
This article has been accepted for publication and undergone full peer review but has not been 
through the copyediting, typesetting, pagination and proofreading process, which may lead to 
differences between this version and the Version of Record. Please cite this article as doi: 
10.1111/IBI.13019
 This article is protected by copyright. All rights reserved

PROF. TIM  BIRKHEAD (Orcid ID : 0000-0003-2916-4976)

DR. JUERGEN  FIEBIG (Orcid ID : 0000-0001-8654-0400)

Article type      : Original Paper

Editor               : Melanie Kershaw

The Great Auk (Pinguinus impennis) had two brood patches, not one: confirmation 

and implications

Running title: Great Auk brood patches

TIM BIRKHEAD1*, JÜRGEN FIEBIG2, ROBERT MONTGOMERIE3, KARL SCHULZE-HAGEN4

1Department of Animal and Plant Sciences, University of Sheffield, S10 2TN, United Kingdom
2 Museum fuer Naturkunde, Invalidenstr. 43, 10115 Berlin, Germany

3 Department of Biology, Queen’s University, Kingston ON K7L 3N6 Canada
4 Bleichgrabenstr. 37, 41063 Moenchengladbach, Germany

* Corresponding author

Email: T.R.Birkhead@sheffield.ac.uk

Orcid:  TRB:  0000-0003-2916-4976

RM: 0000-0003-4701-4525

A
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1111/IBI.13019
https://doi.org/10.1111/IBI.13019
https://doi.org/10.1111/IBI.13019


This article is protected by copyright. All rights reserved

Since the late 1600s it has been assumed that the Great Auk Pinguinus impennis was similar 

to the Common Guillemot Uria aalge and Brünnich’s Guillemot U. lomvia in having a single, 

central brood patch. Through the examination of eight mounted museum specimens, we 

show that this is incorrect and that like its closest relative the Razorbill Alca torda, the Great 

Auk had two lateral brood patches. We discuss how such misinformation persisted for so 

long. We also review the relationship between the number of brood patches and clutch size 

in the Alcidae. One implication of two brood patches is that the Great Auk would have 

incubated in a horizontal posture like the Razorbill, rather than in a semi-upright posture 

like the Uria guillemots. Assuming that the Great Auk incubated like the Razorbill, it would 

probably have done so horizontally with its single egg pressed against one of the two lateral 

brood patches, positioned against the inside of one tarsus (and partially on the web of one 

foot), and with the wing on that side drooped to provide additional protection for the egg. 

Incubating in this way may have meant that the Great Auk’s pyriform egg would have 

enabled it to use both level and sloping terrain, as in the Uria guillemots (but unlike the 

Razorbill). A horizontal incubation also has implications for estimates of their breeding 

density, which we estimate to have been around four pairs per square meter and, hence 

numbers on its largest known colony, Funk Island, Newfoundland (maximum 250,000 pairs). 

Keywords:  great auk, brood patch, incubation-egg shape
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The Great Auk Pinguinus (previously Alca) impennis is extinct, with the last two birds killed 

in early June 1844 on the island Eldey off southwest Iceland and sold to dealers as museum 

skins (Fuller 1999). The Great Auk was the largest member of the auk family (Alcidae) and 

was flightless, a trait that was unique among ‘recent’ northern hemisphere birds. 

Flightlessness rendered the Great Auk remarkably vulnerable at its breeding colonies where 

it was hunted for its flesh and feathers for three centuries (1500-1800). The species was 

extinct before any ornithologists were able to see live birds, either at their breeding colonies 

or at sea. As result, much of what we know about the bird’s biology has been inferred from 

the accounts of those that killed the birds at their colonies, or from eggs, skins and skeletal 

material now mainly in museums (Newton 1861, Grieve 1885, Birkhead 1993, Fuller 1999, 

Gaskell 1990, Pálsson 2020). 

Most accounts of the Great Auk’s biology have been written by historians rather than 

biologists. The account by Bengtson (1984) is one of the few written by a biologist and 

ornithologist and as a result, is one of the most frequently cited. From Bengtson’s overview 

we can identify three categories of information regarding the Great Auk’s biology: 

(i) Anecdotes — original eye witness accounts of living birds or second-hand information 

from other peoples’ verbal or written accounts. 

(ii) Data — from existing artifacts, such as sub-fossil skeletal material, eggs, mounted skins 

and DNA (e.g. Thomas et al. 2017).

(iii) Inferences — deductions, based either on comparisons with extant auk species whose 

phylogeny is now known (Smith & Clarke 2015), or with other convergent species (e.g. 

penguins [Spheniscidae]) with which the Great Auk shared its flightlessness and foraging 

mode.

One second-hand item of information stated by Bengtson (1984) is that the Great Auk had a 

single brood patch. In this respect, it would have been like the Common Guillemot Uria aalge, A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

and Brünnich’s Guillemot U.lomvia, both of which are close relatives of the Great Auk (Moum 

et al. 2002). However, the species most similar to the Great Auk in form, and most closely 

related to it phylogenetically, the Razorbill Alca torda (Smith & Clarke 2015), has two lateral 

brood patches, one on each flank (Gaston & Jones 1998). 

The information that the Great Auk had a single brood patch allowed some subsequent 

biologists to make inferences about its breeding biology. Bengtson (1984), for example, 

inferred that both sexes participated in incubation, ‘as both had one brood-spot each … just 

like the murres [Uria guillemots] but unlike the Razorbill and Atlantic Puffin, which have two 

brood-spots, although they also lay one-egg clutches’. Others inferred that the Great Auk 

assumed an upright or semi-upright incubation posture, with the egg positioned between 

the legs and pressed against the presumed central, single brood patch as in guillemots, but 

unlike the Razorbill that incubates in a horizontal posture (Fuller 1999: 38; Birkhead et al. 

2020). Fuller (1999: 38) also inferred that the Great Auk’s upright incubation (together with 

other information) facilitated breeding at very high densities.

Bengtson (1984) cites Faber (1826) as his source for the Great Auk’s single brood patch. 

Friedrich Faber (1796-1828) was a talented Danish ornithologist who spent two and a half 

years (1819-1821) in Iceland studying birds (Helms 1934). He published several papers and 

a book Ueber das Leben der hochnordischen Vögel recounting his findings (Faber 1826). That 

book is also rare readily accessible either physically or in terms of comprehension; the book 

is rare and few copies were probably available when Bengtson was writing his paper in the 

1980s (the book is now available on line: 

https://www.biodiversitylibrary.org/item/98686). Faber’s book was written in German and 

printed in Blackletter or Gothic script (common practice at the time), making it difficult to 

read for those unfamiliar with this font and this style of writing. Faber pays particular 

attention to the brood patches of birds and makes the point that he is among the first 

ornithologists to do so (Faber 1926:136-140). He discusses the brood patches of seabirds 

including some of the auks, and from catching breeding alcids infers that both sexes 

incubate. He states: "An important difference in the natural history of Alca torda and Uria 

troille [Common Guillemot U.aalge] is, that Alca torda has two, and Uria troille has only one A
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brood patch." (Faber 1826: 139: translations from the German by KSH) and that: "Uria alle 

[Little Auk], Alca torda, and Mormon fratercula [Atlantic Puffin] lay only one egg, but have 

two brood patches." (Faber 1826: 140). Nowhere does Faber state unequivocally that the 

Great Auk has a single brood patch. Moreover, despite his best efforts, Faber failed to see 

either a live or even a recently dead Great Auk while in Iceland (Faber 1826).

Given the difficulty of reading and understanding Faber’s accounts, it seems likely that 

Bengtson misunderstood, and assumed that when Faber mentioned Alca he was, sometimes 

at least, referring to the Great Auk.

Another possibility is that Bengtson did not attempt to grapple with Faber’s Blackletter 

script himself, but relied on what previous authors had said. One possibility is Lockley’s 

Puffins (1953), or more likely, Fisher & Lockley’s (1954) Sea-Birds, which Bengtson (1984) 

cites in his paper. Lockley (1953) states that the Great Auk had a single brood patch (with no 

citation), as do Fisher & Lockley (1954: 268), who cite Faber (1826) as their source. 

However, the fact that Bengtson makes the same inference as Faber about both sexes 

incubating (not mentioned by Fisher & Lockley 1954), suggests that Bengtson may have 

consulted Faber (1826).

It is curious that, even though Faber (1826), Lockley (1953), Fisher & Lockley (1954) and 

Bengtson (1984) all refer to Martin’s (1698) account of the Great Auk on St Kilda, none of 

them mention his very explicit statement (Martin 1698: 48) about the Great Auk having a 

single brood patch:

the hatching spot upon his [sic] breast, i.e. a bare spot from which the feathers 

have fallen off with the heat in hatching… 

Martin visited St Kilda in 1697 and interviewed the residents regarding their dependence on 

seabirds. He included in his account the notes he made on the different species, including the 

Great Auk, although he neither saw one, nor visited the place(s) where it was thought to 
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breed. Indeed, by the time of Martin’s visit the Great Auk may already have been a rare bird 

on St Kilda after years of exploitation for its eggs (Fuller 1999).

In contrast to these authors just mentioned, J. F. Naumann ((1844: 630-646) states that the 

Great Auk had two brood patches, a statement that as far as we can tell, has not been cited by 

any subsequent authority (see Discussion).

Trusting the statements made in secondary sources is a common, but unwise, practice 

among scientists. One of us (unaware at that time of Naumann’s (1844) account) had taken 

Bengtson’s (1984) and Martin’s (1698) single brood patch statements for the Great Auk as 

fact, and made several inferences from it (Birkhead et al. 2020). One of these inferences was 

the idea that because the common ancestor of both the two Uria guillemots, the Great Auk 

and the Razorbill all had a single brood patch, an evolutionary transition to two brood 

patches had occurred after the split between the Alca/Pinguinus clade and the Uria/Alle 

clade (node ‘c’ in Figure 2). The logic here was that this allowed the Razorbill to incubate in a 

horizontal posture in crevices and under boulders where its smaller size (0.6-0.8 kg versus 

4-5 kg for the Great Auk) rendered it safer from predators. Life history traits do not map 

exactly onto phylogenies, and there are numerous examples of such transitions within clades 

of birds (Bennett & Owens 2002). 

The main aim of the present study was to establish, through the examination of mounted 

specimens, whether the Great Auk had one or two brood patches. A second objective was to 

map both the number of brood patches and clutch size in all extant Alcids (plus the Great 

Auk) onto a phylogeny to explore the possible evolution of these traits within this family of 

birds.

METHODS

The ventral plumage of eight mounted Great Auk specimens was examined by one of us (JF) 

to locate and identify their brood patch or patches.  The eight specimens, all in German A
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national museums, were selected simply on the basis of their accessibility (see Supporting 

Information Appendix S1 for details of the eight specimens). It is worth noting that most of 

the 70 or so Great Auk specimens worldwide, including the eight examined here, are in 

breeding plumage and were therefore obtained during the breeding season, and most —

judging from the number of bill grooves — are likely to be adult and hence breeding birds 

(Fuller 1999). The history of a small number of Great Auk specimens is known, having been 

among the few remaining birds taken from Icelandic breeding colonies in the early 1800s as 

scientific specimens (Hahn 1963, Fuller 1999; see also Thomas et al. 2017).

The ventral plumage of those eight Great Auks was carefully and systematically searched, 

feather by feather, with forceps and needles and the perimeter of each brood patch was 

marked with coloured pins. To expose the full extent of each brood patch, the outermost 

feathers were deflected slightly to one side with forceps and fixed in place with preparation 

needles. When necessary, some feathers were moistened with alcohol. 

After examination, measurement and photography, and the subsequent removal of the 

needles, the feathers were easily brought back into their original position and arranged with 

forceps and with lukewarm air from a hair dryer. In this way the structure and volume of the 

feathers were perfectly restored to their original shape. None of the exhibits examined 

suffered any damage as a result of the examinations.

It seems likely that the brood patch areas that we exposed on these specimens had been 

considerably larger on the living bird and were presumably spread with the help of the skin 

muscles. It can also be assumed that during taxidermy the bare patches would have shrunk 

during subsequent drying.

We surveyed the relevant literature and consulted with several field biologists to determine 

the numbers and location of brood patches in all extant alcid species. We then mapped both 

the number of brood patches and the clutch size of each onto a current phylogeny of the 

family Alcidae. To construct this phylogeny, we downloaded 100 trees for these species—

including the genus Stercorarius as the outgroup (following Smith & Clarke 2015)—from A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

birdtree.org using the ‘Ericson All Species’ source of trees. We then used Mesquite (v 3.61; 

Maddison 2008) to construct a Majority Rule Consensus Tree, with the required clade 

frequency set at 0.5. We added two species to this tree topology: the Great Auk as the sister 

species of Alca torda (Moum et al. 2002), and Synthliboramphus scrippsi as the sister species 

of S. hypoleucus as these were both considered previously to be subspecies of S. hypoleucus 

(Drost & Lewis 2020). The resulting topology is similar—but not identical—to 3 other tree 

sources from birdtree.org, as well as previously published phylogenies based on molecular 

and morphological data (Thomas et al. 2004; Smith & Clarke 2015; Giacomo 2018). 

Nonetheless, our conclusions about the evolutionary history of brood patch number in the 

Alcidae are unaffected by mapping clutch size and brood patch number onto these different 

topologies.

RESULTS

Brood patches in the Great Auk

In all eight specimens, the central ventral plumage of the Great Auks showed uniformly 

dense feathering with no indication of a gap in the plumage (Fig. 1). In contrast, bare areas of 

about 5 cm in diameter were detected in the lateral regions on both flanks, evenly hidden by 

longer feathers. These bare skin areas were present on both flanks of all eight Great Auks 

examined and correspond to the location of brood patches on Razorbills.

On some Great Auk specimens, external inspection gave rise to the suspicion of feather gaps 

or bare patches on the flanks, which appeared as ‘cavities’ under the seemingly intact feather 

surface due to coverage by longer lateral cover feathers (see Fig. 1).

Brood patches in other alcids

Nineteen of the 24 extant species of alcids have two lateral brood patches (Fig 2; Supporting 

Information Table S1). It is perhaps not surprising that all eight species of Cepphus 

guillemots and Synthliborhamphus murrelets have two lateral brood patches as they all 

incubate a two-egg clutch. Only five extant species— the two Uria guillemots and the three A
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Brachrhamphus murrelets — have a single, central brood patch and they all incubate a one-

egg clutch (Fig. 2). 

In the family Alcidae, two clades show mismatches between the number of brood patches 

and the number of eggs incubated (Fig. 2): the clade comprising the Little Auk, Razorbill and 

Great Auk (genera Alle, Alca, and Pinguinus, respectively), and the clade of puffins 

(Fratercula, Cerorhinca) and auklets (Aethia, Ptychoramphus).  The most parsimonious 

interpretation of trait evolution suggests that the puffin-auklet clade evolved from a most 

recent common ancestor that laid two eggs and had two brood patches but the historical 

reduction in clutch size was not accompanied by a reduction in the number of brood patches. 

The Alle-Alca-Pinguinus clade, similarly, appears to have retained the ancestral state of 2 

brood patches while reducing clutch size to 1 (node ‘a’ in Fig. 2) while the number of brood 

patches in the sister clades of Brachyrhamphus murrelets and Uria guillemots was reduced 

to one when their clutch size also declined to 1 (nodes ‘b’ and ‘c’ respectively in Fig. 2).

DISCUSSION

We show unequivocally that the Great Auk had two lateral brood patches, and not a single, 

central brood patch as Martin (1698), Lockley (1953), Fisher & Lockley (1954), Bengtson 

(1984) had previously reported. With respect to the number and location of brood patches, 

the Great Auk is therefore the same as its closest relatives, the Razorbill and Little Auk, and 

different from the two Uria guillemots. 

Our findings confirm J. F. Naumann’s (1844: 630-646) overlooked description in his 

Naturgeschichte der Vögel that states very clearly that the Great Auk possessed two lateral 

brood patches. In his account of Alca impennis Linn. “Der fluglose Alk [the flightless auk]” in 

a chapter on Fortpflanzung [reproduction] Naumann writes: Male and female alternate in 

incubating … is proved by their breeding patches, which both sexes have in the same extension, 

one [brood patch] on each side [i.e. laterally] of the belly [abdomen], as it is the case in Alca 

torda. [translation from the German by KSH].A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Naumann cites no authority, and it is most likely that he made this discovery himself. He was 

a skilled taxidermist (Naumann 1815) and it was he who, in about 1830, prepared the 

mounted specimen now known as ‘Naumann’s Auk’ (our Specimen 2 – see Supporting 

Information Appendix S1) from a skin that came from Iceland, via Copenhagen (Busching 

2001; Fuller 1999). There are three editions of Naumann´s Naturgeschichte der Vögel, the 

first, published between 1795-1817, pre-dates Naumann’s acquisition of the Great Auk 

specimen and not surprisingly, includes no mention of the Great Auk. The second edition 

(1820-1860) includes the details of the Great Auk in volume 12 published in 1844. Similarly, 

the third edition, referred to as “Neuer Naumann” 1897-1905; Vol 12: 169-208 (published in 

1903) also includes a section on Alca impennis that is identical to that of the 1844 edition, 

together with some additional comments (but not relating to the brood patch) by the 

revising editor Wilhelm Blasius (1845-1912). It is extraordinary that (as far as we can tell) 

no subsequent author noted the discrepancy between Naumann’s (1844) statement about 

the Great Auk’s two brood patches and that of other authors such as Martin (1698) and 

Bengtson (1984) who said there was only one.

Over-turning the long-held belief that the Great Auk had a single brood patch has several 

implications.

First, it is routine for scientists to assume that the findings of previous researchers are 

accurate or accurately reported in the subsequent literature, even though there are 

numerous cases to the contrary (Pulverer 2015). Despite our efforts as scientists to be 

objective, there still remains a tendency to accept or believe information that coincides with 

one’s own biases or perceptions. As we show here in the case of the Great Auk’s brood 

patches, it was a combination of accepting the idea of a single brood patch — because it 

coincided with certain expectations —as well as the failure of researchers to check the 

earlier literature thoroughly enough.

Second, with two lateral brood patches the Great Auk would almost certainly have incubated 

in a horizontal posture like a Razorbill rather than upright or semi-upright like the Uria A
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guillemots (Fig. 3). Almost all depictions of the Great Auk show it in an upright, penguin-like 

posture (Fuller 1999), so it was easy to imagine that like the King Penguin Aptenodytes 

patagonicus and Emperor Penguin A. forsteri, the Great Auk also incubated in an upright 

posture. Thus, it has always been assumed that, like the two Uria guillemots that it 

resembles, the Great Auk incubated its single egg between its legs pressed against the 

central brood patch (Montevecchi & Kirk 2020). This in turn provided a convenient 

explanation for the Great Auk’s pyriform or semi-pyriform shaped egg, which, it was 

inferred, allowed safer manipulation by the parent Great Auks during incubation and 

incubation changeovers (Birkhead et al. 2020).

The almost ubiquitous upright image of the Great Auk (Fuller 1999) and the lack of any 

references to a horizontal incubation position were both a consequence of all first-hand 

accounts coming from those chasing and killing Great Auks. As far as we know, no one sat 

and observed undisturbed Great Auks on their breeding grounds and recorded their natural 

behaviour. The only possible and tangential reference to horizontal incubation are 

statements that the best way to capture Great Auks was to catch them asleep (Gaskell 1999: 

81). ‘Asleep’ could mean seeing the birds with their eyes closed, or their head turned back 

with their bill tucked into the scapulars, but it could also mean that they were incubating 

horizontally. 

The Razorbill incubates with its egg pressed against one of its two lateral brood patches, one 

on each flank. Razorbills usually incubate in a roofed or open rock crevice on a cliff ledge, or 

in an earth burrow. When breeding on an exposed cliff the incubating bird generally 

positions its egg between itself and the back wall of the cliff. This presumably reduces the 

risk of egg predation by gulls or corvids. It also minimises the risk of accidental egg loss, 

although in contrast, to the Common Guillemot, Razorbill breeding sites are usually level and 

the egg is sometimes left unattended. Some Razorbills accumulate small pebbles, sticks or 

feathers to form a simple nest that might further help to protect the egg. During incubation 

the Razorbill’s egg is held between one tarsus and the brood patch on that side (Fig. 4c). 

Each brood patch comprises an area (~8x5 cm) of bare skin surrounded by dense feathers, 

such that it forms a kind of pocket beneath the wing, which is drooped to more or less cover A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

the entire egg (Fig. 4). The egg is thus kept in place by a combination of the wing and leg, and 

the parent often uses its bill to adjust the position of the egg. The egg, which sometimes lies 

partially on the webs of one or both feet, is generally oriented with its blunt end facing 

forward (Fig. 3). Two lateral brood patches allow Razorbills incubating on a cliff ledge to 

change position and face in either direction while still keeping the egg between the cliff wall 

and their body.

The Great Auk also had two lateral brood patches and seems likely that it incubated in a 

horizontal posture like the Razorbill. Fig. 1e suggests that the Great Auk’s brood patches are 

located more posteriorly (Fig. 1), than in the Razorbill. However, examination of a mounted 

Razorbill skin and marking the location of the brood patch using pins shows the brood 

patches in the two species were probably in a very similar location (Fig. 4). Since we know 

that when lying horizontally and incubating, the Razorbill’s brood patch and egg lies 

effectively under one wing (Fig. 4c), it seems likely that this was also true in the Great Auk 

(Fig. 3). In other words, we think it likely that the two species incubated in a similar manner, 

with the egg pressed against one of their two brood patches, and held in contact with one 

leg, partially on the webs of the feet, and covered by a drooped wing.

Implications of two brood patches

There are several implications for our conclusion that the Great Auk almost certainly 

incubated in a horizontal posture (Fig. 3), allowing us to make new inferences about its 

breeding biology. Previous studies have attempted to estimate the number of Great Auks at 

their last large colony on Funk Island, Newfoundland, based on the area thought to be 

occupied and the presumed density of breeding birds (Harris & Birkhead 1985, Birkhead 

1993). Indeed, there are first-hand accounts of Great Auks breeding ‘shoulder to shoulder’ 

(cited in Fuller 1999: 39) and, at such densities that it was hard to place one’s foot between 

their eggs without damaging them (e.g. Taverner 1718). However, a Great Auk incubating 

horizontally would occupy two or three times the space of one incubating in a semi-upright 

posture, so any estimate of their breeding density should be reduced accordingly.
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Accounts like Taverner’s (1718) clearly suggest that Great Auks bred at high density. In 

addition, it is clear that the Great Auk population on the relatively small (~25 ha, 

250,000m2), almost flat, Funk Island was extremely large since it was ruthlessly exploited 

for eggs, meat and feathers for almost two centuries. Whether Great Auks bred in direct 

physical contact with conspecifics like the two Uria guillemots often do, or physically 

separate like Razorbills, is not known. Because they were flightless and would have had to 

walk to their incubation sites through the colony they were probably not in direct physical 

contact when incubating. Assuming, based on museum specimens that each bird would 

occupy about 50 cm x 20 cm while incubating horizontally, it is likely that their maximum 

density would have been four birds per square meter if there was almost no space between 

incubating birds. That would set an upper limit of 250,000 pairs on Funk Island if they 

occupied only 25% of the island, as suggested from subfossil bone deposits (Lucas 1891). 

It has been previously assumed that by breeding at very high density, Great Auks shared 

some of the same adaptations as Common Guillemots, including individual egg recognition 

and egg shape (Birkhead 1978, Tschanz 1968). Common Guillemots breed at high density in 

the open as a way to minimise the predation of eggs and chicks by gulls and corvids 

(Birkhead 1977). Common Guillemots lay and incubate their single egg in the open on bare 

rock with no nest and Tschanz (1959) showed that the considerable variation in the colour 

and maculation of their eggs allowed them to recognize and retrieve their own egg from 

among those on the same breeding ledge. The pyriform shape of the Common Guillemot’s 

egg is also an adaptation to laying and incubating on bare rock, reducing the likelihood of it 

moving during parental changeovers or when both parents are absent (Birkhead et al. 2018, 

2019). Great Auk eggs also exhibit considerable variation in colour and markings (Fuller 

1999), although less than in Common Guillemots, and are similar in shape to Uria guillemot 

eggs —almost identical in shape to those of Brünnich’s Guillemot (Birkhead et al. 2020)  —

and thus a little less pointed on average than those of the Common Guillemot.

In contrast, the Razorbill lays a much less pointed egg, often referred to as elliptical-ovate 

(Bent 1919). Although the variation in colour and markings of Razorbill eggs is considerable, 

it is unclear whether parents are able to recognize their own egg (Birkhead 1978, Ingold A
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1973). However, Razorbills rarely lay their eggs close to one another, so it is unlikely that 

individual egg recognition would be adaptive. Apart from the density at which they breed, 

the other major difference between Common Guillemots and Razorbills, is that to facilitate 

breeding at high density, Common Guillemots are very flexible in their choice of substrate. 

Thus Common Guillemots are able to breed successfully on both level and sloping surfaces— 

in part because their pyriform egg is more stable on sloping surfaces (Birkhead et al. 2017a, 

b, 2018). In comparison, Razorbills whose egg is much less stable on a sloping surface, 

invariably breed on horizontal surfaces, and incubate in a horizontal position (Birkhead et al. 

2019). The fact that the Great Auk’s egg is much more pyriform in shape than that of a 

Razorbill (see Birkhead et al. 2020), suggests that, in contrast to the Razorbill, Great Auks 

could have used both level and sloping terrain (as in Guillemots), that would in turn facilitate 

breeding at high density.

Our survey of the relationship between clutch sizes and the number of brood patches in the 

Alcidae (Supporting Information Table S1), raises several interesting questions about the 

evolution of brood patches. Why do some species have two brood patches when they 

incubate only one egg? Are there examples of mismatches between the number of brood 

patches and clutch sizes in other bird families? All three alcid clades (comprising 12 species) 

that have one-egg clutches but have two brood patches evolved from ancestors that laid two 

eggs and had two brood patches. But why have those 12 species retained their two brood 

patches when their clutch size evolved to a single egg? One possibility is that the two brood 

patches are simply a nonadaptive artifact of the ancestral condition. This seems unlikely, 

however, as the three Brachyramphus murrelets and the two Uria guillemots all evolved a 

single brood patch when their clutch size declined to one, suggesting that the evolution of a 

single brood patch from two is probably adaptive in those species.

Another possibility is that two brood patches provide a thermal advantage during incubation 

by allowing birds with a streamlined body shape (for diving) and a horizontal incubation 

posture to position their single egg between the side of their belly and their leg to keep it — 

at least partly —off the cold substrate and reduce heat loss, rather than positioning the egg 

centrally on a single brood patch where the egg would also be in contact with the substrate. A
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For example, the 12 alcids with one egg and two brood patches (Figure. 2), lay their egg on 

bare rock or pebbles or in burrows and crevices in arctic and subarctic environments where 

heat loss from eggs could be an important selective force on brood patch design.  The Uria 

guillemots, which also lay their eggs on bare rock or pebbles, with no nest in arctic/subarctic 

environments, incubate in an upright or semi-upright posture at high density on narrow cliff 

ledges. These guillemots have solved the thermal problem by incubating their single egg 

between their legs and partially on top of their webbed feet, pressed against their single 

brood patch. In contrast, the three Brachyramphus murrelets all incubate their single egg in 

sheltered microclimates — either in a nest made of vegetation most often high off the 

ground on a tree limb (B. perdix and marmoratus; del Hoyo et al. 2020, Nelson 2020) or on 

bare rock or gravel, sheltered by rocks or vegetation (B. brevirostris; Day et al. 2020) — 

thereby reducing heat loss from the egg. 

As our unpublished field observations of incubating Razorbills show, two lateral brood 

patches allows birds to face in either direction while keeping their egg between their body 

and the cliff wall for protection. Two brood patches may also facilitate the transfer of eggs 

between parents in cramped burrows or crevices where one parent is facing outward and 

the other inward during changeovers. Eleven of the 12 alcid species with a mismatch lay 

their eggs in burrows or crevices, the sole exception being the Great Auk. 

While the development, physiology, and anatomy of avian brood patches have been well 

studied in selected species (e.g., Jones 1971, Lea & Klandorf 2002), this is the first study to 

look at the relationship between the number of brood patches and clutch sizes within a 

single family of birds. It would be interesting and potentially informative to know whether 

such mismatches occur in other clades but information on the number and position of brood 

patches is often not recorded. With the recent availability of miniature cameras and thermal 

and motion sensors it should now be feasible to study how birds manipulate eggs during 

both incubation and transfers between parents to see exactly how brood patches are used to 

keep eggs warm.
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The final implication of our findings is confirmation of the extraordinary value of museum 

specimens (Webster 2017). Without these —and cooperative curators — we could not have 

checked and shown that instead of the long-held belief of a single brood patch, the Great Auk, 

like its closest relative, the Razorbill, possessed two lateral brood patches. 

We are especially grateful to the following museums and curators for allowing JF to examine their Great Auk 

specimens: Sylke Frahnert, Museum für Naturkunde Berlin; Bernhard Just, Naumann-Museum Köthen; Peter 

Mildner, Stiftung Schloss Friedenstein Gotha; Ronald Bellstedt, Stiftung Schloss Friedenstein Gotha; Till Töpfer, 

Museum Alexander Koenig Bonn; René Diebitz, Naturkundemuseum Leipzig; Ronny Maik Leder, 

Naturkundemuseum Leipzig; Kay Fuhrmann, Landesmuseum Natur und Mensch Oldenburg; Christina Barilaro, 

Landesmuseum Natur und Mensch Oldenburg, and Marcus Unsöld, Zoologische Staatssammlungen München. 

Carola Radtke, MfN Berlin kindly took the photographs of the Berlin Great Auk.  Thanks also to Errol Fuller for 

help with the literature; to Aevar Petersen for invaluable help with translations and to Akinori Takahashi, 

Yasuko Iwami (Yamashina Institute of Ornithology), Kataryzna Wojczulanis-Jakubas, Ian Jones, Nina 

Karnovsky, Kim Nelson, and Darrell Whitworth for information regarding brood patches in other alcids. Thanks 

also to two anonymous reviewers for their constructive comments. We are especially grateful to Giselle Eagle 

and Richard Brown (wardens of Skokholm Island Bird Observatory) for providing photographs, videos, and 

invaluable discussion regarding incubating razorbills specifically for this study, and to Julie Riordan for data on 

incubating Razorbills on Skomer Island. Special thanks are due to David Quinn for conducting the necessary 

research to provide the drawings for this paper. The study was funded by ourselves. 
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Appendix S1.  The eight Great Auk specimens examined in this study.

Table S1.  Clutch sizes and number of brood patches in the Alcidae

FIGURE LEGENDS 

Figure. 1. Brood patches on the Berlin Great Auk specimen marked with orange pins: (a) 

right brood patch; (b) left brood patch with a life-size replica Great Auk egg; (c) left brood 

patch; (d) entire bird showing the position of the left brood patch; (e) both brood patches as 

viewed from the front of the bird, and (f) after removal of pins and repositioning of the 

plumage. (Photographs by Carola Radtke).

Figure 2. Clutch sizes and the number of brood patches in each species in the Alcidae (bold 

text), mapped onto a phylogeny of all extant species as well as the extinct Great Auk. Nodes 

labelled a, b, and c are referred to in the text.A
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Figure 3. Incubation and egg position in (from left to right) Common Guillemot Razorbill and 

Great Auk. In the Razorbill and Great Auk the egg is pressed against one of the two lateral 

brood patches; in the Common Guillemot the egg is incubated in contact with the single, 

central brood patch. The egg is shown as a grey image with no attempt here to show its 

position relative to the feet (see text and Figure. 4). Drawing by David Quinn.

Figure 4. Razorbill brood patch (a) exposed by hand on the left side; the head is uppermost 

(Photo: R. Brown, J.M.Henderson and G. Eagle); (b) Mounted Razorbill specimen with the 

two brood patches outlined by coloured pins (Photo: J. Fiebig); (c) incubating Razorbill with 

the egg pressed against the left brood patch. Note that the narrow end of the egg is just 

visible resting on the webs of the left foot (Photo: G. Eagle). (d) Schematic transverse section 

through an incubating Razorbill viewed from the front showing the position of the egg, legs, 

right wing and webs of the feet (Drawings by TRB).
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Table 1. Clutch sizes and number of brood patches in the Alcidae 

 

Species  Clutch size  Brood patches  Reference 

Common Guillemot 

Uria aalge 

1 1 Faber (1826); Gurney 

(1913 cited in Storer 

1952); Gaston & Jones 

(1998) 

Brunnich’s Guillemot 

Uria lomvia 

1 1 Gaston & Jones (1998) 

Little Auk 

Alle alle 

1 2 Naumann (1844), Gaston 

& Jones (1998); K. 

Wojczulanis-Jakubas 

pers comm 

Razorbill 

Alca torda 

1 2 Faber (1826); Naumann 

(1844); Gaston & Jones 

(1998) 

Scripp’s Murrelet 

Synthliboramphus scrippsi 

1 2 Murray et al. (1983). 

Whitworth et al (2020) 

Guadalupe Murrelet 

S. hypoleucus 

2 2 Whitworth et al (2021 —

in press)*** 

Craveri’s Murrelet 

S. craveri 

2 2 Whitworth et al. (2018)  

 

Ancient Murrelet 

S.  antiquus 

2 2 Gaston (2001) 

Japanese Murrelet 

S. wumizusume 

2 2 D. Whitworth (pers. 

comm.) 

Black Guillemot 

Cepphus grylle 

2 2 Naumann (1844); Storer 

1952 

Pigeon Guillemot 

C. columba 

2 2   Drent (1961) 

Spectacled Guillemot 

C. carbo 

2 2 Shibaev (1990);  

Y. Iwami, pers.comm. A
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Marbled Murrelet 

Brachyramphus marmoratus 

1 1 Sealy (1974); K. Nelson, 

pers. comm. 

Gaston & Jones (1998) 

Long-billed Murrelet 

B. perdix 

1 1 K. Nelson, pers. comm. 

Kittlitz’s Murrelet 

B. brevirostris 

1 1* K. Nelson, pers comm. 

Cassin’s Auklet 

Ptychoramphus aleuticus 

1 2 Sealy 1968; Gaston & 

Jones (1998)*; Manuwal 

(1974) 

Parakeet Auklet 

Aethia psittacula 

1 2  Sealy (1968); Gaston & 

Jones (1998) Manuwal 

(1974) 

Crested Auklet 

A. cristatella 

1 2   Sealy 1968;Gaston & 

Jones (1998); Manuwal 

(1974) 

Whiskered Auklet 

A. pygmaea 

1 2 Gaston & Jones (1998) 

Least Auklet 

A. pusilla 

1 2 Sealy 1968;  Gaston & 

Jones (1998) Manuwal 

1974 

Rhinoceros Auklet 

Cerorhinca monocerata 

1 2   Sealy 1968;  Gaston & 

Jones (1998); Manuwal 

1974 

Atlantic Puffin 

Fratercula arctica 

1 2 Who? Lockley’s puffin 

book? Gaston & Jones 

(1998) 

Horned Puffin 

F. corniculata 

1 2 Gaston & Jones (1998) 

Tufted Puffin 

F. cirrhata 

1 2 Gaston & Jones (1998) 

 

** complex- see Manuwal 1974 A
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