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Abstract
Understanding the movements of animals that spend much of their life at sea is difficult but important for effective conserva-
tion. Determining the at-sea distributions of Macaroni (Eudyptes chrysolophus) and Royal (Eudyptes schlegeli) Penguins 
poses particular challenges, including their occurrence in remote locations and difficulties in species identification owing 
to overlap in morphological characters, particularly in immature birds. Here we use DNA sequencing to examine vagrant 
Macaroni and Royal Penguins from Antarctica and New Zealand in order to improve understanding of their non-breeding 
distributions. Our sampling included samples from living birds, museum specimens and scavenged penguin remains recovered 
from the stomachs of Antarctic toothfish (Dissostichus mawsoni) caught north of the Ross Sea. Mitochondrial control region 
(HVRI) sequences indicated that the two samples from New Zealand were likely Royal Penguins as were the scavenged 
penguins. Both Macaroni and Royal Penguins were detected at Terre Adélie, Antarctica, despite the nearest breeding colony 
of Macaroni Penguins being 4000 km away. We provide the first evidence of Royal Penguins reaching the Ross Dependency. 
All but one of the vagrants were immature birds, supporting suggestions that this age group is the most likely to disperse 
large distances from the breeding colonies. Our study demonstrates how DNA sequences can assist in identifying taxa with 
similar or overlapping morphologies, as well as fragmentary bird remains.

Keywords Antarctica · Eudyptes chrysolophus · Eudyptes schlegeli · Genetic identification · Penguin distribution · 
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Introduction

Penguins spend most of their time at sea and understanding 
their movements in this environment is key for their effec-
tive conservation. Recent studies of penguin distributions 
at sea have revolutionised our understanding of how forag-
ing behaviour, life-history and environment are related and 
are key for predicting how penguins may respond to future 
environmental pressures, such as climate change (e.g. Bost 
et al. 2009; Mattern et al. 2018).

The Macaroni Penguin (Eudyptes chrysolophus) is the 
southernmost species of crested penguin and is one of the 

most important avian marine predators in the sub-Antarctic 
and low-Antarctic regions (Brooke 2004; Bost et al. 2009). 
They breed in colonies in the oceanic islands of the Atlantic 
and Indian Oceans from South America in the west to Heard 
Island in the east (Fig. 1).

Royal Penguins (Eudyptes schlegeli) are closely related 
to Macaroni Penguins (Cole et  al. 2019; Frugone et al. 
2019) and they are sometimes considered to be conspecific. 
The main distinguishing feature between Macaroni and 
Royal Penguins is face colour, with Royal Penguins hav-
ing white to grey faces (in contrast to the black faces of 
Macaroni Penguins). However, this coloration is variable 
and a continuum from white to black in Royal Penguins 
has been observed (Shaughnessy 1975). Royal Penguins 
are slightly larger overall and have longer and deeper beaks 
than Macaroni Penguins (Hull 1996), although there is over-
lap between them (Dehnhard et al. 2012). Royal Penguins 
breed on Macquarie Island and its adjacent islets (Fig. 1), 
although white-faced birds have also been reported from 
Marion (one of the Prince Edward Islands), Heard, Crozet 
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and Kerguelen islands (García and Boersma 2013; authors 
pers. obs.). Genome-wide nuclear SNP data could not distin-
guish Royal and Macaroni Penguins but there was evidence 
of isolation by distance (Cole et al. 2019; Frugone et al. 
2019). However, mtDNA control region sequences (HVR1) 
demonstrated geographic structuring with all Royal Penguin 
haplotypes forming a cluster in a phylogenetic network, 
although the two species were not reciprocally monophyletic 
because some of the white-faced birds from Marion Island 
and Macaroni Penguins from Kerguelen Island also grouped 
in this clade (Frugone et al. 2018).

Methods for determining penguin movements include 
shipboard observations (Reid et al. 1999) and deploying 
tracking devices, such as satellite tracking and geolocation 
(Hull et al. 1997; Barlow and Croxall 2002; Bost et al. 
2009; Green et al. 2009). During chick rearing both Maca-
roni and Royal Penguins generally remain within 150 km 
of their colony but they forage up to 500–600 km during 
the pre-moult and incubation periods (Hull et al. 1997; 
Ratcliff and Trathan 2011). Geolocation data have indi-
cated that between breeding seasons Macaroni Penguins 
travel up to 2500 km from their colony in order to forage 
in association with the Antarctic Polar Front, a zone of 
high marine productivity (Bost et al. 2009; Thiebot et al. 
2011) (Fig. 1). Immature Macaroni Penguins have been 
observed at sea to frequent deeper, warmer and less saline 

water than adults (Reid et al. 1999). Geolocation data are 
not available for Royal Penguins between breeding sea-
sons but shipboard observations indicate that adults range 
up to 1500 km west from Macquarie Island (Reid et al. 
1999) and they have been recorded from Tasmania, which 
is 1500 km to the north, during this time (Woehler 1992a). 
The movements of immature Royal Penguins are largely 
unknown.

Vagrant Royal Penguins have been reported from Aus-
tralia, New Zealand, Falkland Islands and mainland Ant-
arctica (Jouanin and Prévost 1953; Thomas and Bretagnolle 
1988; Shirihai 2007; Dehnhard et al. 2012; Miskelly et al. 
2019), and Macaroni Penguins have been recorded from as 
far south as the coast of mainland Antarctica (Merilees 1970; 
Marchant and Higgins 1990; Woehler 1992b; Bernstein and 
Tirrell 2008; Miskelly et al. 2013; Golubev 2016). How-
ever, the overlap of morphological variation between Royal 
and Macaroni Penguins makes reliable identification diffi-
cult, especially for vagrants (Warham 1972; Williams 1995; 
Shirihai 2007). Furthermore, it has been noted that vagrant 
penguins are often immatures (Dehnhard et al. 2012), which, 
for crested penguins, are more difficult to identify to species 
than adults.

Here we tested the use of mtDNA sequencing to examine 
the origins of at least 14 vagrant Macaroni and Royal Pen-
guins from Antarctica and New Zealand. This information 

Fig. 1  Map of the breeding dis-
tribution of Macaroni (Eudyptes 
chrysolophus; black circles) and 
Royal (Eudyptes schlegeli; black 
square) Penguins. The grey 
circle indicates the area where 
the penguin remains were found 
in Antarctic toothfish (Dissosti-
chus mawsoni) stomachs. Place 
names mentioned in the text are 
indicated



2301Polar Biology (2021) 44:2299–2306 

1 3

will inform on the at-sea distributions of these species, espe-
cially immatures, whose movements are not well known.

Materials and methods

Samples

Three types of vagrant penguin samples were included in 
our DNA analysis: penguin remains recovered from the 
stomachs of Antarctic toothfish (Dissostichus mawsoni), 
museum specimens from Antarctica and New Zealand and 
blood samples from live individuals (Table 1, Fig. 2, Online 
Resource 1). 5  mm2 pieces of muscle tissue were sampled 
from penguin remains recovered from the stomachs of three 
Antarctic toothfish that were caught north of the Ross Sea, 
Antarctica. Three separate penguin body parts were recov-
ered from within one fish: a head from an immature (NMNZ 
OR.030897; Table 1, Online Resource 1) and two flippers 
(NMNZ OR.030897 Wing1 and Wing2; Table 1, Online 
Resource 1). These were genetically tested separately in case 
they originated from different birds.

Muscle tissue was also sampled from two dead vagrant 
penguins from New Zealand and these were later turned 
into museum specimens (NMNZ OR.029963 and NMNZ 
OR.030895; Table 1). Both were immature, based on their 
short crests, one of these was identified from facial colour as 
a Royal Penguin and the other as a Macaroni Penguin. Two 
museum skins collected in 1964 from the Ross Dependency 
in Antarctica and identified morphologically by FC Kinsky 
as Macaroni Penguins (Hatherton et al. 1965; Kinsky 1969) 
were sampled (NMNZ OR.010286 and NMNZ OR.010287; 
Table 1). A 3  mm2 piece of toepad was sampled from each 
specimen with a sterile razor blade.

Blood samples were collected from five individuals 
(identified morphologically by Y. Cherel as two Macaroni 
Penguins and three Royal Penguins) from Terre Adélie, Ant-
arctica (Table 1). All but one of the birds were immature, 
based on their short crests and either darker grey (Macaroni 
Penguin) or lighter grey (Royal Penguins) chins and throats.

DNA extraction, PCR amplification and sequencing

The DNA extractions and PCR set-ups for the museum 
specimens were performed in an ancient DNA laboratory 
that is in a separate building from where modern DNA is 
analysed. The recent samples (penguin remains and blood 
samples) were extracted in a modern DNA laboratory. For 
both blood and tissue DNA was extracted using a DNeasy 
Blood and Tissue kit (Qiagen), following the manufacturer’s 
instructions but eluting in a final volume of 60 µl of Buffer 
AE to increase the final DNA concentration.

The mitochondrial control region (Hypervariable Region 
I; HVRI) was amplified using the Eudyptes-specific primers 
RockCRF and RockCRR and PCR thermocycling conditions 
of Frugone et al (2018). PCR amplifications were performed 
in 12 µl reactions with 1 × Mytaq reagent buffer (Bioline, 
Australia), 5 pmol of each primer and 2 μl of 10 mg  ml−1 
of bovine serum albumin (BSA). PCR products were puri-
fied with digestion at 37 °C for 15 min using 0.5 U shrimp 
alkaline phosphatase (SAP, USB Corp.) and 2.5 U exonu-
clease I (ExoI, USB Corp.), followed by inactivation of the 
enzymes at 80 °C for 15 min. Sequencing was performed 
in both directions with the ABI Prism BigDye Termina-
tor cycle sequencing kit version 3.1 on an ABI 3730 DNA 
sequencer (Macrogen, Seoul, Republic of Korea).

Sequence editing and phylogenetic analyses

Sequences were edited in Sequencer 5.2.3 (Gene Codes 
Corporation). They contained no indels and were aligned 
by eye to published control region sequences from Royal 
and Macaroni Penguins that were sampled from breeding 
grounds (Frugone et al. 2018).

We constructed a median-joining network of haplotype 
relationships based on a Neighbour-joining tree (Salzburger 
et al. 2011), following Frugone et al. (2018). MEGA (7.0.14; 
Kumar et al. 2016) was used to select the best substitution 
model (K2 + G, G = 0.08) based on the Bayesian information 
criteria (BIC) and then this model was used to construct a 
Neighbour-joining tree. This phylogeny was then used to 
make a network in Haploviewer (available at http:// www. 
cibiv. at/ ~greg/ haplo viewer).

Results

The morphological examination of the vagrant specimens 
indicated that all but one were immature birds based on their 
short crests (Table 2). All the vagrant birds found ashore 
were moulting, except for the adult Macaroni Penguin (TA2; 
Table 1) and had reddish-brown bills, consistent with juve-
niles during their first moult, whilst the two birds extracted 
from toothfish stomachs had even duller bills (brown-grey), 
consistent with them being recent fledglings (see Warham 
1971). The bill measurements were also consistent with 
immature birds because most of the measurements were 
smaller than the minimum sizes recorded for both Royal 
and Macaroni Penguin adults (Woehler 1995).

The penguin head and two flippers recovered from a 
single Antarctic toothfish stomach (NMNZ OR.030897) 
exhibited the same HVRI haplotype. This haplotype was 
not recovered from any of our other sampled birds nor does 
it match any published HVR1 sequence on GenBank. We 

http://www.cibiv.at/~greg/haploviewer
http://www.cibiv.at/~greg/haploviewer
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therefore conclude that these remains are likely to be from 
a single penguin.

NMNZ OR.030898 shared a haplotype with a Royal 
Penguin. The adult Macaroni Penguin sampled from Terre 
Adélie exhibited an identical haplotype to the most common 
haplotype detected in Macaroni Penguins. The remaining 
samples all exhibited unique haplotypes.

The network of relationships between HVR1 haplotypes 
(Fig. 3) was similar to that obtained by Frugone et al. (2018) 
with most of the Macaroni Penguin haplotypes forming a 
star-like topology. The Royal Penguin samples formed a 
cluster together with some of the Macaroni Penguins from 
Kerguelen and two white-faced penguins from Marion 
Island (the Royal Penguin cluster). The Balleny Islands and 

Table 1  Collection and identification details of the vagrant Macaroni and Royal Penguins sampled in our study

Museum specimens are from the Museum of New Zealand Te Papa Tongarewa
n/a no amplification, ID identification

Sample identifier Species ID from 
morphology

Putative species 
ID from HVR1 
sequences

Sample type Sampling loca-
tion

Other speci-
men collection 
information

Collection date GenBank 
accession 
number

Penguin remains from Antarctic toothfish stomachs
 NMNZ 

OR.030897 
Wing1

Unknown Royal Muscle tissue 
from flipper

66° S 177° W San Aotea II, trip 
1595B, set 153 
sample 46

28/4/2002 MZ488325

 NMNZ 
OR.030897

Immature Maca-
roni or Royal

Royal Muscle tissue 
from head

66° S 177° W San Aotea II, trip 
1595B, set 153 
sample 46

28/4/2002 MZ488325

 NMNZ 
OR.030897 
Wing2

Unknown Royal Muscle tissue 
from flipper

66° S 177° W San Aotea II, trip 
1595B, set 153 
sample 46

28/4/2002 MZ488325

 NMNZ 
OR.30896

Immature, 
unknown

Royal Muscle tissue 
from head

66.45° S 177.01° 
W

San Aotea II, 
trip 1595, set 
123. Caught 
at a depth of 
1190 m

23/3/2002 MZ488326

 NMNZ 
OR.030898

Unknown Royal Muscle tissue 
from flipper

Not recorded Janas/ZMTW 
trip 1593B, set 
225, sample 
224

24/5/2002 MZ488328

Museum specimens
 NMNZ 

OR.010286
Immature Maca-

roni
Royal Toepad Sabrina Island, 

Balleny 
Islands, Ant-
arctica

Collected by FC 
Kinsky

9/3/1964 MZ488334

 NMNZ 
OR.010287

Immature Maca-
roni

n/a Toepad Cape Hallett Sta-
tion, Antarctica

Collected by T. 
Riggert

12/2/1964 –

Live and recently dead birds
 NMNZ 

OR.029963
Immature Royal Royal Toepad Tora, New 

Zealand
Collected by J. 

Boyne
21/2/2013 MZ4883345

 NMNZ 
OR.030895

Immature Maca-
roni

Royal Muscle tissue 
from head

Okains Bay, 
Banks Pen-
insula, New 
Zealand

Collected by M. 
Thacker

17/2/1997 MZ488327

 TA1 Immature Maca-
roni

Royal Blood Terre Adélie Collected by Y. 
Cherel

22/1/2007 MZ488330

 TA2 Adult Macaroni Macaroni Blood Terre Adélie Collected by Y. 
Cherel

6/2/2007 MZ488329

 TA1 Immature Royal Royal Blood Terre Adélie Collected by Y. 
Cherel

8/3/2007 MZ488331

 TA2 Immature Royal Royal Blood Terre Adélie Collected by Y. 
Cherel

28/1/2007 MZ488332

 TA3 Immature Royal Royal Blood Terre Adélie Collected by Y. 
Cherel

10/2/2007 MZ488333
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Banks Peninsula penguins, which had been identified as 
Macaroni Penguins, fell within the Royal Penguin cluster, 
as did the three immature Royal Penguins from Terre Adélie 
and the Royal Penguin from Tora. All of the sequences we 
obtained from the scavenged penguin remains also fell in the 
Royal Penguin cluster, although NMNZ OR.030896 was in 
an intermediate position between the Royal and Macaroni 
Penguin haplogroups.

The bird from Terre Adélie that was identified as an 
immature Macaroni Penguin also grouped within the Royal 
Penguin cluster. The adult Macaroni Penguin from Terre 
Adélie was the only specimen that did not group in the 

Royal Penguin cluster, instead it was identical to the cen-
tral and most common haplotype in the Macaroni Penguin 
cluster.

Discussion

Identification of Royal and Macaroni Penguins

Most of the vagrant birds examined in this study grouped 
in the cluster of haplotypes that were largely found in 

Fig. 2  Photos of the heads of immature penguins (Eudyptes spp.) recovered from the stomachs of Antarctic toothfish (Dissostichus mawsoni). 
Left: NMNZ OR.030896, Right: NMNZ OR.030897

Table 2  Bill measurements and other features of the Royal Penguin museum specimens sampled in this study

Only the specimens with heads were included. Measurements follow Warham (1975)
*Shorter than those of adults

Sample identifier Culmen 
length 
(mm)

Culminicorn 
width (mm)

Bill depth (mm) Moulting Chin feather colour Crest length Beak colour

NMNZ OR.030897 57.9 8.7 20.2 No Mottled grey and 
white

Short* Brown-grey with 
slight redden-
ing at maxillary 
fungus and 
mandible tip

NMNZ OR.030896 47.7 7.7 16.8 No Mottled grey and 
white

Short* Brown-grey with 
clear redden-
ing at maxillary 
fungus and 
mandible tip

NMNZ OR.010286 49.4 8.8 21.4 Yes Mottled grey and 
white

Short* Reddish-brown, 
darker at base

NMNZ OR.010287 64.3 9.2 22.3 Yes Mottled grey and 
white

Short* Reddish-brown, 
darker at base

NMNZ OR.029963 65.0 10.2 24.8 Yes Mottled grey and 
white

Short* Reddish-brown, 
darker at base

NMNZ OR.030895 54.6 9.2 20.5 Probably moulting n/a (no chin feath-
ers)

Short* Reddish-brown, 
darker at base
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Royal Penguins suggesting that they are likely to be Royal 
Penguins. However, it cannot be ruled out that they are 
from Kerguelen Island, Marion Island or an unsampled 
location. Macquarie Island (the breeding ground of Royal 
Penguins) seems the likely source of these penguins, given 
its proximity to New Zealand and the regions of Antarctica 
where the vagrant birds were found (Fig. 1).

We found that several of the birds identified morpholog-
ically as Macaroni Penguins were more likely to be Royal 
Penguins, based on their position in the haplotype net-
work. This finding confirms the difficulty in distinguishing 
between Royal and Macaroni Penguins by morphology, 
which is especially true for immature birds. Our results 
suggest that the previous records of Macaroni Penguins in 
the Ross Dependency may have been misidentified Royal 
Penguins.

Extended distributions of immature Royal Penguins

The collection locations of the samples we examined are 
well south of the Antarctic Polar Front, which is thought 
to be the main foraging area of Macaroni (Bost et al. 2009) 
and Royal Penguins (Hindell et al. 2012) in the non-breed-
ing season. The time of year that our vagrant birds were 
observed (January–May) is consistent with the majority of 
observations of Royal Penguin vagrants in Tasmania (Woe-
hler 1992a), Terre Adélie (Thomas and Bretagnolle 1988) 
and New Zealand (Gill et al. 2010). Most of our sampled 
Royal Penguins were immature (or their age could not be 
determined). This is consistent with previous observations of 
vagrant Royal Penguins where it is this age class, rather than 
adults, that disperse large distances from Macquarie Island 
(Jouanin and Prévost 1953; Woehler 1992a; Dehnhard et al. 
2012). Similar observations have been made for Macaroni 

Penguins (Merilees 1970). The records of probable fledgling 
Royal Penguins in the Ross Dependency in March–April 
suggest that some juveniles may swim to this region straight 
after fledging, because chicks leave Macquarie Island in 
January–February (Warham 1971).

The distribution of vagrant Macaroni Penguins

Our genetic results confirmed the morphological identifica-
tion of a Macaroni Penguin from Terre Adélie. This bird 
was observed in early February, which contrasts with Reid 
et al. (1999) who found that the most distantly recorded 
adult Macaroni Penguins in their study were recorded in 
late September/early October (they found that distant imma-
ture birds were observed in late March). Other records of 
Macaroni Penguins from mainland Antarctica are located 
much closer to breeding colonies and at a similar time of 
year to our record (Fig. 1): Mawson Station on 17 February 
1964 (Merilees 1970), Scullin Monolith on 5 February 1985 
and Magnetic Island on 27 January 1987 (Woehler 1992b) 
and Mirny Station on February 2000 and February 2012 
(Golubev 2016).

There are no confirmed records of Macaroni Penguins 
in the Ross Dependency. Our genetic results indicate that 
the Balleny Island specimen is likely to be a Royal Pen-
guin. The Cape Hallett specimen, from which we could not 
obtain DNA, has similar morphology and measurements to 
the Royal Penguins sampled (Table 2) and nothing in its 
morphology indicates that it is a Macaroni Penguin. The 
Terre Adélie Macaroni Penguin is the mainland Antarctica 
record most distant from a breeding colony.

Scavenging of penguin remains by toothfish

The Antarctic toothfish is a large predatory fish endemic 
to the seas surrounding Antarctica (Hanchet et al. 2015). 
It is a commercially important fish and supports a longline 
fishery in the vicinity of the Ross Sea, with the highest 
catches taken from 1000 to 1600 m depth (Hanchet et al. 
2015). Although Antarctic toothfish primarily eat fish and 
cephalopods, they are thought to be opportunistic feeders 
and obtain a substantial part of their diet from scavenged 
prey, such as penguins, seals, flying seabirds and fishing 
discards (Fenaughty et al. 2003; Roberts et al. 2011; Stevens 
et al. 2014; Seong et al. 2021). Previous records of penguin 
remains found in the stomach contents of Antarctic toothfish 
include an Emperor Penguin chick (Aptenodytes forsteri), 
six putative Chinstrap Penguins (Pygoscelis antarcticus) 
(Roberts et al. 2011; Seong et al. 2021), one King Penguin 
(Aptenodytes patagonicus; NMNZ OR.027644) and seven 
Adélie Penguins (Pygoscelis adeliae; NMNZ OR.027759, 
NMNZ OR.029729-30, NMNZ OR.029283-4, NMNZ 
OR.030900-1).

Fig. 3  Haplotype network for mitochondrial DNA HVR1 sequences 
of Macaroni (Eudyptes chrysolophus) and Royal (Eudyptes schlegeli) 
Penguins. The Royal Penguin cluster of haplotypes is indicated by a 
dotted line
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The Royal Penguin remains obtained from Antarctic 
toothfish stomachs were likely to be scavenged. Royal Pen-
guins have a maximum dive depth of 226 m (Hull 2000), 
which is much shallower than the depths that Antarctic 
toothfish typically frequent (Hanchet et al. 2015). It is likely 
that the penguins were killed and partially consumed by 
another predator and their remains sunk to where they were 
eaten by Antarctic toothfish. We consider that there are two 
potential predators: killer whales (Orcinus orca) or leopard 
seals (Hydrurga leptonyx). ‘Type B’ killer whales, which 
mainly eat seals, have been observed chasing and feeding 
on penguins (Andrews et al. 2008 and references therein; 
Pitman and Durban 2010; Ainley and Ballard 2012). ‘Type 
B’ killer whales occur in the Ross Sea, where the penguin 
remains we studied were obtained, but are less common than 
the fish-eating ‘Type C’ killer whales (Ainley and Ballard 
2012). Leopard seals are also well-known predators of pen-
guins and are common in the Ross Sea (Ainley et al. 2005). 
Both ‘Type B’ killer whales and leopard seals leave bird 
remains similar to our samples of flippers and heads. Pit-
man and Durban (2010) observed ‘Type B’ killer whales 
eating the breast muscles of penguins and discarding the 
rest of the carcass. Leopard seals also often leave behind a 
relatively clean skeleton, including the feet and head, when 
eating birds, such as penguins (Penney and Lowry 1967; 
McKinlay et al. 2014).

In conclusion, our identification of vagrant penguins 
reveals that immature Royal Penguins, an age class whose 
movements were largely unknown, can travel large dis-
tances to Antarctica. We provide the first evidence of Royal 
Penguins reaching the Ross Dependency and propose that 
juveniles may be more regular in this area than previously 
realised. Our study also demonstrates the usefulness of DNA 
sequences for identifying taxa with similar or overlapping 
morphologies, as well as fragmentary and degraded bird 
remains (Galbraith et al. 2013; Dalén et al. 2017).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00300- 021- 02961-x.
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