-2, and
M1-2) exhibited varying levels of diversity. Galapagos and
Humboldt Penguins lacked diversity at the G3-6 locus com-
pared to the Magellanic Penguin, with 2, 3, and 20 alleles
observed, respectively (Table 1, Figure 3). Of the 20 unique
alleles observed among the three species, 17 were specific to
the Magellanic Penguin, and the remaining three were
shared between two or more species (Table 1). Although no
species-specific alleles were observed for the Galapagos and
Humboldt reference populations, there were marked differ-
ences in the frequencies of shared alleles across the species
(Figure 3). Based on the presence of species-specific alleles,
the G3-6 marker had the potential to provide positive evi-
dence for Magellanic species identity.

Compared to the Magellanic and Humboldt Penguins,
which exhibited seven alleles each at the G2-2 locus, Galapa-
gos Penguins were nonpolymorphic and fixed for an allele
that was shared across the three species (Table 1 and Figure
3). Of the 10 unique alleles observed among the three spe-
cies, three were specific to the Humboldt Penguin, three
were specific to the Magellanic Penguin, and the remaining
four were shared between two or more species (Table 1).
There were marked differences in the frequency of shared
alleles between the three species (Figure 3). Based on the
presence of species-specific alleles, the G2-2 marker had the
potential to provide positive evidence for Humboldt and
Magellanic species identity.

Galapagos and Humboldt Penguins lacked diversity at the
M1-2 locus compared to the Magellanic Penguin, with 2, 2,
and 23 alleles observed, respectively (Table 1, Figure 3). Of
the 25 unique alleles observed among the three species, one
was shared by all three species, one was specific to the Gala-
pagos Penguin, one was specific to the Humboldt Penguin,
and the remaining 22 were specific to the Magellanic Pen-
guin (Table 1). The allele shared among all three species was
at similar frequency in the Galapagos (0.88) and Humboldt
Penguins (0.96), but at a much lower frequency in the Magel-
lanic Penguin (0.08; Figure 3). Given the presence of at least
one species-specific allele in each reference population, the
M1-2 marker had the potential to provide positive evidence
for Galapagos, Humboldt, and Magellanic species identity.

The analysis of the MHC DRB1 sequences revealed 2, 8,
and 24 alleles in the Galapagos, Humboldt, and Magellanic
Penguins, respectively (Table 1, Figure 3). Of the 32 unique
alleles observed among the three species, two were specific
to the Galapagos Penguin, six were specific to the Humboldt
Penguin, 22 were specific to the Magellanic Penguin, and the
remaining two alleles were shared between the Humboldt
and Magellanic Penguin (Table 1). The shared allele
Sphu007/Spma001 was the most frequently observed allele
in the Magellanic population (Spma001 = 0.64), but it
showed a low frequency in the Humboldt population
(Sphu007 = 0.04; Figure 3). The shared allele Sphu008/
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Spma013 had a low frequency in both the Humboldt
(Sphu008 = 0.07) and Magellanic (Spma013 = 0.02) reference
populations (Figure 3). Given the presence of at least two
species-specific alleles in each reference population, the
DRB1 marker had the potential to provide positive evidence
for Galapagos, Humboldt, and Magellanic species identity.

Genetic identification of the stranded penguin. The analysis
of the stranded penguin’s mtDNA COI sequence revealed a
match with the Smag01 Magellanic species-specific haplo-
type, exhibiting the 14 distinctive base pair differences fixed
for the species (Table 1, Supplementary Figure 1). The
Smag01 haplotype was the most frequently observed haplo-
type within the Magellanic Penguin reference population
(0.77; Figure 3).

Microsatellites G3-6, G2-2, and M1-2 also provided posi-
tive evidence for species identification of the stranded pen-
guin, which was heterozygous for all three microsatellite
markers (Table 1). For microsatellite G3-6, the stranded pen-
guin revealed alleles 266 and 298. Although allele 266 was
uninformative because it was found in all three reference
species, allele 298 was informative as it was specific to the
Magellanic Penguin. For microsatellite G2-2, the stranded
penguin exhibited alleles 373 and 381, both unique to the
Magellanic Penguin species. For microsatellite M1-2, the
stranded penguin exhibited alleles 212 and 247. However,
allele 212 was uninformative because it was found in all
three reference species, whereas allele 247 was specific to
the Magellanic Penguin. In summary, four of the six mi-
crosatellite alleles detected in the stranded penguin were
alleles that were species-specific to the Magellanic Penguin
(Table 1), whereas the remaining two alleles were found in
all three reference species (Table 1).

The stranded penguin had a heterozygote MHC DRB1
genotype with alleles Spma001/Sphu007 and Spma038. Alt-
hough the shared allele (Spma001/Sphu007) was found in
both Humboldt and Magellanic Penguins, it was the most
frequently observed in the Magellanic reference population
(Spma001 = 0.64), and it was found at a low frequency in the
Humboldt reference sample (Sphu007 = 0.04; Figure 3). In
contrast, Spma038 was found to be species-specific to the
Magellanic Penguin (Table 1).

Structure analyses. The Structure analyses confirmed the
use of microsatellites and MHC as informative markers for
species identification and provided quantification of the as-
signment probability of the unidentified stranded sample to
one of the reference species. The initial Structure analysis of
reference samples under the no-admixture model with inde-
pendent allele frequencies, revealed the highest posterior
probabilities for K = 3 (-1110.98, SD = 0.43; see Supplemen-
tary Figure 2). Analysis of AK revealed that K = 3 was the opti-
mal number of clusters estimated from the data (AK at 3 =
399.97), representing the three reference populations corre-
sponding to the Galapagos, Humboldt, and Magellanic Pen-
guins (Supplementary Figure 2). Assignment probabilities for
individual samples revealed that all individuals were unam-
biguously assigned to their respective species (mean Q for
Galapagos = 100.00%, Humboldt = 99.99%, Magellanic =
99.96%).

The Structure analysis with the inclusion of the stranded
individual also resulted in higher posterior probabilities for K
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Figure 4. Structure analysis of the stranded penguin with reference samples from Galapagos, Humboldt, and Magellanic Penguins. Top left: Mean log probabili-
ties of data (posterior probabilities) for each tested K, indicating highest probability and lowest variability at K = 3. Plot created using Structure Harvester (Earl
& vonHoldt 2012). Top right: Plot of AK values created using Structure Harvester (Earl & vonHoldt 2012), showing a definitive peak in AK at K = 3. Bottom: As-
signment probabilities (Q) for all individuals at K = 3. Each vertical bar represents an individual penguin. The three genetic clusters, each represented with a
different color, corresponded exactly to the three reference species and all reference individuals were strongly assigned (>99%) to the proper species group.
The stranded penguin (bar 127, highlighted by a red circle) was 100% assigned to the Magellanic reference species.

=3 (-1123.65, SD = 0.26), consistently clustering the strand-
ed penguin with the Magellanic Penguin group (Figure 4).
Analysis of AK revealed that K = 3 was the optimal number of
clusters estimated from the data (AK at 3 = 712.26; Figure 4
and Supplementary Figure 3). This analysis resulted in 100%
probability of assighment of the stranded penguin to the
Magellanic Penguin cluster (Figure 4).

Morphological characterization of the stranded penguin.
Photographs of the body and head of the stranded penguin
indicated that the specimen represented a juvenile banded
penguin with a body length of approximately 54 cm (Figure
2). The qualitative analysis of Galapagos, Humboldt, and
Magellanic Penguin images revealed that the shape of the
loreal edge, between the base of the bill (rhampotheca) and
the bare skin of the face, forms a species-specific shape in
each of the three Spheniscus species evaluated. The curva-
ture of the loreal edge appeared to resemble the “W” shape
characteristic of Galapagos Penguins, an “S” shape found in
Humboldt Penguins, and a single convex curve in Magellanic
Penguins (Figure 5). These patterns were confirmed across
15 independent pictures for each species. Lastly, images of
the stranded penguin were compared to each reference spe-
cies, revealing that the loreal edge of the stranded penguin
was a match to that of the Magellanic Penguin (Figure 5).

DISCUSSION

Our study provides a set of molecular markers that can be
used for species identification of individuals or byproducts
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(e.g., skins or feathers) from the three Spheniscus species
analyzed. These markers can also aid in identification of
Humboldt and Magellanic individuals in areas of sympatry,
where mixed species colonies are common and there is doc-
umentation of hybridization (Simeone et al. 2009, Hibbets et
al. 2020). We identified species-specific haplotypes/alleles
for at least one of the three species at each of the five mark-
ers evaluated; each marker type (mtDNA COI, microsatellites,
and MHC DRB1) revealed, however, certain limitations as
well as advantages for species identification.

It is key to note that, in our study, the mtDNA CO/ was
only a reliable barcoding gene for the Magellanic Penguin.
Kerr et al. (2007) tested 643 species of North American birds
and found that 6% of the species possessed COIl sequences
that were shared with other species, likely explained by re-
cent divergence of sister taxa or hybridization events. Since
diversification amongst extant Spheniscus species occurred
within the last four million years and Galapagos and Hum-
boldt Penguins are considered sister species (Baker et al.
2006, Gavryushkina et al. 2017), it was not entirely surprising
that Galapagos and Humboldt penguins shared a common
mitochondrial haplotype. However, Tavares & Baker (2008)
evaluated COI for 60 avian sister species pairs and found that
even closely related pairs had unique DNA sequences with 5-
64 fixed nucleotide differences that could be used for species
identification. It seems that the intense effects of genetic
drift due to founder effects and subsequent bottlenecks in
Galapagos Penguins, combined with their recent divergence
from Humboldt Penguins, may explain the lack of diversity
and interspecific sharing of a haplotype between these sister
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Figure 5. Morphological characterization of the loreal edge in reference samples of Galapagos, Humboldt, and Magellanic Penguins, and the stranded speci-
men found in El Salvador. Composite sketches of the head of each reference species are shown for qualitative comparative analysis. The loreal edge on the
sketches and that of the stranded penguin are highlighted in red. The pictures show that the loreal edge of the stranded penguin specimen matches that of the
Magellanic Penguin. Sketches created by Gustavo Cafias-Valle. Reference photographs taken by Pedro Szekely (2018), Dori (2008), and Dfaulder (2010); distrib-

uted under Creative Commons public licenses CC BY-SA 2.0 and CC BY-SA 3.0.

species. Indeed, Galapagos and Humboldt Penguin reference
mitogenomes revealed that the two species shared identical
sequences for six of the thirteen mtDNA genes, including COI
(Ramos et al. 2018).

Approximately 84% of the microsatellite alleles observed
in the Magellanic Penguin were species-specific. Due to the
low proportion of species-specific alleles in the Galapagos
(20%) and Humboldt Penguins (33%), the microsatellite loci
studied are not ideal for identifying these species based sole-
ly on allele identity. However, alleles that are at high fre-
quency in one species but rare in another can potentially
provide supportive evidence of species identity, despite
shared ancestral polymorphisms. For example, there were
no Galapagos- or Humboldt-specific alleles observed at the
G3-6 locus, and yet allele frequencies were quite divergent
among the three species (see Figure 3), which would be in-
formative during cluster analyses. Such was the case in our
study, as the nuclear molecular markers were sufficient for
Structure to resolve the three reference populations with
high assignment probabilities (> 99%). These observations
highlight the importance of not relying solely on the identifi-
cation of species-specific alleles in an unidentified sample,
but on utilizing highly polymorphic markers to produce quan-
titative estimates of species identity based on distributions
of allele frequencies.

In contrast to the COI gene sequences, the MHC DR6B1
exon 2 sequences revealed no fixed differences between
species, despite showing approximately five times as many
polymorphic sites. This finding is not unexpected as Kikkawa
et al. (2009) showed that DRB1 exon 2 sequences from
Spheniscus species do not form into distinct species clades,
as it was observed for the three Pygoscelis penguin species.
Although we found that the two MHC alleles exhibited by the
Galapagos Penguin were species-specific, the Humboldt and

Magellanic Penguins shared two distinct MHC alleles. Identi-
cal DRB1 exon 2 sequences in Magellanic and Humboldt Pen-
guins have been previously reported (Kikkawa et al. 2009,
Sallaberry-Pincheira et al. 2016, Hibbets et al. 2020). The
sharing of ancestral polymorphisms in the MHC between
Spheniscus species has been attributed to recent and rapid
speciation, maintenance by balancing selection, or homo-
plasia due to similar environmental pressures (Kikkawa et al.
2009, Sallaberry-Pincheira et al. 2016). Despite the potential
limitations described above, the Structure analyses con-
firmed the combined use of microsatellites and MHC as in-
formative markers for species identification.

We tested the efficacy of the studied markers through
the species assignment of a juvenile banded penguin strand-
ed in El Salvador. The genetic analysis of the unidentified
stranded penguin provided unambiguous evidence of species
identity, revealing that the specimen was indeed a Magellan-
ic Penguin (Tables 1 and 2, Figure 4). The mitochondrial hap-
lotype of the stranded specimen showed positive evidence
for Magellanic species identity and negative evidence for
Galapagos or Humboldt Penguin species (Table 2). Addition-
ally, microsatellites provided confirmatory evidence that the
stranded penguin specimen was a Magellanic Penguin. Four
of six microsatellite alleles detected in the stranded speci-
men revealed positive evidence for Magellanic Penguin iden-
tity and negative evidence for Galapagos or Humboldt identi-
ty (Table 2), and the remaining two microsatellite alleles
were shared between all reference species, thereby making
them uninformative.

Furthermore, the MHC DRB1 genotyping of the stranded
penguin revealed that one MHC allele was unique to the
Magellanic species, indicating positive evidence for Magel-
lanic Penguin identity (Table 2). The other MHC allele se-
qguence was shared between Humboldt and Magellanic spe-
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Table 2. Genetic evidence for species identification of the stranded penguin found in El Salvador. The table summarizes results from each genetic marker
(mtDNA, microsatellites, and MHC) used to characterize the unidentified penguin specimen. Positive evidence for species identification (i.e., presence of spe-
cies-specific haplotypes/alleles) is designated by a positive symbol (“+”), and negative evidence (i.e., presence of haplotypes/alleles that are not found in the

corresponding species) is designated by a negative symbol (“-”).

Galapagos Humboldt Magellanic
mtDNA COI - - +
Microsatellites —_——— _— 4+
MHC DRB1 - - +

cies and was therefore uninformative beyond providing neg-
ative evidence of Galapagos species identity. Structure analy-
sis based on nuclear markers confirmed the species assign-
ment of the stranded penguin by consistently clustering the
individual with 100% assignment to the Magellanic Penguin
reference group (Figure 4), thus suggesting that our conclu-
sions from the genetic characterization of the stranded pen-
guin are consistent with the initial species identification re-
ported by Jones & Komar (2007). The qualitative analysis of
images of Galapagos, Humboldt and Magellanic Penguins
revealed that the shape of the loreal edge may also be used
as a trait that is informative of Spheniscus species identity, as
it showed species-specific differences. The comparison of the
loreal edge in the three reference species with that of the
stranded penguin specimen revealed a clear match to the
Magellanic Penguin, making it consistent with the species
assignment based on the genetic analysis.

Given the geographic distribution and migratory patterns
of Spheniscus species, as well as the patterns of major Pacific
Ocean currents off the shores of South America, we had an a
priori expectation that the banded penguin stranded on the
shores of El Salvador was either a Galapagos or a Humboldt
Penguin. Changes in ocean currents due to cyclic El Nifio and
La Nifia events alter patterns of upwelling and productivity,
thereby influencing the movements and population sizes of
Galapagos (Boersma 1998, Boersma et al. 2013a) and Hum-
boldt (Hays 1986, Culik et al. 2000) Penguins, which could
potentially lead to vagrant penguins reaching Central Ameri-
ca. Our genetic analysis revealed, however, that the stranded
specimen was a juvenile Magellanic Penguin. In fact, this
individual represents the first record of a Magellanic Penguin
being found north of the Equator (Jones & Komar 2007), over
6,400 km away from Chiloé Island, at the northern range of
the distribution of Magellanic Penguin breeding colonies in
southern Chile.

Finding a Magellanic Penguin stranded on a beach in El
Salvador raises questions about how the bird journeyed so
far away from its natural range. Magellanic Penguins exhibit
long-distance migration and are the only Spheniscus species
where migration during the non-breeding season is part of
the annual cycle (Garcia Borboroglu & Boersma 2013). There
have been reports of vagrant penguins traveling thousands
of kilometers within the southern hemisphere (see Van Bu-
ren & Boersma 2007, Garcia Borboroglu & Boersma 2013).
The distance traveled by this stranded Magellanic Penguin is
similar to that of other vagrant penguins; however, the ma-
rine environments are significantly different. Vagrant pen-
guins in the southern hemisphere can exploit cold, produc-
tive ocean currents, such as the Antarctic Circumpolar cur-
rent, and travel thousands of kilometers without exceeding
water temperatures of 10-15°C (Van Buren & Boersma
2007). However, a penguin traveling from southern Chile or
Argentina —where Magellanic colonies are commonly
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found— to El Salvador would have to cross warm, unproduc-
tive waters near the Equator. The subcutaneous fat deposits
and dense overlapping feathers that enable penguins to
thrive in cold climates would likely cause death in warm cli-
mates (Van Buren & Boersma 2007), and therefore Magel-
lanic Penguins’ physiology would unlikely tolerate swimming
distances from southern South America to El Salvador. In-
stead, it is more likely that the stranded Magellanic Penguin
was transported to El Salvador by, for example, a commercial
fishing ship or a sailing boat. Van Buren & Boersma (2007)
reviewed several cases of human transport of penguins, and
it is therefore possible that the Magellanic Penguin found
stranded on the Pacific shores of El Salvador could have been
transported over long distances by a fishing vessel or a sail-
ing boat before being released close to Central America.
Moreover, Van Buren & Boersma (2007) stated that fisher-
men transporting penguins may release birds from bycatch
before entering international ports to avoid prosecution un-
der health or wildlife laws.

Conservation implications. This study highlights the poten-
tial dangers of human intervention on wildlife. The transpor-
tation of wildlife outside of its natural range may have fatal
consequences —as was the case for the stranded Magellanic
Penguin. Previous reports suggest that transportation of pen-
guins through human intervention may not be rare, as many
cases may be undetected (Crawford et al. 2017). Spheniscus
penguins constitute the most tropical penguin genus, con-
taining the most northerly distributed penguin species across
the southern hemisphere, and are consequently more ex-
posed to human activities; therefore, they might be more
likely to be affected by fisheries, oil tankers, accidental cap-
ture, global change, and other anthropogenic factors than
their relatives in the Southern Ocean.

On the southern coasts of Argentina and Chile, the acci-
dental capture of Magellanic Penguins by fishing vessels is a
large conservation concern. For example, Crawford et al.
(2017) reviewed the ample record of Magellanic Penguins
appearing as bycatch in fisheries, and subsequently de-
scribed the species as being at high risk of substantial im-
pacts on local populations of the species. Cardoso et al.
(2011) examined the impact of accidental capture of Magel-
lanic Penguins by fishing nets in the Atlantic Ocean, which is
home to populations of this species that are known to mi-
grate thousands of kilometers north to southern Brazil to
feed and overwinter (Stokes et al. 2014). During a single, 16-
day fishing trip in 2011, 56 Magellanic Penguins were cap-
tured and killed by drift nets, and 12 additional Magellanic
Penguins were killed by bottom gillnets (Cardoso et al. 2011).

Additionally, Magellanic Penguins in the Pacific Ocean
migrate up to 800 km north to overwintering grounds in the
Gulf of Arauco, Chile, which hosts a large concentration of
industrial fisheries because it is one of the most productive



areas along the Chilean coast (Skewgar et al. 2014). Although
there are few specific reports of Magellanic Penguin bycatch
from fisheries off Chile (Crawford et al. 2017), Schlatter et al.
(2009) reported entanglement in gillnets as cause of injuries
and death in the mass stranding of 1380 Magellanic Penguins
in southern Chile. Future studies should explore the dynam-
ics between Spheniscus penguin migration and potential cap-
ture by fisheries, especially during overwintering migrations
and El Nifio years, when banded penguins travel farther in
search of food.
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