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Abstract Adaptation to an aquatic lifestyle occurred in the evolution of several primarily terrestrial clades of 
tetrapods. Among these lineages, aquatic birds’ adaptations differ in many ways from other secondarily aquatic 
vertebrates. As a consequence of the evolution of flight, birds with swimming and diving abilities represent 
unique locomotion skills and complex anatomical solutions. Here we attempt to overview some of the main 
aspects of avian locomotion in water and highlight the diversity of their aquatic habits and locomotion types, 
with the best-known extinct and extant examples. The main features that can distinguish the different groups 
among these swimmers and divers are their different techniques to overcome buoyancy, the transformation 
of wings or hind limbs into aquatic propulsive organs, and their swimming techniques besides the presence 
or absence of the flying and/or terrestrial abilities. Understanding how the musculoskeletal system of aquatic 
birds evolved to face the requirements of moving in various environments with different physical characteristics 
provides a good opportunity to get a better view of convergent and divergent evolution.
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Összefoglalás A vízi életmódhoz való alkalmazkodás többször kialakult az elsődlegesen szárazföldi tetrapodák 
evolúciója során. Ezen leszármazási vonalak között a vízimadarak alkalmazkodása sok tekintetben különbözik 
a többi másodlagosan vízi életmódra áttért gerincesétől. A repülés evolúciójának következményeként az úszá-
si és merülési képességekkel rendelkező madarak mozgásformái és komplex anatómiai adaptációi egyedülálló-
ak. Jelen tanulmányban kísérletet teszünk a madarak főbb vízi mozgásformáinak áttekintésére, különös tekintettel 
mozgástípusaik sokféleségére, példaként említve a legismertebb kihalt és recens képviselőiket. A főbb jellem-
zők, amelyek megkülönböztethetik egymástól a különböző úszó és merülő csoportokat, azok a víz felhajtóerejé-
nek leküzdésére kialakult technikák, a szárnyak vagy a hátsó végtagok vízi meghajtószervekké való átalakulása, 
valamint az egyes úszásmódok mellett a repülés és/vagy a szárazföldön való mozgás képességének megléte vagy 
hiánya. Annak megértése, hogy a vízi életmódhoz alkalmazkodott madarak izom- és csontszerkezete hogyan fej-
lődött úgy, hogy az megfeleljen az eltérő fizikai jellemzőkkel rendelkező közegben való mozgáshoz, kiváló lehe-
tőséget nyújt arra, hogy átfogóbb képet alkothassunk a konvergens és divergens evolúcióról.
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Introduction

During the history of Earth, several primarily terrestrial lineage of tetrapods have returned 
to the water and adapted on different levels to live in an aquatic environment (Kelley & 
Pyenson 2015, Motani & Vermeij 2021). Some of these transitions could be connected to the 
colonisation of aquatic environments during the recovery after devastating mass extinctions, 
however, most of these events are scattered through geological time and probably were 
driven by the available food sources and high productivity of aquatic habitats (Vermeij & 
Motani 2018). The aquatic adaptation of different clades to similar physical parameters 
and challenges has resulted in similar anatomical solutions and thus, convergent forms 
in many cases (Lindgren et al. 2010, Motani & Vermeij 2021, Gutarra & Rahman 2022). 
The waters of the Mesozoic were ruled by several clades of marine reptiles (such as 
sauropterygians, ichthyopterygians, mosasaurs, etc.), several of which survived to this day 
(like crocodiles, sea turtles, etc.) (Bardet 1994, Bardet et al. 2014). From the beginning of 
the Cenozoic, the radiation of aquatic mammals (such as pinnipeds, cetaceans, sirenians, 
etc.) has begun (Uhen 2007, Kelley & Pyenson 2015, Motani & Vermeij 2021). Nowadays, 
aquatic birds represent important components of both marine and freshwater ecosystems. 
The first avialans obviously adapted to specialised (foot-propelled) swimming and diving 
(Hesperornithiformes) evolved and colonised the marine and freshwater ecosystems back 
in the Cretaceous (Marsh 1880, Chiappe & Witmer 2002, Galton & Martin 2002, Bell & 
Chiappe 2015). Although most of the main groups of modern birds evolved in the Middle to 
Late Cretaceous, after the Cretaceous-Paleogene extinction birds diversified drastically and 
conquered the empty ecological space and environments (Moen & Morlon 2014, Brusatte 
et al. 2015). Through the following era numerous species appeared, including early anatids 
(Zelenkov 2020), grebes (Kurochkin 1976, Zelenkov 2015), loons (Storer 1956, Mayr 
2004), rails (García-R et al. 2014), alcids (Konyukhov 2002, Smith & Clarke 2015) and 
penguins (Jadwiszczak 2009, Ksepka & Ando 2011).

Waterfowl show different levels of specialisation ranging from shorebirds to highly 
aquatic forms (Ashmole 1971). Due to the evolution of powered flight, the rigidity of 
their body enhanced, and their fore- and hind limbs became suitable for the variant types 
of movements, and this dual (initially aerial and terrestrial) locomotor system led to 
different ecomorphological innovations (Gatesy & Dial 1996, Kristoffersen 2001). Their 
morphologies and locomotion types are exceedingly diverse: they can use their wings or 
legs (or rarely both) as the main source of thrust production in different ways (Storer 1945). 
The best swimmers have lost their ability to fly due to the transformation of their wings into 
flippers (e.g. penguins) (Schreiweis 1982, Louw 1992, Watanabe et al. 2021), or sometimes 
even their ability to effectively move on land because of their highly modified hind limbs 
(e.g. grebes and loons) (Shufeldt 1898, Clifton et al. 2018). However, besides the highly 
specialised swimmers, many examples of ‘amphibious flyers’ (e.g. alcids) with the ability 
to swim and dive, fly, and sometimes also to walk effectively are known (Storer 1945, 
Raikow et al. 1988, Bribiesca-Contreras et al. 2021). Because air and water represent highly 
different physical characteristics (density, viscosity, etc.) and because of the presence of 
distinct mechanical loads during movements in different environments, the musculoskeletal 
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system of birds with aquatic habits must deal with various constraints, which required trade-
offs and novel solutions in their morpho-functional adaptations (Raikow et al. 1988, Habib 
2010, Fish 2016, Bribiesca-Contreras et al. 2021). 

Among the secondarily aquatic vertebrate taxa, birds’ adaptation is unique and in certain 
aspects deviates from the usual tendencies seen in other tetrapods, since they represent not 
just a transition between land and water, but a shift from an aerial life to an aquatic (Fish 
2016, Fernández et al. 2020, Motani & Vermeij 2021). Given the special body plan and 
evolutionary path of birds among secondarily aquatic vertebrates, explaining their adaptation 
and functional trade-offs requires understanding their behaviour and locomotor techniques. 

Here we intend to sum up and discuss the diverse locomotor and foraging techniques 
of birds adapted to swimming and diving, in order to form a basis for further comparative 
works. To highlight and introduce the different trends of avian locomotion in water, we 
provide summary illustrations based on the available literature.

Aquatic bird locomotor groups

With the intention of highlighting the different trends in avian aquatic locomotion and 
to describe the most distinguishable locomotor groups, with certain ecological and/or 
anatomical characteristics, previous authors proposed classifications. These concepts mostly 
followed the same (and most unambiguous) separation of groups with different propulsive 
organs (e.g. foot and/or wing) (Townsend 1909, Storer 1945), however, the approach 
was slightly different. While the concept of Ashmole (1971) emphasised the ecological 
connections and behaviour besides swimming style, Fish (2016) linked the locomotor 
groups to evolutionary stages to outline the possible steps of the transition from an aerial to 
a predominantly aquatic type of movement. From a third perspective, Clifton et al. (2018) 
introduced the terms ‘lesser diving’ and ‘highly diving’ for foot-propelled swimming birds 
based on anatomical and consequent behavioural traits. An additional important viewpoint 
would be for categorising swimming birds is to take into account their propulsive efficiency, 
which could also be in connection with their anatomical adaptations (Johansson & Norberg 
2001, Johansson & Norberg 2003).

In this work, we attempt to summarize these notions to establish a background for 
further comparative studies. However, knowing the complexity of the behaviour of birds, 
we must keep in mind, that every kind of approach could contain outliers and examples 
which are difficult to classify, moreover the borders and distinctions between different 
locomotor groups in some cases can be blurry. Another difficulty worth mentioning is 
that while widespread taxa, and those that are easily accessible in zoos and collections, 
are frequently studied (such as grebes or cormorants) (Schmid et al. 1995, Johansson 
& Norberg 2001, White et al. 2008, Clifton et al. 2018), relatively little is known about 
other rare birds’ aquatic behaviour (like finfoots) (Olson 2003, Shepherd 2006, Nurza et 
al. 2017). Following Ashmole (1971), the term ‘diving’ herein refers to the movement 
which starts with a resting state on the water-air interface, while ‘plunging’ is an action 
that begins from the air. We do not separate taxa from marine environments from those of 
freshwater ecosystems. 
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The distinction of different locomotor groups (Figure 1) is based on exclusive behaviours 
and anatomical characteristics that are missing from other clusters. For example, even 
though cormorants use paddling while swimming on the surface, such as non-diver 
surface swimmers (Johnsgard 1987), the diving performance divides them from the latter 
group (Zeffer & Norberg 2003). Similarly, although some of the volant advanced wing-
propelled birds occasionally plunge from the air (Ashmole 1971), their ability to dive into 
considerable depth directly from the surface using only their limbs (Ryan & Nel 1999, Low 
et al. 2015) differentiates them from plunge-divers, that are less adapted and most of all 
utilise momentum to dive and overcome buoyancy (Ashmole 1971). 

Figure 1. Aquatic bird locomotor groups based on Ashmole (1971), Kristoffersen (2001), Gough et 
al. (2015), Fish (2016), and Clifton et al. (2018): (1–3) surface swimmers; (4) ‘skittering’; (5–
6) plunge-divers; (7–10) lesser diving foot-propelled birds; (11–12) highly diving foot-
propelled birds; (13–14) asymmetrical subaqueous flyers; (15) symmetrical subaqueous 
flyers. Examples: (1) Wandering Albatross (Diomedea exulans); (2) European Herring 
Gull (Larus argentatus); (3) Mallard (Anas platyrhynchos); (4) Common Eider (Somateria 
mollissima); (5) Great White Pelican (Pelecanus onocrotalus); (6) Northern Gannet (Morus 
bassanus); (7) American Darter (Anhinga anhinga); (8) Great Cormorant (Phalacrocorax 
carbo); (9) Magellanic Flightless Steamer Duck (Tachyeres pteneres); (10) Common Merganser 
(Mergus merganser); (11) Common Loon (Gavia immer); (12) Great Crested Grebe (Podiceps 
cristatus); (13) Long-Tailed Duck (Clangula hyemalis); (14) Atlantic Puffin (Fratercula arctica); 
(15) King Penguin (Aptenodytes patagonicus) 

1. ábra Vízimadár mozgási csoportok Ashmole (1971), Kristoffersen (2001), Gough et al. (2015), Fish 
(2016) és Clifton et al. (2018) nyomán: (1–3) felszíni úszók; (4)’skittering’; (5–6) becsapó-
dó-merülők; (7–10) kevéssé specializált lábbal merülő madarak; (11–12) erősen specializált 
lábbal merülő madarak; (13–14) aszimmetrikus víz alatti repülést végzők; (15) szimmetri-
kus víz alatti repülést végzők. Példák: (1) vándoralbatrosz (Diomedea exulans); (2) ezüstsi-
rály (Larus argentatus); (3) tőkés réce (Anas platyrhynchos); (4) pehelyréce (Somateria mol-
lissima); (5) rózsás gödény (Pelecanus onocrotalus); (6) szula (Morus bassanus); (7) amerikai 
kígyónyakúmadár (Anhinga anhinga); (8) nagy kárókatona (Phalacrocorax carbo); (9) óriás 
gőzhajóréce (Tachyeres pteneres); (10) nagy bukó (Mergus merganser); (11) jeges búvár (Ga-
via immer); (12) búbos vöcsök (Podiceps cristatus); (13) jegesréce (Clangula hyemalis); (14) 
lunda (Fratercula arctica); (15) királypingvin (Aptenodytes patagonicus) 
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Physical problematics of diving

The ecological shift from a terrestrial (and aerial) mode of life to an aquatic, requires 
changes in morphology, physiology, and behaviour. Regarding locomotion, among others, 
drag reduction, buoyancy control, the increase of stability, and locomotor performance are 
the main trajectories of evolution (Fish 2016, Houssaye & Fish 2016, Gutarra & Rahman 
2022). Aquatic movements mostly depend on the foraging style but include other territorial, 
escape, or comfort behaviours (Livezey & Humphrey 1982, Johnsgard 1987), and the 
extent of adaptation varies in accordance with these. Waterbirds are known to utilise aquatic 
resources at a wide range, depending on their ecology, from surface swimming and dabbling 
to reaching extreme depths, while consuming planktonic food sources, employing benthic 
foraging, or performing pursuit diving (Ashmole 1971). Swimming and diving ability could 
also contribute to the vertical and horizontal distribution of habitats between different taxa 
(Pöysä 1983a, 1983b, Hustler 1991, Pecsics et al. 2017). However, since all of the known 
aquatic bird taxa (both extant and extinct) continued laying eggs, the reproduction requires 
some sort of terrestrial abilities even from the most capable divers and swimmers that 
depend solely on seafood (Shufeldt 1898, Willener et al. 2016).

As a result of the different constraints that affect the body in water, significant changes 
could undergo in morphology, as well as in the inner structure of semi-aquatic and aquatic 
taxa’s bones (Zeffer et al. 2003, Habib & Ruff 2008, Hinić-Frlog & Motani 2010). The 
structural changes could be related either in connection with the adaptation to a buoyant 
environment (Mendoza & Tambussi 2015, Houssaye et al. 2016), but also can be connected 
to the increased bone strength in elements that are exposed to the strains of swimming 
(Habib & Ruff 2008, Habib 2010). Besides the anatomical changes caused by the physical 
constraints of the aquatic mode of life, the heritage of the flying ancestry also had left its 
mark even on the body plan of most aquatic waterfowl. Among others, the streamlined body 
shape, developed sternal keel, and powerful pectoral and pelvic musculature (Ostrom 1976, 
Heers & Dial 2012) provided optimal ‘starting point’ to develop aquatic abilities and due 
to the rigid body, the production of thrust relies on the limbs (appendicular locomotion) 
(Gatesy & Dial 1996). However, in order to provide the proper amount of thrust, to propel 
the body in a denser environment, and to overcome drag forces both submerged and on 
the water surface, the structure of fore- and hind limbs shows certain adaptations: such as 
smaller wings (Raikow et al. 1988) or flatter and rigid hydrofoil-like flippers (Louw 1992), 
webbed or lobbed feet (Johansson & Norberg 2003, Tokita et al. 2020). In order to support 
the streamlined body shape, some of the most aquatic forms, such as loons, grebes, and 
penguins incorporated to some extent, the hind limbs into the abdominal skin (Kaiser 2011, 
Clifton et al. 2018). The best pursuit divers must be able not just to dive effectively, but also 
to take sudden turns and use a locomotor technique that provides them enough propulsive 
force (Clifton & Biewener 2018).

During wing-propelled diving, thrust (the forward component of force) is generated by the 
lift forces – which are the sum of forces that act perpendicular to the motion direction – of 
wing strokes (Clark & Bemis 1979). According to Lovvorn and Liggins (2002), this type of 
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thrust production is energetically much more beneficial, than foot-propulsion. Ducks during 
dives use drag-based (forces that oppose the relative motion of the object in fluid) propulsion 
to hold their position close to the bottom (Ribak et al. 2010). And while previously it was 
known that paddling is clearly drag-based, according to Johansson and Norberg (2003), at 
least the later phases of power strokes of the (delta-shaped) webbed feet of cormorants and 
ducks provide hydrodynamic lift forces. The feet of grebes and loons continuously generate 
hydrodynamic lift due to the direction of movement and position (Johansson & Norberg 
2001, Clifton & Biewener 2018).

Semi-aquatic and aquatic taxa must face buoyancy, the force that is produced by the 
displaced mass of water and acts opposite to the body weight. Buoyancy is neutral when 
these two forces are equal (the body is floating), and negative when it causes the animal to 
sink. Positive buoyancy moves the body upwards in the water column. Penetrating under 
the surface is problematic for the highly buoyant volant taxa, which must exert force, or 
gain extra momentum in order to counteract the upward-directed force of water, dive, and 
reach their foraging depth (Hustler 1991, Eliason et al. 2020). The most common way for 
aquatic vertebrates to decrease the effect of the buoyant force is to increase the density of 
the body. One solution can be to increase the mass of the skeletal elements with changes in 
bone microanatomical features (Chinsamy et al. 1998, Wilson & Chin 2014, Cerda et al. 
2015, Houssaye et al. 2016). A partially, or fully vettable feather coat could also provide a 
solution (such as in the case of cormorants and anhingas), however, in this case, the birds 
could be exposed to the negative effects of weather while they dry their feathers (Grémillet 
et al. 2005, Ryan 2007). The buoyant force decreases with increasing depth and hydrostatic 
pressure, and since the effect of buoyancy during shallow dives is maximal, shallow diving 
requires more energy compared to the dives of those species that descend deeper (Kato 
et al. 2006). For example, in shallow water, both penguins and cormorants are positively 
buoyant, but in addition, this can help in ascending and supports the bird to reach the water 
surface (Ribak et al. 2005, Kato et al. 2006). Deep divers descend beyond the depth where 
buoyancy is minimal or neutral and can spend most of their energy searching and capturing 
prey (Lovvorn et al. 2001), while shallow divers remain in the zone of maximal buoyancy, 
and must work against it during the entire dive sequence (Kato et al. 2006).

Surface swimmers

Birds with aquatic habits (both surface swimmers and divers) typically use their feet to propel 
themselves on the air-water interface (Figure 2) (Ashmole 1971, Ancel et al. 2000), between 
plunges and dive sequences, except for penguins that mainly move with the rowing motion 
of their flipper-like wings (Figure 3) (Butler 2000). Aquatic taxa generally represent a broad, 
boat-shaped body that provides them stability while floating (Stolpe 1932, Bovy 2002).

The category ‘surface swimmer’ stands for those buoyant birds that are mostly restricted 
to the surface and do not necessarily show such drastic anatomical adaptations in connection 
with their aquatic lifestyle that would affect their terrestrial or aerial abilities, like in more 
derived foot-propelled aquatic groups (Clifton et al. 2018b). On occasion, they are able to 
partially or fully submerge, however they are not capable of performing deep or long-time 
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diving (for example, albatrosses, gulls, dabbling ducks) (Ashmole 1971, Raikow 1973, 
Butler & Jones 1982). Dabbling birds for example mostly submerge only with the front part 
of their body (Johnsgard 2010), and their oily waterproof feather coat helps them to forage 
upside down. Some of them have good terrestrial (e.g. walking or even running) capabilities 
(Provini et al. 2012). The propulsion is provided by the alternate strokes of the feet (Gough 
et al. 2015, Fish 2016), and the paddling movements are supported by lobed or webbed feet, 
which evolved convergently in several taxa with different phylogenetic background (Tokita 
et al. 2020). Besides progress and resting, eating from the surface could be the advantage of 
this low-speed movement: such as grasping organisms, or even filtering plankton (Ashmole 
1971). 

Skittering (special locomotor technique)

Some of the birds that propel themselves by alternate paddling on the water surface apply 
special temporary locomotor techniques (in short: ‘skittering’) in order to avoid wave drag 
and excel the speed-limiting effect of waves generated by the surface swimming (hull 
speed) without flying (Gough et al. 2015). A peculiar way of locomotion is the so-called 
‘steaming’, which is sometimes also mentioned as ‘wing-paddling’ (Fish 2016). Steaming, 
as a regular behaviour is mostly cited in connection with large, heavy anatids, especially 
the steamer ducks (Tachyeres spp.) and eider ducks (Somateria spp.), however other birds, 
like alcids, also apply this movement occasionally to a lesser extent (Livezey & Humphrey 
1986, Gough et al. 2015). During steaming, these waterfowl increase their body angle 
and gain extra acceleration from the power strokes of the slightly flexed wings combined 
with foot-paddling. However, this rapid oaring is restricted to just a limited time interval 
and used only in those cases when the birds have to escape insecure situations or need 
acceleration for other temporary reasons (Livezey & Humphrey 1986, Gough et al. 2015). 
Steaming is particularly interesting in the case of the Magellanic Flightless Steamer Duck 
(Tachyeres pteneres), which birds’ wing size does not allow the take-off, however, the strong 
and otherwise functional wings are regularly used as paddlers on the surface (Livezey & 
Humphrey 1986, Fulton et al. 2012). 

Besides steaming, another temporary water-surface related speed accelerator behaviour is 
the so-called ‘paddle-assisted flying’, which was studied in more depth by the observation 
of the Common Eider (Somateria mollissima) by Gough et al. (2015): unlike steaming, in 
this case, the body stands out completely from the water, the bird paddles against the surface 
while flapping the wings, to overcome wave drag. A similar series of movements is used by 
other aquatic avian taxa as well, in order to gain acceleration prior to the take-off (Norberg 
& Norberg 1971).

Plunge-divers

Plunge-divers are those volant birds that are generally more buoyant and less adapted for 
aquatic locomotion than other, more derived avian divers. In order to penetrate below the 
surface and reach the underwater prey, they use the momentum gained from the controlled 
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fall (Figure 3) (Weiss et al. 2014, Chang et al. 2016). The anatomy of the neck, the structure 
of the beak, and the cranial shape help plunge-divers to strike and dive into the water with 
the minimal chance of damage and injuries (Sharker et al. 2019). Some of them, such 
as kingfishers, terns, gulls, pelicans, and tropicbirds dive only to a very small depth, not 
considerably deeper than their own length (surface-plungers), however, others, like gannets 
and boobies are able to penetrate for several meters below the surface (deep-plungers) 
(Ashmole 1971). After the end of the descent, these deep-plungers use foot-propulsion and 
mainly asymmetrical subaqueous flight (wing-propulsion) for a short period, prior they 
ascend back to the surface, where they employ paddling with their (mostly) webbed hind 
feet (Lee & Reddish 1981, Corre 1997).

Foot-propelled divers

Among avian groups, foot-propelled diving occurred in different lineages, such as in ducks, 
snakebirds (anhingas) and cormorants, and in the highly specialised grebes and loons 
(Figure 2). The more advanced foot-propelled divers are characterised by an elongated body, 
caudally positioned hind limbs, with powerful pelvic and leg musculature (Kristoffersen 
2001, Clifton et al. 2018). The majority of them are still capable to fly. Flightlessness is 
known among foot-propelled divers – with no claim of being exhaustive – in the case of 
the Cretaceous Hesperornithiformes birds with highly reduced wing bones (Marsh 1880, 
Martin & Tate 1976), and for several anatids, such as the Magellanic Flightless Steamer 
Duck (Livezey & Humphrey 1986), moreover for the Galapagos Cormorant (Phalacrocorax 
harrisi) (Shufeldt 1915), and several flightless grebes, like the Titicaca Grebe (Rollandia 
microptera), the Junin Grebe (Podiceps taczanowskii), and the recently extinct Atitlán Grebe 
(Podilymbus gigas) (Livezey 1989). However, it must be noted that the loss of flight and 
the shrinking of wing sizes (at least in the better known Cenozoic taxa) were not primarily 
related to the modification of their wings to propulsive organs (Livezey & Humphrey 1986, 
Livezey 1989). Those taxa, that have lost their flying capabilities only recently (e.g. some 
thousand years ago) are sometimes mentioned as ‘neoflightless’ (Habib & Ruff 2008).

Among foot-propelled divers, following Clifton et al. (2018) a distinction can be 
made between those taxa that retained much of their terrestrial abilities and able to move 
effectively on a substrate (like diving, and sea ducks, cormorants), and also sometimes to 
climb (anhingas) (lesser diving foot-propelled birds), and those that have lost much of their 
walking skills due to their anatomical adaptations – especially in their abdominal region, 
pelvic girdle and on the legs – (loons, grebes) and are rather clumsy on land (highly diving 
foot-propelled birds). 

On the water surface, both groups apply alternate paddling (Ancel et al. 2000) and during 
the descent and horizontal underwater swimming, much of the propulsion is provided by the 
strong hind feet (Johnsgard 1987). Usually, both the lesser and highly diving taxa hold their 
wings close to the body, and strike with them only rarely, for example during sudden turns 
(Townsend 1909, Owre 1967), or the phase of submergence from the surface (Kelso 1922), 
or in the case of some anatids, the wings are held partly extended and used as a diving plane 
(Townsend 1909, Brooks 1945). 
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Among ducks, several different techniques are known. For example, Lesser Scaups 
(Aythya affinis), Ruddy Ducks (Oxyura jamaicensis) and Mergansers (Mergus spp.) dive 
with simultaneous (symmetrical) leg strokes (White 1957, Tome & Wrubleski 1988). 
Besides simultaneous symmetrical strokes, Canvasbacks (Aythya valisineria) occasionally 
dive with alternate (asymmetrical) strokes (Tome & Wrubleski 1988), and their wings are 
always folded such as in Mergus spp. (Townsend 1909, Brooks 1945), and in the case of all 
the above mentioned ducks (Tome & Wrubleski 1988). Steamer Ducks (Tachyeres spp.) also 
dive with alternate strokes of their feet (Livezey & Humphrey 1982b).

The diving phenomenon was deeply studied in the case of cormorants (Schmid et al. 
1995, Ancel et al. 2000, Ribak et al. 2005) however, information related to the slower 
swimmer anhingas are more controversial (Owre 1967), but according to Audubon (1838), 
anhingas can dive both with alternate and symmetrical paddling. Cormorants are pursuit 
hunters, diving in greater depths, while anhingas dive only in shallow waters, and as ambush 
fish-eaters lurking slowly under the surface (Hustler 1991). The feather coat of cormorants 
is more water and cold resistant therefore these birds are able to forage in colder waters 
(Grémiller et al. 2005). The feather coat of anhingas is getting completely wet during 
dives, and cannot hold back air bubbles under the feathers (Ryan 2007). The density of 
their skeletal elements are somewhat higher, compared to cormorant species (Owre 1967), 
while the pneumatization of the body and the size of the air sacks are not well developed, 
therefore, combined with their fully wettable feather coat, they need less energy to act 
against buoyancy during their shallow dives (Owre 1967, Hustler 1991). In addition, this 
type of feather coat is a limiting factor for their distribution since they prefer only warm 
waters (Ryan 2007). Despite that anhingas’ attributes do not make them fast underwater 
hunters, they present efficient climbing abilities (Owre 1967, Diederle 2016). Cormorants 
use their feet paddling backwards, then every power stroke is followed by a gliding phase 
when their hind limbs are held in an extended position (Ribak et al. 2005). During paddling, 
the feet are positioned ventrally (Ribak et al. 2005). This simultaneous symmetrical striking 
is an energetically more optimal swimming method, which produces greater levels of (in 
this case lift-based) thrust than the asymmetrical paddling (Johansson & Norberg 2001, 
Ribak et al. 2005).

Grebes and loons almost never leave the water, and just rarely show erect posture standing 
on hind limbs (Shufeldt 1898). They are rather clumsy on land, since the proximal hind 
limbs are integrated into the abdominal skin (Clifton et al. 2018). These birds during their 
underwater pursuit dives employ simultaneous (symmetrical) strokes with their laterally 
positioned feet – without the use of the wings (Townsend 1909) – which provides them 
powerful lift-based thrust (Johansson & Norberg 2001, 2003, Ribak et al. 2005, Clifton & 
Biewener 2018). Under the surface, both grebes and loons synchronously move their feet 
laterally backwards and extend the intertarsal ankle joint, then in the following phase the 
feet are moving forward with closed digits. The movement of the feet are more lateral and 
not ventral like in cormorants (Johansson & Norberg 2001, Clifton & Biewener 2018). Their 
swim includes periodic power and recovery strokes, without a gliding phase following the 
power stroke (Ribak et al. 2005, Clifton et al. 2018). Rotation is limited at the hip joint, 
and is present only at the knee to some extent, supported by the high cnemial crest, which 
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limits the flexion and extension of the knee, but permits long-axis rotation of the tibiotarsus 
(Clifton & Biewener 2018, Clifton et al. 2018).

The reconstructed anatomy and appearance of the extinct Hesperornithiformes are similar 
to grebes and loons (Zinoviev 2011), however, in some features they also resemble to 
cormorants and probably these similarities make them an example for mosaic evolution 
(Bell et al. 2017).

Wing-propelled divers

Among diving birds, a wide spectrum of uses of wings exists, and in contrast to foot-
propulsion, wing-propelled techniques are known only from the Cenozoic fossil record 
(Kristoffersen 2001). One of the most extreme morphological and structural responses 
among birds for locomotion-related mechanical loadings is present in the forelimbs of wing-
propelled divers (Habib & Ruff 2008, Serrano et al. 2020), thus this behavior (Figure 3) 
represents a strong selective pressure (Smith et al. 2021).

Several anatids – such as the White-winged Scoter (Melanitta deglandi) and Surf Scoter 
(Melanitta perspicillata) – extend the wings partially during and following the submergence 
but do not use them for propulsion (Brooks 1945). In contrast, some authors mentioned 
that Long-tailed Ducks (or Oldsquaw) (Clangula hyemalis) apply wing-propulsion for 
diving and horizontal progression (Townsend 1909, Snell 1985), however, understanding 
this phenomenon probably needs further observations. The only group of songbirds, that 

Figure 2. Foot-propelled birds with examples for swimming and terrestrial locomotion abilities
 (1) American darter (Anhinga anhinga) (a: drying its wings, b: underwater swimming); 
 (2) Great Cormorant (Phalacrocorax carbo) (a: drying its wings, b: underwater swimming); 

(3) Greylag Goose (Anser anser) (a: standing, b: dabbling); 
 (4) Common Loon (Gavia immer) (a: unable to stand, b: swimming on surface)
2. ábra Úszás közben lábukat használó madarak példákkal az úszási és szárazföldi mozgási képes-

ségeik tekintetében
 (1) amerikai kígyónyakúmadár (Anhinga anhinga) (a: szárnyait szárítja, b: felszín alatt úszik);
 (2) nagy kárókatona (Phalacrocorax carbo) (a: szárnyait szárítja, b: felszín alatt úszik); 
 (3) nyári lúd (Anser anser) (a: áll, b: vízfelszínről táplálkozik); 
 (4) jeges búvár (Gavia immer) (a: nem képes állni, b: a vízfelszínen úszik)
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are adapted to wing-propulsion are the dippers (Cinclinidae), which progress underwater 
and search for prey with the thrust produced by the partially opened wings (Goodge 1959). 
While dippers do share some convergent features (e.g. related to musculature and the 
feathers) with other wing-propelled divers, the osteological modifications are subordinate 
(Smith et al. 2021).

Following Fish (2016) those taxa that perform underwater flight using wing-propulsion 
can be grouped regarding their aerial skills. During wing-propulsion, thrust is based on 
the lift forces produced by the wing strokes (Clark & Bemis 1979). The wings of active 
flyers (such as Cinclinidae, Alcidae, and genus Pelecanoides) must be functional not just in 
the air but in the water, they employ asymmetrical subaqueous flight (Fish 2016). In their 
case, the production of thrust is larger during downstrokes, while the upstrokes provide 
a smaller amount of thrust, however, this movement could counteract buoyancy (Spring 
1971, Johnsgard 1987, Johansson & Aldrin 2002). Contrary, in the case of the symmetrical 
subaqueous flight of flightless wing-propelled birds (such as Sphenisciformes), an important 
amount of thrust is being produced during both the down- and upstrokes of wings (Clark 
& Bemis 1979, Lovvorn & Liggins 2002). In addition to wings, certain groups, like alcids 
use leg strokes to some extent (see the video footage in Enstipp et al. 2018), probably to 
counteract buoyancy (Townsend 1909, Johnsgard 1987). 

The wing anatomy of flightless taxa shows flattened bones, with more prominent 
epiphyses, a drastically decreased mobility of the distal wing joints, together with the wing 
elevator/retractor muscles becoming more emphasized (Schreiweis 1982, Louw 1992, 

Figure 3. Wing-propelled birds with examples for flying, aquatic and terrestrial locomotion abilities
 (1) Atlantic Puffin (Fratercula arctica); (2) Northern Gannet (Morus bassanus); (3) Chinstrap 

Penguin (Pygoscelis antarcticus) (a: walking, b: tobogganing, c: swimming on surface, d: 
diving)

3. ábra Úszás közben szárnyukkal evező madarak példákkal a repülési, vízi és szárazföldi mozgási 
képességeik tekintetében

 (1) lunda (Fratercula arctica); (2) szula (Morus bassanus); (3) kantáros pingvin (Pygoscelis an-
tarcticus) (a: sétál, b: hason csúszik, c: a felszínen úszik, d: merül)
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Watanabe et al. 2021). While the changes in pectoral and wing-elevator musculature can 
be already experienced in volant wing-propelled taxa (Bribiesca-Contreras et al. 2021), 
the most drastic anatomical alterations probably happen after the loss of flight. According 
to Raikow et al. (1988), the stiffening of joints and reduction of wing elements’ mobility 
cannot be observed among those wing-propelled birds that are still active flyers. Despite that 
birds that perform asymmetrical subaqueous flight exemplify an adaptation to move both in 
the water and air (Kovacs et al. 2000). 

Besides penguins, other (now-extinct) flightless wing-propelled taxa are known, such as 
the Plotopteridae from the North Pacific Ocean (Eocene to early Miocene), that group highly 
resembles penguins in many aspects of their adaptations (Dyke et al. 2011, Mayr 2020). 
Flightlessness appeared at least two times among auks (Pan-Alcidae): flightless stem-group 
alcids (Mancallinae) are known from the Miocene to Pleistocene of the Pacific coasts of 
North America and Japan (Smith 2011, Watanabe et al. 2021), while among crown-group 
alcids Great Auks represented this evolution in the North Atlantic, at least from the Pliocene 
until the 19th century when their last species Pinguinus impennis became extinct due to 
human activity (Fuller 1999, Watanabe et al. 2021).

Future perspectives

In an attempt to deeper understand the complexity of aquatic birds’ swimming habits, we 
must take into account not just the comparative anatomical descriptions (Schreiweis 1982, 
Louw 1992, Clifton et al. 2018, Watanabe et al. 2021), but the newer advanced methods and 
modeling techniques. However, besides the significance of the latter sources, the importance 
of traditional field observations must not be forgotten (Brooks 1945, Shepherd 2006). 

While numerous studies discussed the locomotion skills of some of the best foot- or 
wing-propelled swimmer and diver taxa – like grebes (Johansson & Norberg 2001), auks 
(Johansson & Aldrin 2002), and penguins (Clark & Bemis 1979) – relatively little attention 
has been paid to reliably record (with photo documentation or video recording) and to 
publish the various swimming habits of less adapted aquatic birds. It would be particularly 
remarkable to gain more data about the different uses of wings of diving ducks, not only in 
nature, but also in an observation tank. A possible direction for future works could be the 
application of three-dimensional methods or tomographic tools in order to better understand 
the biomechanics of how the skeleton adapts to the movements in different habitat with 
different physical characteristics (Habib & Ruff 2008, Habib 2010, Eliason et al. 2020). 
These studies would be interesting not just for the comparison of extant taxa with fossil 
remains, but also to find novel concepts for bioinspired materials and design or even robotics.

Acknowledgements

We are grateful to Attila Ősi and Jenő Nagy for their comments. The text was supervised by 
Bridgette Dennett and Gabriella Bóka.

M. Segesdi & T. Pecsics



ORNIS HUNGARICA 2022. 30(1)42

Ancel, A., Starke, L. N., Ponganis, P. J., Van Dam, R. & Kooyman, G. L. 2000. Energetics of surface swimming 
in Brandt’s Cormorants (Phalacrocorax penicillatus Brandt). – Journal of Experimental Biology 203: 3727–
3731. DOI: 10.1242/jeb.203.24.3727

Ashmole, N. P., Farner, D. S. & King, J. R. 1971. Seabird ecology and the marine environment. – In: Farner, D. 
S., King, J. S. & Parkes, K. C. (eds.) Avian Biology, Vol. I. –Academic Press, New York

Audubon, J. J. 1838. An Ornithological Biography, Vol. 4: 136–160. – Adam and Charles Black, Edinburgh 
Bardet, N. 1994. Extinction events among Mesozoic marine reptiles. – Historical Biology 7(4): 313–324. DOI: 

10.1080/10292389409380462
Bardet, N., Falconnet, J., Fischer, V., Houssaye, A., Jouve, S., Pereda Suberbiola, X., Pérez-García, A., Rage, J-C. 

& Vincent, P. 2014. Mesozoic marine reptile palaeobiogeography in response to drifting plates. – Gondwana 
Research 26(3–4): 869–887. DOI: 10.1016/j.gr.2014.05.005

Bell, A. & Chiappe, L. M. 2016. A species-level phylogeny of the Cretaceous Hesperornithiformes (Aves: 
Ornithuromorpha): implications for body size evolution amongst the earliest diving birds. – Journal of 
Systematic Palaeontology 14(3): 239–251. DOI: 10.1080/14772019.2015.1036141

Bell, A., Wu, Y. H. & Chiappe, L. M. 2019. Morphometric comparison of the Hesperornithiformes and modern 
diving birds. – Palaeogeography, Palaeoclimatology, Palaeoecology 513: 196–207. DOI: 10.1016/j.
palaeo.2017.12.010

Bovy, K. M. 2002. Differential avian skeletal part distribution: explaining the abundance of wings. – Journal of 
archaeological Science 29(9): 965–978. DOI: 10.1006/jasc.2001.0795

Bribiesca-Contreras, F., Parslew, B. & Sellers, W. I. 2021. Functional morphology of the forelimb musculature 
reflects flight and foraging styles in aquatic birds. – Journal of Ornithology 162: 779–793. DOI: 10.1007/
s10336-021-01868-y

Brooks, A. 1945. The under-water actions of diving ducks. – The Auk 62(4): 517–523.
Brusatte, S. L., O’Connor, J. K. & Jarvis, E. D. 2015. The origin and diversification of birds. – Current Biology 

25(19): R888-R898. DOI: 10.1016/j.cub.2015.08.003
Butler, P. J. 2000. Energetic costs of surface swimming and diving of birds. – Physiological and Biochemical 

Zoology 73(6): 699–705. DOI: 10.1086/318111
Cerda, I. A., Tambussi, C. P. & Degrange, F. J. 2015. Unexpected microanatomical variation among 

Eocene Antarctic stem penguins (Aves: Sphenisciformes). – Historical Biology 27: 549–557. DOI: 
10.1080/08912963.2014.896907

Chang, B., Croson, M., Straker, L., Gart, S., Dove, C., Gerwin, J. & Jung, S. 2016. How seabirds plunge-dive 
without injuries. – Proceedings of the National Academy of Sciences 113(43): 12006–12011. DOI: 10.1073/
pnas.1608628113

Chiappe, L. M. & Witmer, L. M. (eds.) 2002. Mesozoic Birds: Above the Heads of Dinosaurs. – University of 
California Press, Berkeley, California

Chinsamy, A., Martin, L. D. & Dodson, P. 1998. Bone microstructure of the diving Hesperornis and the volant 
Ichthyornis from the Niobrara Chalk of western Kansas. – Cretaceous Research 19(2): 225–235. DOI: 
10.1016/0195-6671(83)90023-X

Clark, B. D. & Bemis, W. 1979. Kinematics of swimming of penguins at the Detroit Zoo. – Journal of Zoology 
188(3): 411–428. DOI: 10.1111/j.1469-7998.1979.tb03424.x

Clifton, G. T. & Biewener, A. A. 2018. Foot-propelled swimming kinematics and turning strategies in Common 
Loons. – Journal of Experimental Biology jeb.168831. DOI: 10.1242/jeb.168831

Clifton, G. T., Carr, J. A. & Biewener, A. A. 2018. Comparative hindlimb myology of foot-propelled swimming 
birds. – Journal of Anatomy 232(1): 105–123. DOI: 10.1111/joa.12710

Diederle, J. M. 2017. Body mass and locomotor habits of the smallest darter, Anhinga minuta (Aves, Anhingidae). 
– Historical Biology 29(3): 289–295. DOI: 10.1080/08912963.2016.1148148

Dyke, G. J., Wang, X. & Habib, M. B. 2011. Fossil plotopterid seabirds from the Eo-Oligocene of the Olympic 
Peninsula (Washington State, USA): Descriptions and functional morphology. – PLoS ONE 6(10): e25672. 
DOI: 10.1371/journal.pone.0025672

Eliason, C. M., Straker, L., Jung, S. & Hackett, S. J. 2020. Morphological innovation and biomechanical diversity 
in plunge-diving birds. – Evolution 74(7): 1514–1524. DOI: 10.1111/evo.14024

Enstipp, M. R., Descamps, S., Fort, J. & Grémillet, D. 2018. Almost like a whale – First evidence of suction 
feeding in a seabird. – Journal of Experimental Biology 221(13): jeb.182170. DOI: 10.1242/jeb.182170

References



43M. Segesdi & T. Pecsics

Fernández, M. S., Vlachos, E., Buono, M. R., Alzugaray, L., Campos, L., Sterli, J., Herrera, Y. & Paolucci, F. 2020. 
Fingers zipped up or baby mittens? Two main tetrapod strategies to return to the sea. – Biology Letters 16: 
20200281. DOI: 10.1098/rsbl.2020.0281

Fish, F. E. 2016. Secondary evolution of aquatic propulsion in higher vertebrates: Validation and prospect. – 
Integrative and Comparative Biology 56(6): 1285–1297. DOI: 10.1093/icb/icw123

Fuller, E. 1999. The Great Auk. The Extinction of the Original Penguin. – Bunker Hill Publishing 
Fulton, T. L., Letts, B. & Shapiro, B. 2012. Multiple losses of flight and recent speciation in steamer ducks. – 

Proceedings of the Royal Society B: Biological Sciences 279(1737): 2339–2346. DOI: 10.1098/rspb.2011.2599
Galton, P. M. & Martin, L. D. 2002. Enaliornis, an Early Cretaceous Hesperornithiform bird from England, with 

comments on other Hesperornithiformes. – In: Chiappe, L. M. & Witmer, L. M. (eds.) Mesozoic Birds: Above 
the Heads of Dinosaurs. – University of California Press, Berkeley, California, pp. 228–317.

García–R, J. C., Gibb, G. C. & Trewick, S. A. 2014. Eocene diversification of crown group rails (Aves: Gruiformes: 
Rallidae). – PLoS ONE 9(10):e109635. DOI: 10.1371/journal.pone.0109635 

Gatesy, S. M. & Dial, K. P. 1996. Locomotor modules and the evolution of avian flight. – Evolution 50(1): 331–340. 
DOI: 10.1111/j.1558-5646.1996.tb04496.x

Goodge, W. R. 1959. Locomotion and other behavior of the Dipper. – The Condor 61(1): 4–17.
Gough, W., Farina, S. C. & Fish, F. E. 2015. Aquatic burst locomotion by hydroplaning and paddling in Common 

Eiders (Somateria mollissima). – Journal of Experimental Biology 218: 1632–1638. DOI: 10.1242/jeb.114140
Grémillet, D., Chauvin, C., Wilson, R. P., Le Maho, Y. & Wanless, S. 2005. Unusual feather structure allows partial 

plumage wettability in diving Great Cormorants Phalacrocorax carbo. – Journal of Avian Biology 36: 57–63. 
DOI: 10.1111/j.0908-8857.2005.03331.x

Gutarra, S. & Rahman, I. A. 2022. The locomotion of extinct secondarily aquatic tetrapods. – Biological Reviews 
97(1): 67–98. DOI: 10.1111/brv.12790

Habib, M. B. & Ruff, C. B. 2008. The effects of locomotion on the structural characteristics of avian limb bones. – 
Zoological Journal of the Linnean Society 153(3): 601–624. DOI: 10.1111/j.1096-3642.2008.00402.x

Habib, M. 2010. The structural mechanics and evolution of aquaflying birds: Mechanics of aquaflying birds. – 
Biological Journal of the Linnean Society 99(4): 687–698. DOI: 10.1111/j.1095-8312.2010.01372.x

Habib, M. B. & Ruff, C. B. 2008. The effects of locomotion on the structural characteristics of avian limb bones. – 
Zoological Journal of the Linnean Society 153(3): 601–624. DOI: 10.1111/j.1096-3642.2008.00402.x

Heers, A. M. & Dial, K. P. 2012. From extant to extinct: locomotor ontogeny and the evolution of avian flight. – 
Trends in Ecology & Evolution 27(5): 296–305. DOI: 10.1016/j.tree.2011.12.003

Hinić-Frlog, S. & Motani, R. 2010. Relationship between osteology and aquatic locomotion in birds: determining 
modes of locomotion in extinct Ornithurae. – Journal of Evolutionary Biology 23(2): 372–385. DOI: 
10.1111/j.1420-9101.2009.01909.x

Houssaye, A. & Fish, F. E. 2016. Functional (secondary) adaptation to an aquatic life in Vertebrates: An introduction 
to the symposium. – Integrative and Comparative Biology 56(6): 1266–1270. DOI: 10.1093/icb/icw129

Houssaye, A., Martin Sander, P. & Klein, N. 2016. Adaptive patterns in aquatic amniote bone microanatomy – more 
complex than previously thought. – Integrative and Comparative Biology 56(6): 1349–1369. DOI: 10.1093/
icb/icw120

Hustler, K. 1992. Buoyancy and its constraints on the underwater foraging behaviour of Reed Cormorants 
Phalacrocorax africanus and Darters Anhinga melanogaster. – Ibis 134(3): 229–236. DOI: 10.1111/j.1474-
919X.1992.tb03804.x

Jadwiszczak, P. 2009. Penguin past: The current state of knowledge. – Polish Polar Research 26(1): 3–28. 
Johansson, L. C. & Norberg, R. Å. 2003. Delta-wing function of webbed feet gives hydrodynamic lift for swimming 

propulsion in birds. – Nature 424(6944): 65–68. DOI: 10.1038/nature01695
Johansson, L. C. & Lindhe Norberg, U. M. 2001. Lift-based paddling in diving grebe. – Journal of Experimental 

Biology 204(10): 1687–1696. DOI: 10.1242/jeb.204.10.1687
Johansson, L. C. & Aldrin, B. S. W. 2002. Kinematics of diving Atlantic Puffins (Fratercula arctica L.): evidence for 

an active upstroke. – Journal of Experimental Biology 205(3): 371–378. DOI: 10.1242/jeb.205.3.371
Johnsgard, P. A. 1978. Ducks, geese, and swans of the world. – University of Nebraska Press, 1st ed., Lincoln, 

Nebraska
Johnsgard, P. A. 1987. Diving Birds of North America: 1 General Attributes and Evolutionary Relationships. – 

DigitalCommons@University of Nebraska, Lincoln
Kaiser, G. 2011. 15 Functional and Phylogenetic Diversity in Marine and Aquatic Birds. – Living Dinosaurs: The 

Evolutionary History of Modern Birds. – Wiley-Blackwell, New Jersey



ORNIS HUNGARICA 2022. 30(1)44

Kato, A., Ropert-Coudert, Y., Grémillet, D. & Cannell, B. 2006. Locomotion and foraging strategy in foot-
propelled and wing-propelled shallow-diving seabirds. – Marine Ecology Progress Series 308(3): 293–301. 
DOI: 10.3354/meps308293

Kelley, N. P. & Pyenson, N. D. 2015. Evolutionary innovation and ecology in marine tetrapods from the Triassic 
to the Anthropocene. – Science 348: aaa3716. DOI: 10.1126/science.aaa3716

Kelso, J. E. H. 1922. Birds using their wings as a means of propulsion under water. – The Auk 39(3): 426–428. 
DOI: 10.2307/4073466

Konyukhov, N. B. 2002. Possible ways of spreading and evolution of Alcids. – Biology Bulletin of the Russian 
Academy of Sciences 29(5): 447–454.

Kovacs, C. E. & Meyers, R. A. 2000. Anatomy and histochemistry of flight muscles in a wing-propelled diving 
bird, the Atlantic Puffin, Fratercula arctica. – Journal of Morphology 244(2): 109–125. DOI: 10.1002/
(SICI)1097-4687(200005)244:2<109::AID-JMOR2>3.0.CO;2-0

Kristoffersen, A. V. 2001. Adaptive specialization to life in water through the evolutionary history of birds. – In: 
Mazin, J. M. & De Buddfrenil, V. (eds.) Secondary Adaptation of Tetrapods to Life in Water. – Verlag Dr. 
Friedrich Pfeil, München, pp. 141–150.

Ksepka, D. T. & Ando, T. 2011. Penguins past, present, and future: Trends in the evolution of the Sphenisciformes. 
– In: Dyke, G. & Kaiser, G. (eds.) Living Dinosaurs. – John Wiley & Sons Ltd, Chichester, UK, pp. 155–186. 
DOI: 10.1002/9781119990475.ch6

Kurochkin, E. N. 1976. A survey of the Paleogene birds of Asia. – Smithsonian Contributions to Paleobiology 
27(1): 75–86.

Corre, M. L. 1997. Diving depths of two tropical Pelecaniformes: the Red-tailed Tropicbird and the Red-footed 
Booby. – The Condor 99(4): 1004–1007.

Lee, D. N. & Reddish, P. E. 1981. Plummeting gannets: A paradigm of ecological optics. – Nature 293(5830): 
293–294.

Lindgren, J., Caldwell, M. W., Konishi, T. & Chiappe, L. M. 2010. Convergent evolution in aquatic tetrapods: 
Insights from an exceptional fossil mosasaur. – PLoS ONE 5(8): e11998. DOI: 10.1371/journal.pone.0011998

Livezey, B. C. & Humphrey, P. S. 1982. Escape behaviour of steamer ducks. – Wildfowl 33: 12–16.
Livezey, B. C. & Humphrey, P. S. 1984. Diving behaviour of steamer ducks Tachyeres spp. – Ibis 126(2): 257–

260. DOI: 10.1111/j.1474-919X.1984.tb08006.x
Livezey, B. C. & Humphrey, P. S. 1986. Flightlessness in steamer-ducks (Anatidae: Tachyeres): its morphological 

bases and probable evolution. – Evolution 40(3): 540–558.
Livezey, B. C. 1989. Flightlessness in grebes (Aves, Podicipedidae): its independent evolution in three genera. – 

Evolution 43(1): 29–54. DOI: 10.1111/j.1558-5646.1989.tb04205.x
Louw, G. J. 1992. Functional anatomy of the penguin flipper. – Journal of the South African Veterinary Association 

63(3): 113–120.
Lovvorn, J. R., Liggins, G. A., Borstad, M. H., Calisal, S. M. & Mikkelsen, J. 2001. Hydrodynamic drag of diving 

birds: effects of body size, body shape and feathers at steady speeds. – Experimental Biology 204(9): 1547–
1557. DOI: 10.1242/jeb.204.9.1547

Lovvorn, J. R. & Liggins, G. A. 2002. Interactions of body shape, body size and stroke-acceleration patterns in 
costs of underwater swimming by birds: Shape, size and stroke acceleration in diving birds. – Functional 
Ecology 16(1): 106–112. DOI: 10.1046/j.0269-8463.2001.00604.x

Low, K. H., Hu, T., Mohammed, S., Tangorra, J. & Kovac, M. 2015. Perspectives on biologically inspired 
hybrid and multi-modal locomotion. – Bioinspiration & Biomimetics 10(2): 020301. DOI: 10.1088/1748-
3190/10/2/020301

Marsh, O. C. 1880. Odontornithes: a Monograph on the Extinct Toothed Birds of North America: With Thirty-
four Plates and Forty Woodcuts (Vol. 18). – US Government Printing Office

Martin, L. D. & Tate, J. Jr. 1976. The skeleton of Baptornis advenus (Aves: Hesperornithiformes). – Smithsonian 
Contributions to Paleobiology 27(1): 35–66.

Mayr, G. 2004. A partial skeleton of a new fossil loon (Aves, Gaviiformes) from the early Oligocene of Germany 
with preserved stomach content. – Journal of Ornithology 145(4): 281–286. DOI: 10.1007/s10336-004-0050-
9

Mayr, G., Goedert, J. L., De Pietri, V. L. & Scofield, R. P. 2021. Comparative osteology of the penguin-like 
mid-Cenozoic Plotopteridae and the earliest true fossil penguins, with comments on the origins of wing-
propelled diving. – Journal of Zoological Systematics and Evolutionary Research 59(1): 264–276. DOI: 
10.1111/jzs.12400



45M. Segesdi & T. Pecsics

Mendoza, R. S. D. & Tambussi, C. P. 2015. Osteosclerosis in the extinct Cayaoa bruneti (Aves, 
Anseriformes): Insights on Behavior and Flightlessness. – Ameghiniana 52(3): 305–313. DOI: 10.5710/
AMGH.28.02.2015.2843

Moen, D. & Morlon, H. 2014. From dinosaurs to modern bird diversity: extending the time scale of adaptive 
radiation. – PLoS Biology 12(5): e1001854. DOI: 10.1371/journal.pbio.1001854

Motani, R. & Vermeij, G. J. 2021. Ecophysiological steps of marine adaptation in extant and extinct non-avian 
tetrapods. – Biological Reviews 96(5): 1769–1798. DOI: 10.1111/brv.12724

Norberg, R. Å. & Norberg, U. M. 1971. Take-off, landing, and flight speed during fishing flights of Gavia stellata 
(Pont.). – Ornis Scandinavica 2(1): 55–67.

Nurza, A., Husnurrizal, H. & Iqbal, M. 2017. Recent record of Masked Finfoot (Heliopais personata) in Indonesia 
after 17 years. – International Journal of Bonorowo Wetlands 7(1): 8–10. DOI: 10.13057/bonorowo/w070103

Olson, S. L. 2003. First fossil record of a finfoot (Aves: Heliornithidae) and its biogeographical significance. – 
Proceedings of the Biological Society of Washington 116(3): 732–736.

Ostrom, J. 1976. Some hypothetical anatomical stages in the evolution of avian flight. – Smithsonian Contributions 
to Paleobiology 27(1): 1–21.

Owre, O. T. 1967. Adaptations for locomotion and feeding in the Anhinga and the Double-crested Cormorant. – 
Ornithological Monographs 6: 1–138. DOI: 10.2307/40166666

Pecsics, T., Laczi, M., Nagy, G. & Csörgő, T. 2017. The cranial morphometrics of the wildfowl (Anatidae). – 
Ornis Hungarica 25(1): 44–57. DOI: 10.1515/orhu-2017-0004

Pöysä, H. 1983. Morphology-mediated niche organization in a guild of dabbling ducks. – Ornis Scandinavica 
14(4): 317–326. DOI: 10.2307/3676325

Pöysä, H. 1983. Resource utilization pattern and guild structure in a waterfowl community. – Oikos 40(2): 295–
307. DOI: 10.2307/3544594

Provini, P., Goupil, P., Hugel, V. & Abourachid, A. 2012. Walking, Paddling, Waddling: 3 D Kinematics Anatidae 
Locomotion (Callonetta leucophrys). – Journal of Experimental Zoology Part A: Ecological Genetics and 
Physiology 317(5): 275–282. DOI: 10.1002/jez.1721

Raikow, R. J., Bicanovsky, L. & Bledsoe, A. H. 1988. Forelimb joint mobility and the evolution of wing-propelled 
diving in birds. – The Auk 105(3): 446–451. DOI: 10.1093/auk/105.3.446

Ribak, G., Swallow, J. G. & Jones, D. R. 2010. Drag-based ‘hovering’ in ducks: The hydrodynamics and energetic 
cost of bottom feeding. – PLoS ONE 5(9): e12565. DOI: 10.1371/journal.pone.0012565

Ribak, G., Weihs, D. & Arad, Z. 2005. Submerged swimming of the Great Cormorant Phalacrocorax carbo 
sinensis is a variant of the burst-and-glide gait. – Journal of Experimental Biology 208(20): 3835–3849. DOI: 
10.1242/jeb.01856

Ryan, P. G. & Nel, D. C. 1999. Foraging behaviour of diving petrels Pelecanoides. – Emu – Austral Ornithology 
99(1): 72–74. DOI: 10.1071/MU99009B

Ryan, P. G. 2007. Diving in shallow water: the foraging ecology of darters (Aves: Anhingidae). – Journal of Avian 
Biology 38(4): 507–514. DOI: 10.1111/j.0908-8857.2007.04070.x

Schmid, D., Grémillet, D. J. H. & Culik, B. M. 1995. Energetics of underwater swimming in the Great Cormorant 
(Phalacrocorax carbo sinensis). – Marine Biology 123(4): 875–881. DOI: 10.1007/BF00349133

Schreiweis, D. O. 1982. A comparative study of the appendicular musculature of penguins (Aves, Sphenisciformes). 
– Smithsonian Contributions to Zoology 23(1): 1–46. DOI: 10.5479/si.00810282.341

Serrano, F. J., Costa-Pérez, M., Navalón, G. & Martín-Serra, A. 2020. Morphological disparity of the humerus in 
modern birds. – Diversity 12(5): 173. DOI: 10.3390/d12050173

Sharker, S. I., Holekamp, S., Mansoor, M. M., Fish, F. E. & Truscott, T. T. 2019. Water entry impact dynamics of 
diving birds. – Bioinspiration & Biomimetics 14(5): 056013. DOI: 10.1088/1748-3190

Shepherd, C. R. 2006. Some recent behavioural observations of Masked Finfoot Heliopais personata (Gray 1849) 
in Selangor Darul Ehsan, Peninsular Malaysia. – BirdingASIA 5(1): 69–71.

Shufeldt, R. W. 1898. III.-On the Terrestrial Attitudes of Loons and Grebes. – Ibis 40(1): 46–51. DOI: 
10.1111/j.1474-919X.1898.tb05505.x

Shufeldt, R. W. 1915. Comparative osteology of Harris’s Flightless Cormorant (Nannopterum harrisi). – Emu – 
Austral Ornithology 15(2): 86–114. DOI: 10.1071MU915086

Smith, N. A. 2011. Taxonomic revision and phylogenetic analysis of the flightless Mancallinae (Aves, Pan-
Alcidae). – ZooKeys 4(91): 1. DOI: 10.3897/zookeys.91.709

Smith, N. A. & Clarke, J. A. 2015. Systematics and evolution of the Pan-Alcidae (Aves, Charadriiformes). – 
Journal of Avian Biology 46(2): 125–140. DOI: 10.1111/jav.00487



ORNIS HUNGARICA 2022. 30(1)46

Smith, N. A., Koeller, K. L., Clarke, J. A., Ksepka, D. T., Mitchell, J. S., Nabavizadeh, A., Ridgley, R. C. & 
Witmer, L. M. 2021. Convergent evolution in dippers (Aves, Cinclidae): The only wing-propelled diving 
songbirds. – The Anatomical Record 24820. DOI: 10.1002/ar.24820

Snell, R. R. 1985. Underwater flight of Long-tailed Duck (Oldsquaw) Clangula hyemalis. – Ibis 127: 267.
Spring, L. 1971. A comparison of functional and morphological adaptations in the Common Murre (Uria aalge) 

and Thick-billed Murre (Uria lomvia). – The Condor 73(1): 1–27.
Stolpe, M. 1932. Physiologisch-anatomische Untersuchungen über die hintere Extremität der Vögel [Physiological-

anatomical studies of the hind limbs of birds]. – Journal für Ornithologie 80(2): 161–247. (in German)
Storer, R. W. 1945. Structural modifications in the hind limb in the Alcidae. – Ibis 87(3): 433–456. DOI: 

10.1111/j.1474-919X.1945.tb01375.x
Storer, R. W. 1956. The fossil loon, Colymboides minutus. – The Condor 58(6): 413–426.
Tokita, M., Matsushita, H. & Asakura, Y. 2020. Developmental mechanisms underlying webbed foot morphological 

diversity in waterbirds. – Scientific Reports 10(1): 1–11. DOI: 10.2307/4070795
Tome, M. W. & Wrubleski, D. A. 1988. Underwater foraging behavior of Canvasbacks, Lesser Scaups, and Ruddy 

Ducks. – The Condor 90(1): 168–172. DOI: 10.2307/1368445
Townsend, C. W. 1909. The use of the wings and feet by diving birds. – The Auk 26(3): 234–248. DOI: 

10.2307/4070795
Townsend, C. W. 1909. The use of the wings and feet by diving birds. – The Auk 26(3): 234–248.
Uhen, M. D. 2007. Evolution of marine mammals: Back to the sea after 300 million years. – The Anatomical 

Record: Advances in Integrative Anatomy and Evolutionary Biology: Advances in Integrative Anatomy and 
Evolutionary Biology 290(6): 514–522. DOI: 10.1002/ar.20545

Vermeij, G. J. & Motani, R. 2018. Land to sea transitions in vertebrates: the dynamics of colonization. – 
Paleobiology 44(2): 237–250. DOI: 10.1017/pab.2017.37

Watanabe, J., Field, D. J. & Matsuoka, H. 2021. Wing musculature reconstruction in extinct flightless auks 
(Pinguinus and Mancalla) reveals incomplete convergence with penguins (Spheniscidae) due to differing 
ancestral states. – Integrative Organismal Biology 3(1): obaa040. DOI: 10.1093/iob/obaa040

Weiss, T. 2014. Gaining Intuition for Diving Birds: Wedges and Cones as a Model for Beak-Water Impact. – 
Report Virginia Polytechnic Institute

White, H. C. 1957. Food and natural history of mergansers on salmon waters in the Maritime Provinces of 
Canada. – Fishery Research Board of Canada Bulletin 116(7): 63. 

White, C. R., Martin, G. R. & Butler, P. J. 2008. Pedestrian locomotion energetics and gait characteristics of a 
diving bird, the Great Cormorant, Phalacrocorax carbo. – Journal of Comparative Physiology 178(6): 745–
754. DOI: 10.1007/s00360-008-0265-9

Willener, A. S. T., Handrich, Y., Halsey, L. G. & Strike, S. 2016. Fat King Penguins are less steady on their feet. 
– PLoS ONE 11(2): e0147784. DOI: 10.1371/journal.pone.0147784

Wilson, L. E. & Chin, K. 2014. Comparative osteohistology of Hesperornis with reference to pygoscelid 
penguins: the effects of climate and behaviour on avian bone microstructure. – Royal Society Open Science 
1(3): 140245. DOI: 10.1098/rsos.140245

Zeffer, A., Johansson, L. C. & Marmebro, Å. 2003. Functional correlation between habitat use and leg morphology 
in birds (Aves): Habitat and leg morphology in birds (Aves). – Biological Journal of the Linnean Society 
79(3): 461–484. DOI: 10.1046/j.1095-8312.2003.00200.x

Zeffer, A. & Norberg, U. M. L. 2003. Leg morphology and locomotion in birds: requirements for force and speed 
during ankle flexion. – Journal of Experimental Biology 206(6): 1085–1097. DOI: 10.1242/jeb.00208

Zelenkov, N. V. 2015. A primitive grebe (Aves, Podicipedidae) from the Miocene of Eastern Siberia (Lake Baikal, 
Olkhon Island). – Paleontological Journal 49(5): 521–529. DOI: 10.1134/S0031030115050159

Zelenkov, N. 2020. The oldest diving anseriform bird from the late Eocene of Kazakhstan and the evolution of 
aquatic adaptations in the intertarsal joint of waterfowl. – Acta Palaeontologica Polonica 65(4): 733–742. 
DOI: 10.4202/app.00764.2020

Zinoviev, A. V. 2011. Notes on the hindlimb myology and syndesmology of the Mesozoic toothed bird 
Hesperornis regalis (Aves: Hesperornithiformes). – Journal of Systematic Palaeontology 9(1): 65–84. DOI: 
10.1080/14772019.2010.512615


