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Abstract
Aquatic birds show a great diversity of locomotion styles and wing morphologies, from penguins that are fully specialized 
for an aquatic life to species of aerial flyers that also use their wings for underwater propulsion (e.g. auks and shearwaters). 
Moving between the air–water interface exerts conflicting pressures on the body and wing anatomy of diving birds. In this 
work, we investigated the functional morphology of the forelimb musculature of 18 species of aquatic birds that display a 
variety of flight and foraging styles. Muscle architecture was related to function, with special emphasis on muscle mass. 
Dissections of one of the forelimbs of 20 specimens of waterbirds were performed to obtain numerical data of muscle archi-
tecture. Total wing muscle mass scaled isometrically to body  mass1.0, whereas fascicle length scaled to muscle  mass0.284, 
which is consistent with previous results of scaling in wings of raptors. A principal component analysis (PCA) of normal-
ised muscle masses resulted in a biplot where three main morphological groups can be distinguished. Anatids (ducks and 
geese) occupy a space represented by muscles that are activated during downstroke. Auks and penguins clustered together 
in a region dominated by muscles that assist in wing elevation and showed a degree of hypertrophy. The rest of the species 
grouped together in the lower limits of both PCs where muscles that facilitate wing flexion–extension and stabilisation are 
loaded. The distribution of mass in the wing muscles of the aquatic birds seemed to be related to flight and foraging style 
and showed non-significant influence of shared phylogenetic history (Kmult: 0.71, p value: 0.083, 10,000 permutations).

Keywords Wing · Aquatic birds · Diving · Muscle architecture

Zusammenfassung
Die funktionelle Morphologie der Flügelmuskulatur spiegelt bei Wasservögeln Flugstil und Art der Nahrungssuche 
wider.
Wasservögel zeigen eine große Bandbreite von Fortbewegungsarten und Flügelmorphologien: von völlig auf ein aquatisches 
Leben spezialisierten Pinguinen bis hin zu guten Fliegern, welche ihre Flügel auch zum Antrieb unter Wasser gebrauchen 
(beispielweise Alke und Sturmtaucher). Der Grenzübertritt zwischen Luft und Wasser übt bei Tauchvögeln gegensätzliche 
Drücke auf Körper und Flügelanatomie aus. In dieser Arbeit untersuchten wir die funktionelle Morphologie der Flügel-
muskulatur von 18 Wasservogelarten, welche ein breites Spektrum an Flugstilen und Arten der Nahrungssuche aufweisen. 
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Die Bauweise der Muskulatur stand in Beziehung zur Funktion, wobei der Muskelmasse eine besondere Bedeutung zukam. 
Wir sezierten jeweils eine Vorderextremität von 20 Wasservogelindividuen, um Zahlenwerte zum Muskelbau zu erhalten. 
Die Gesamtmasse der Flügelmuskulatur stand in einem isometrischen Verhältnis von 1,0 zur Körpermasse, wohingegen 
die Länge der Faszikel in einem Verhältnis von 0,284 zur Muskelmasse stand, was sich mit früheren Ergebnissen zu den 
Verhältnissen bei Greifvogelflügeln deckt. Eine Hauptkomponentenanalyse (PCA; engl.: principal component analysis) der 
normalisierten Muskelmassen ergab ein Biplot, welches drei morphologische Hauptgruppen erkennen ließ. Anatiden (Enten 
und Gänse) belegten den Raum, der durch diejenigen Muskeln repräsentiert wird, welche während des Abschwungs aktiviert 
werden. Alke und Pinguine bildeten ein gemeinsames Cluster in der Region, in welcher diejenigen Muskeln dominieren, 
die am Heben des Flügels beteiligt sind, und zeigten ein gewisses Maß an Hypertrophie. Die verbleibenden Arten befanden 
sich in einer gemeinsamen Gruppe an den Untergrenzen beider Hauptkomponenten, wo die für die Beugung-Streckung und 
Stabilisierung des Flügels zuständigen Muskeln angesiedelt sind. Die Massenverteilung in der Flügelmuskulatur von Was-
servögeln scheint im Zusammenhang mit dem Flugstil sowie der Art der Nahrungssuche zu stehen und zeigt einen nicht sig-
nifikanten Einfluss einer gemeinsamen phylogenetischen Geschichte (K mult: 0,711, p-Wert: 0,083, 10.000 Permutationen).

Introduction

Modern birds move through the terrestrial, aerial, and 
aquatic environments. Aquatic birds interact with all these 
environments to feed, spanning from flightless penguins 
that are highly specialized for an aquatic lifestyle to diving 
petrels and auks that perform both aerial and underwater 
locomotion by means of wing oscillations. Moving between 
the air and water environments puts conflicting pressures on 
an animal’s anatomy that tends to maximize function in one 
medium relative to the other (Ropert-Coudert et al. 2004). 
While strictly aerial flying birds are under selection pressure 
to increase wing area while reducing body mass, due to the 
effects of gravity and aerodynamic forces acting on their 
body during flight (Kovacs and Meyers 2000), a larger body 
mass increases dive duration and efficiency in swimming 
birds (Elliot et al. 2010) and might reduce the locomotor 
costs of swimming by increasing inertial resistance to the 
buoyant force (Lovvorn and Jones 1991). Water is over 850 
times denser than air with a density of ~ 1.2 ×  103 kg  m−3, 
making hydrodynamic forces—both lift and drag—much 
greater for a given area and velocity, favouring shorter wings 
in diving species (Elliot et al. 2010). In species where aerial 
and underwater flight are employed (e.g. auks, diving pet-
rels, and dippers), trade-offs in form and function are evi-
dent in their body plan and diving performance (Stettenheim 
1959; Storer 1960; Spring 1971; Raikow et al. 1988; Elliott 
et al. 2013).

Aquatic birds show a great diversity of locomotor strat-
egies while foraging (Ashmole 1971). Gaviiformes (loons 
and grebes) are medium-sized birds that primarily eat fish 
that they capture underwater by foot-propelled swimming 
(Townsend 1909). Procellariformes (petrels, albatrosses, 
and shearwaters) are a group of seabirds that feed almost 
exclusively in the pelagic habitat using a diverse range of 
foraging styles, from shearwaters that feed by swimming 
underwater using their feet and wings for propulsion (reach-
ing depths of up to ~ 60 m in the short-tailed shearwater 

Ardenna tenuirostris; Weimerskirch and Cherel 1998) to 
prions that feed on zooplankton by hydroplaning or float-
ing on the surface (Warham 1977; Brown et al. 1978; Pen-
nycuick 1982; Klages and Cooper 1992). Sphenisciformes 
(penguins) are highly specialized for aquatic locomotion 
and have entirely lost the ability for aerial flight, using their 
hydrofoil-shaped wings for underwater propulsion (Clark 
and Bemis 1979; Schreiweis 1982). From the traditional 
clade of Pelecaniformes, gannets and boobies (Sulidae) are 
known for their remarkable plunge dives to enter the water 
and pursue their prey by foot and wing-propelled swimming 
(Nelson 1978); shags and cormorants (Phalacrocoracidae) 
forage by foot-propelled diving only after descending from 
the surface (Croxall et al. 1991; Watanuki et al. 2005). 
Within Charadriiformes (shorebirds), the alcids (Alcidae) 
are notable for their ability to pursue prey underwater using 
partially folded wings for propulsion (Spring 1971). The 
gulls (Laridae) are generalist birds that are well adapted 
for swimming, flying and walking (Pons et al. 2005). As an 
outgroup, we included the Anserinae (geese and swans) and 
Anatinae (dabbling ducks) that feed on the water surface.

Throughout the evolutionary history of birds, the anat-
omy of the pectoral girdle and forelimb has been modified 
in response to the physical demands imposed by flight. As 
a result, wing morphology in Aves is highly diverse and 
reflects aspects of life history (e.g. Rayner 1988; Brewer and 
Hertel 2007; Hedenström 2008; Simons 2010; Sievwright 
and Macleod 2012; Wang and Clarke 2014). Wing shape 
has been demonstrated to correlate with flight ability in 
Pelecaniformes (Brewer and Hertel 2007), Procellariformes 
(Warham 1977), and multiple species of seabirds (Spear and 
Ainley 1997a). Similarly, studies on the forelimb skeleton 
have shown patterns of variation related to foraging ecology 
in aquatic birds (Kuroda 1954; Livezey 1988, 1989; Habib 
2010; Hinić-Frlog and Motani 2010; Simons 2010; Wang 
and Clarke 2014). Although substantial literature is avail-
able for some forelimb muscles of waterbirds, which pro-
vides insight into their role during different locomotor styles 
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(Hartman 1961; Spring 1971; Goldspink et al. 1978; Rosser 
et al. 1994; Meyers 1997; Meyers and Mathias 1997; Pon-
ganis et al. 1997; Torrella et al. 1998; Kovacs and Meyers 
2000; Meyers and Stakebake 2005; Schroeder et al. 2015), 
our knowledge of the function of extrinsic and intrinsic mus-
culature is still very limited in these birds. To our knowl-
edge, only the study of Spring (1971) in species of murres 
(Uria aalge and U. lomvia) has considered the entirety of the 
wing and provided numerical data for weights of dried mus-
cles. For this reason, we decided to investigate the functional 
morphology of the avian wing myology in species of aquatic 
birds and its relationship with locomotor modes.

The functional role of the wing muscles in aquatic birds 
has been investigated mainly in species that exhibit under-
water swimming. Penguins show extreme modifications in 
their body plan that enhance underwater locomotion for 
their almost entirely aquatic lifestyle (Storer 1960; Ban-
nasch 1995). A detailed anatomical study of the appendicu-
lar myology of different species of penguins by Schreiweis 
(1982) reported a configuration that is unique among extant 
birds. He reported the absence of multiple muscles in the 
penguin forelimb (e.g. biceps brachii [BB] and the prona-
tor muscles) and reduction of intrinsic musculature to com-
pletely tendinous structures [e.g. flexor carpi ulnaris (FCU) 
and extensor digitorum communis (EDC)]. Furthermore, 
the supracoracoideus (SC) muscle, the main elevator in the 
avian wing, is enlarged in penguins (Baldwin 1988), which 
is related to the use of an active thrust-generating upstroke 
during diving (Clark and Bemis 1979). Spring (1971) com-
pared the functional morphology of the skeleton and pelvic 
and wing musculature in two species of auks (U. aalge and 
U. lomvia). Their study reported a similar arrangement of 
forelimb muscles to that of other flying birds and suggested 
hypertrophy for a number of muscles (e.g. SC and scapulo-
humeralis caudalis [SHCa]). Similarly, an enlargement of 
SC in other species of wing-propelled divers in comparison 
to foot-propelled divers has been reported by Kovas and 
Meyers (2000), using their own data of the Atlantic puffin 
and that of Greenwalt (1962).

In this work, we compared the muscle architecture of the 
avian forelimb in species of aquatic birds exhibiting a vari-
ety of flight and foraging styles. Muscle architecture refers 
to the internal arrangement of muscle fibres within mus-
cles and is a good predictor of function (Lieber and Fridén 
2000). Under the principle that muscle mass is proportional 
to the amount of work and power that muscles can produce 
in a contracting cycle (Alexander 1992; Marsh 1999), we 
believe that the distribution of muscle mass in the avian 
wing is fundamental for understanding flight and might be 
associated with aquatic locomotion ability. The aims of our 
study are to determine whether muscle architecture reflects 
aspects of flight, swimming, and foraging behaviour, under-
stand the functional role of individual muscles during flight 

and underwater-wing-propelled diving, and to evaluate the 
existence of any trade-offs in species that perform both 
aerial and underwater flight. We would expect that birds 
displaying a similar locomotion style would share patterns 
of mass distribution along their wing that are independ-
ent of their phylogenetic history. In this matter, we would 
expect that wing-propelled divers that also perform aerial 
flight (auks and shearwaters) occupy a morphological space 
that is intermediate between non-divers and penguins, with 
penguins occupying a unique morphological space due to 
their strictly aquatic lifestyle. We anticipate that the anatids 
would be isolated from the rest of the species and would 
occupy the opposite extreme to penguins due to their high 
powered flight and distant phylogenetic relationship. We pro-
vide quantitative data of wing musculature for 18 species 
of aquatic birds that can be used in future studies of muscle 
function during locomotion in Aves.

Materials and methods

Sample and data collection

Bird carcasses of 18 species (total of 20 individuals) of 
aquatic birds were obtained from loans and donations from 
different institutions in the United Kingdom (see Table 1 for 
details). A total of 18 species of waterbirds and 3 species 
of Anseriformes (as an outgroup) were used in this study. 
These species were initially assigned to functional groups by 
flight and foraging styles, adapted from previous classifica-
tions (Spear and Ainley 1997b; Bruderer et al. 2010; Hinić-
Frlog and Motani 2010; Simons 2010). The following flight 
styles were used: “continuous flapping” (CF; e.g. cormo-
rants, ducks and auks), “flapping/gliding” (FG; e.g. gulls), 
“dynamic soaring” (DS; e.g. shearwaters and gannets), and 
“non-flying” (NF; e.g. penguins). For foraging strategies, 
we used: “wing-propelled diving” (WPD; e.g. penguins and 
auks), “foot-propelled diving” (FPD; e.g. shags and divers), 
“surface feeding” (SF; that involves feeding on the water 
surface by seizing or filtering prey during flight or surface 
swimming, e.g. ducks and gulls), and “plunge diving” (PD; 
where birds dive into water from the air to feed, e.g. gan-
nets). Table 1 shows details of the birds investigated in this 
study.

Dissections of one of the forelimbs of each specimen 
were performed to obtain numerical data of muscle architec-
ture. Each individual was skinned, and muscles were iden-
tified and removed systematically from proximal to distal 
and extrinsic to intrinsic with any tendon and aponeurosis 
attached. Once removed, the muscles were weighed with a 
digital scale (KERN PCB, Germany) and measured with 
a ruler to the nearest millimetre. Muscle length (ML) was 
measured as the distance between the most proximal to the 



782 Journal of Ornithology (2021) 162:779–793

1 3

most distal fibres. Fascicle length (FL) was measured by 
cutting the muscle belly longitudinally following the orienta-
tion of the fibres and measurements were taken from at least 
5 points at different depths and a mean FL was calculated. 
For muscles with an insertion tendon, tendon length (TL) 
and tendon mass (TM) were measured after tendons were 
removed free from the muscles.

Statistical analysis

To investigate the scaling relations between the muscle 
architecture parameters of the forelimb of aquatic birds, 
total wing muscle mass (hereafter referred to as total wing 
mass) was calculated as the sum of all the muscle masses 

comprising the avian forelimb and compared against body 
mass. As total wing mass scales isometrically to body mass 
in all species (y = 1.03x – 1.13;  R2 = 0.92), FL and TL were 
expected to scale isometrically to muscle  mass0.33 assum-
ing geometric similarity (Alexander 2003). All the relation-
ships between muscle architecture parameters described in 
this paper are based on logarithmic values. Wing muscles 
were grouped by their location in the forelimb segments 
(shoulder, brachium, antebrachium, and manus), based on 
where most of the mass is distributed, and by functional 
groups (elevators, depressors, flexors, extensors, pronators, 
supinators, retractors, postural, and stabilisers) following 
Bribiesca-Contreras et al. (2019; Table 2). An analysis of 
covariance (ANCOVA) was performed to evaluate whether 

Table 1  Details of the specimens of aquatic birds used in this study. Abbreviations for institutions: RSPB, Royal Society for the Protection of 
Birds; NHM, Natural History Museum

† Gundersen et al. (2017)
‡ Berg and Rayner (1995)
§ Warham (1977)
¶ Stonehouse (1967)
†† Spear and Ainley (1997a)
‡‡ Appleby et al. (1986, Bond and Gilbert 1958)
§§ Harrison (2000)

Common name Scientific name (Abbre-
viation)

Body mass (g) Wingspan (cm) Flight style Foraging strategy Provenance

Pink-footed goose Anser brachyrhynchus 
(Ab)

2647† 129 CF SF Local game keepers

Mallard Anas platyrhynchos 
(Ap)

1357 81 CF SF Local game keepers

Gadwall A. strepera (As) 870 84 CF SF Local game keepers
Little auk Alle alle (Aa) 97 38‡ CF WPD RSPB Galloway Reserves
Cory’s shearwater Calonectris diomedea 

borealis (Cd)
761 121§ DS WPD NHM, Tring

Rockhopper penguin Eudyptes moseleyi 
(Em)

2500¶ 48.85 NF WPD Museum of Scotland

Northern fulmar Fulmarus glacialis (Fg) 535 103.5†† FG SF NHM, Tring
Red-throated diver Gavia stellata (Gs) 1255‡‡ 111‡‡ CF FPD National Museum Cardiff
Herring gull Larus argentatus (La) 788 120.4 FG SF RSPB Galloway Reserves
Lesser black-backed 

gull
Larus fuscus (Lf) 822 114 FG SF Cumbria Wildlife Trust

Gannet Morus bassanus (Mb) 2923 156 DS PD RSPB Galloway Reserves
Shag Phalacrocorax aristote-

lis (Pa)
1034 86.2 CF FPD RSPB Galloway Reserves

Manx shearwater Puffinus puffinus (Pp) 390 76.8 DS WPD RSPB Galloway Reserves
Broad-billed prion (1) Pachyptila vittata (Pv) 145 61.5§§ FG SF NHM, Tring
Broad-billed prion (2) P. vittata (Pv) 172 61.5§§ FG SF NHM, Tring
Kittiwake (juv.) Rissa tridactyla (Rt) 172 72 FG SF RSPB Galloway Reserves
African penguin Spheniscus demersus 

(Sd)
2900¶ 44.7 NF WPD Museum of Scotland

Humboldt penguin S. humboldti (Sh) 4200¶ 47.9 NF WPD Museum of Scotland
Guillemot (1) Uria aalge (Ua) 634 55.6 CF WPD RSPB Galloway Reserves
Guillemot (2) U. aalge (Ua) 556 58 CF WPD RSPB Galloway Reserves
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Table 2  Forelimb muscles 
identified in the species of 
waterbirds used in this study. 
Muscles listed from proximal 
to distal and dorsal to ventral 
position. Functional groups 
follow Bribiesca-Contreras 
et al. (2019)

Muscle name Abbreviation Region Functional group

Pectoralis P Shoulder Depressor
Supracoracoideus SC Shoulder Elevator
Tensor propatagialis pars longa TPL Brachium Flexor
Tensor propatagialis pars biceps TPB Brachium Flexor
Lattissimus dorsi pars cranialis LDCr Shoulder Postural
Lattissimus dorsi pars caudalis LDCa Shoulder Extensor/Rotator
Rhomboideus superficialis RS Shoulder Elevator
Rhomboideus profundus RP Shoulder Elevator
Serratus superficialis pars cranialis SSCr Shoulder Stabiliser
Serratus superficialis pars caudalis SSCa Shoulder Stabiliser
Serratus superficialis pars metapagialis SSM Shoulder Flexor/Postural
Serratus profundus SP Shoulder Stabiliser
Scapulohumeralis caudalis SHCa Shoulder Depressor/Rotator
Scapulohumeralis cranialis SHCr Shoulder Rotator/Postural
Coracobrachialis cranialis CCr Shoulder Depressor/Rotator
Coracobrachialis caudalis Cca Shoulder Depressor/Postural
Subcoracoideus SBC Shoulder Depressor
Subscapularis SS Shoulder Depressor
Deltoideus major DMA Brachium Elevator/Rotator
Deltoideus minor DMI Brachium Elevator/Rotator/Postural
Biceps brachii BB Brachium Flexor/Stabiliser
Humerotriceps HT Brachium Extensor/Stabiliser
Scapulotriceps ST Brachium Rotator/Extensor/Stabiliser
Brachialis BR Brachium Postural
Pronator superficialis PS Antebrachium Pronator
Pronator profundus PP Antebrachium Supinator
Ectepicondylo ulnaris ECTU Antebrachium Supinator
Flexor carpi ulnaris FCU Antebrachium Flexor
Flexor digitorum superficialis FDS Antebrachium Extensor/Flexor/Pronator
Flexor digitorum profundus FDP Antebrachium Pronator/Flexor
Ulnometacarpalis ventralis UV Antebrachium Pronator
Extensor carpi radialis ECR Antebrachium Extensor/Postural
Supinator SU Antebrachium Supinator
Extensor digitorum communis EDC Antebrachium Extensor/Supinator
Extensor carpi ulnaris ECU Antebrachium Flexor
Extensor longus alulae ELA Antebrachium Extensor
Extensor longus digiti majoris ELDM Antebrachium Extensor
Extensor longus digiti majoris pars distalis ELDMd Manus Extensor
Ulnometacarpalis dorsalis UD Manus Flexor
Interosseus dorsalis ID Manus Elevator
Interosseus ventralis IV Manus Flexor
Abductor alulae ABA Manus Depressor/Extensor
Adductor alulae ADA Manus Flexor
Extensor brevis alulae EBA Manus Extensor
Flexor alulae FA Manus Depressor
Abductor digiti majoris ADM Manus Extensor
Flexor digiti minoris FDM Manus Flexor
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muscle architecture parameters scale the same way in the 
different regions of the avian wing in all species and among 
the foraging and flight groups.

The muscle architecture parameters were visualized via 
boxplots for the locomotor groups investigated in aquatic 
birds. In addition, the contribution of mass by muscle func-
tional groups, calculated as percentages of the total sum 
of muscle masses for each group in relation to body mass, 
was compared between the foraging and flight styles with 
an analysis of variance (ANOVA). Pairwise comparisons 
between the different groups were investigated via a post hoc 
analysis of Tukey’s HSD (honestly significant different) test.

A principal component analysis (PCA) of the correla-
tion matrix of the normalised muscle masses (muscle mass/
body mass) was performed to investigate whether variation 
in mass distribution differs between the foraging and flight 
groups, which could provide us with a functional interpreta-
tion in relation to locomotion mode.

Data analysis was performed in R version 3. 3. 2 (https:// 
www.r- proje ct. org/).

Phylogenetic signal

An ultrametric time version of the phylogeny from Hackett 
et al. (2008) was used as the backbone for this study, which 
was employed by Braun et al. (2011) and Han et al. (2011) 
and is available from the Early Bird website (https:// early 
bird. biolo gy. ufl. edu). The branch lengths from this tree were 
estimated from the tree length of the Hackett et al. (2008) 
tree in millions of years (MY) using non-parametric rate 
smoothing (Sanderson 2002). Because this phylogeny does 
not include all the species used in our study, we followed 
the method from Wang and Clarke (2014) to calculate the 
branch lengths for those nodes that are missing in the ultra-
metric tree. As species of Anseriformes were included as an 
outgroup, we set an extra calibration node for the divergence 
of Anseranas and the Anatidae at 68 MYA based on the fos-
sil Vegavis iaai (Clarke et al. 2005). The phylogenetic rela-
tionships among species from the same family were defined 
from the literature (Friesen et al. 1996; Pons et al. 2005; 
Baker et al. 2006; Baker, Pereira and Patón 2007; Clarke 
et al. 2010; Ksepka and Clarke 2010; Gangloff et al. 2012). 
The construction of the tree was performed using the R 
package Ape (Paradis et al. 2004).

To test the effect of phylogeny on muscle mass distribu-
tion among the species of waterbirds, phylogenetic signal 
was calculated using the Kmult statistic (Adams 2014) on 
our tree of waterbirds (Online Resource 1). Kmult is a mul-
tivariate generalization of the K-statistic (Blomberg et al. 
2003) appropriate for multivariate traits. Like K, values of 
Kmult equal to 1 indicate that the data fit a Brownian motion 
(BM) model of evolution, values of Kmult < 1 describe traits 
with less phylogenetic signal than expected under BM and 

values of Kmult > 1 indicate that close relatives are more 
similar than expected under BM (Blomberg et al. 2003; 
Adams 2014). If there was no phylogenetic signal detected, 
we would predict that locomotion has a greater effect on the 
muscle mass distribution of the forelimb of waterbirds than 
phylogenetic relationship. We also investigated the phyloge-
netic signal of body mass and wingspan using the K-statistic 
from Blomberg et al. (2003).

Results

A total of 47 muscles were identified in the flight appara-
tus of waterbirds and are listed in Table 2. Observations of 
presence/absence for muscles in different taxonomic groups 
were consistent to those reported elsewhere. We refer the 
readers to the following studies for anatomical descriptions 
and illustrations of forelimb myology: for penguins, see 
Schreiweis (1982); for Procellariformes and Gaviiformes, 
see McKitrick (1991); for Laridae and Alcidae, see Hudson 
et al. (1969); for Anatidae, we recommend consulting the 
works in galliform birds by Hudson and Lanzillotti (1964) 
and Zhang and Yang (2013). For general descriptions in 
Aves, see Baumel et  al. (1979) and George and Berger 
(1966). Nomenclature follows Nomina Anatomica Avium 
(Baumel et al. 1979).

Fascicle length scales to muscle  mass0.284±0.01 (± std. 
error;  R2: 0.55, t value: -4.053, p value: 7.93E-06) in the 
forelimb of the species of waterbirds investigated, which 
significantly differs from what is expected for geometri-
cally similar animals where longitudinal dimensions scale 
to  mass0.33 (Fig. 1). The results of the ANCOVA indicated 
that the flight and foraging groups vary in their scaling rela-
tionships of FL with muscle mass along the different regions 
of the wing (Table 3).

A proximal-to-distal reduction in muscle mass is evident 
for all studied species, where shoulder muscle mass accounts 
for ~ 80% of total single-wing mass in all the flight and for-
aging groups, with the non-flying penguins showing the 
greatest values of 96%. Percentage of mass relative to total 
single-wing mass will be referred to as wing mass fraction 
from here on. Brachium and antebrachium muscle masses 
range from over 11% in all groups, to less than 5% in wing-
propelled divers, ~ 8% in FG and PD, to ~ 2% in WPD. Hand 
musculature comprises less than 1% of wing mass fraction in 
all waterbirds. Shoulder mass percentage significantly differs 
from all the forelimb regions in all the flight and foraging 
groups (ANOVA and post hoc Tukey test; p values < 0.05). 
For details of the numerical values of muscle architecture 
parameters of the forelimb of the species of aquatic birds 
investigated here, see Online Resource 2.

https://www.r-project.org/
https://www.r-project.org/
https://earlybird.biology.ufl.edu
https://earlybird.biology.ufl.edu
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The mass of a single wing comprises between ~ 5% 
and ~ 13% of the total body mass in the species investigated. 
In the flight groups, CF birds showed the greater values of 
single-wing mass relative to body mass (11.14 ± 2.86%; 
mean ± sd., n = 7), whereas for the NF group, penguins, 
it comprises 8.49 ± 2.69% (n = 3) of the body mass. How-
ever, single-wing mass percentage is only significantly dif-
ferent between the CF and FG. In the foraging groups, the 
greater values of wing mass proportion correspond to the PD 
with 10.66%, whereas for the foot-propelled divers, it only 
accounts for 6.66 ± 1.49% (n = 2) of total body mass. There 
are no significant differences of single-wing mass percent-
age among the foraging groups. The pectoralis (P) is the 
largest muscle in the forelimb of all the species investigated, 
with values varying from ~ 8 and ~ 9% in proportion to body 
mass in the ducks and alcids to less than 4% of total body 
mass in the kittiwake, fulmar, and African and Humboldt 
penguins. The supracoracoideus (SC) follows with values 
between ~ 2% in the alcids and rockhopper penguin to less 
than 0.4% in the Cory’s shearwater, northern fulmar, and 
red-throated loon. The rest of the wing musculature accounts 
for less than ~ 0.5% of body mass. Figures 2 and 3 show the 
mass proportion of some muscles of interest in the avian 
wing for the flight and foraging groups, respectively. Mus-
cles with greater values of normalised fascicle length are 
located in the shoulder, such as LDCr, LDCA, and SSM, 
whereas the distal musculature appears to have shorter 
fascicles. 

Fig. 1  Scaling relationship between  log10 fascicle length and  log10 
muscle mass of the forelimb muscles in waterbirds. Values of fascicle 
lengths and muscle masses correspond to values for individual mus-
cles in individual birds. Fit regression line (solid) and 95% confidence 
interval (dashed) are drawn, and the equation of the fitted line is indi-
cated

Table 3  Statistics of the linear regression analysis for all species (bold) and ANCOVA results between flight and foraging groups (n) by region 
of the muscle architecture parameters of the avian wing

***Indicate significant p values of 0.0001 or less, **of 0.001 and *of 0.01

Shoulder Brachium Antebrachium Manus

Model Slope ± std. 
error

p value Slope ± std. 
error

p value Slope ± std. 
error

p value Slope ± std. 
error

p value

Muscle mass vs. FL 0.169 ± 0.017 2E-16*** 0.212 ± 0.019 7.4E-09*** 0.227 ± 0.02 5.52E-
07***

0.178 ± 0.036 4.12E-05***

Flight CF (7) 0.139 ± 0.033 1.24E-
07***

0.218 ± 0.028 2.16E-
04***

0.335 ± 0.032 0.877 0.192 ± 0.06 0.026*

DS (3) 0.188 ± 0.041 1.34E-
03***

0.175 ± 0.043 0.002** 0.219 ± 0.033 0.002** 0.191 ± 0.077 0.083

FG (5) 0.129 ± 0.036 4.55E-
07***

0.161 ± 0.04 2.50E-
04***

0.169 ± 0.042 3.22E-
04***

0.013 ± 0.068 3.92E-05***

NF (3) 0.097 ± 0.045 8.86E-
06***

0.278 ± 0.067 0.447 -0.056 ± 0.425 3.22E-
04***

0.388 ± 0.101 0.579

Foraging FPD (2) 0.16 ± 0.064 0.013* 0.075 ± 0.055 6.78E-
04***

0.277 ± 0.083 0.529 0.311 ± 0.194 0.925

PD (1) 0.147 ± 0.074 0.029* -0.199 ± 0.078 0.002** 0.247 ± 0.087 0.358 0.249 ± 0.149 0.608
SF (8) 0.13 ± 0.027 2.06E-

11***
0.204 ± 0.024 3.60E-

06***
0.192 ± 0.027 1.82E-

06***
0.117 ± 0.053 1.53E-04***

WPD (7) 0.202 ± 0.027 7.17E-
06***

0.215 ± 0.039 0.006** 0.437 ± 0.06 0.083 0.232 ± 0.055 0.087
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The percentage of mass in relation to body mass by 
muscle functional groups resulted in significant differences 
only for the elevator muscles within the flight and forag-
ing groups. In the non-flying group, the elevator muscles 
accounted for 28.3 ± 10.2% of the wing mass fraction, which 
significantly differed from the CF, DS, and FG (ANOVA 
and post hoc Tukey test; p values < 0.05) that present val-
ues between 10.1 to 15.78%. Similarly, the wing-propelled 
divers showed significant differences among the other 
foraging groups (ANOVA and post hoc Tukey test; p val-
ues < 0.05) with mass proportion of 22.19 ± 7.3% in relation 
to wing mass (see Online Resource 2).

PCA resulted in three principal components (PC1–PC3) 
that explained 74.56% of the total variance of muscle mass 
along the wing (Fig. 4). PC1 mostly separated the anatids 

(Ab, Ap, As) from penguins (Em, Sd, Sh) in opposite 
extremes and the rest of the species in the middle. The PC 
loadings are provided in Online Resource 3. This axis rep-
resented an inverse relationship with arm muscles masses 
(DMA, HT, ST, BB, FCU, ECR, FDP, and PS) that play a 
role in flexion–extension of the elbow and wrist, and rota-
tion, stabilisation, elevation, and pronation–supination of the 
wing, and is positively loaded with shoulder muscles masses 
(SS, SC, and CCa) that assist in wing depression and eleva-
tion. PC2 mainly distinguished the anatids (Ab, Ap, As), 
alcids (Aa, Ua1, Ua2), and penguins from the rest of the 
species. PC2 positively related with proximal musculature 
(SHCa, P, SC, CCa, and RS) that participate in elevating, 
depressing, and rotating the wing. It is represented in the 
negative range mostly by muscles that play a role in posture 

Fig. 2  Proportion of mass 
in relation to body mass for 
some muscles of interest in the 
forelimb of waterbirds accord-
ing to flight style. a, pectoralis 
(P); b, supracoracoideus (SC); 
c scapulohumeralis caudalis 
(SHCa); d coracobrachialis 
caudalis (Cca); e, latissimus 
dorsi pars cranialis (LDCr); f, 
biceps brachii (BB). Wing dia-
grams modified from Bribiesca-
Contreras et al. (2019)
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(BR) and hand motion (ADM, FCU, ELDM, EDC, and 
FDP), including flexion–extension of the wrist and prona-
tion–supination of the wing. In the flight groups (Fig. 4a), 
most of the CF group (Aa, Ab, Ap, As, Ua1, Ua2) occupies 
the positive range of PC2 and middle range of PC1, indi-
cating a larger contribution of mass for shoulder and arm 
musculature. The non-flying group (Em, Sd, Sh) was clus-
tered in the extreme of PC1 and upper values of PC2 that is 
dominated by elevators, depressors, and rotators’ muscles. 
The FG and DS overlap in the lower limit of PC2 and middle 
values of PC1 that is described by muscles that participate in 
flexion–extension of the manus and pronation–supination of 
the wing. In the foraging groups (Fig. 4b), most of the wing-
propelled divers are clustered together with positive values 
of PC2 and PC1, indicating a dominance of mass proportion 

in muscles that are fundamental for the upstroke and down-
stroke. The surface-feeders are widely distributed across the 
full range of PC2 and negative range of PC1, where arm and 
hand muscles that play a role in flexion–extension and pro-
nation–supination of the hand are considerably loaded. PD 
(Mb), FPD (Gs, Pa), and two WPDs (Cd, Pp) overlap with 
the SF (La, Lf, Fg, Pv1, Pv2, Rt) on the lower space of PC2.

For those muscles with an insertion tendon, we calculated 
the mass proportion of tendon within the muscle–tendon 
unit (MTU) and it is presented in Online Resource 4. Con-
trary to muscle mass, there is no evidence of a decrease in 
tendon mass from the proximal to distal wing as it has been 
reported previously for raptor wings (Bribiesca-Contreras 
el al., 2019). Penguins showed an increase in tendon mass 
proportion in their arm and hand muscles with some MTUs 

Fig. 3  Proportion of mass in 
relation to body mass for some 
muscles of interest in the fore-
limb of waterbirds according 
to foraging style. a, pectoralis 
(P); b, supracoracoideus (SC); 
c, scapulohumeralis caudalis 
(SHCa); d coracobrachialis 
caudalis (Cca); e, latissimus 
dorsi pars cranialis (LDCr); f, 
biceps brachii (BB). Wing dia-
grams modified from Bribiesca-
Contreras et al. (2019)
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(FCU, FDS, FDP, EDC, ECU, ELDM, and ID) completely 
reduced to tendons. Among the foraging and flight groups, 
the contribution of tendon mass within MTUs is highly 
variable and difficult to interpret without any experimental 
data. Therefore, our discussion is focused on muscle mass 
as MTUs taking into account tendon proportion, and are key 
to infer muscle function.

Phylogenetic signal was detected for body mass (K-sta-
tistics: 1.12, p value: 0.01, 10,000 permutations) and wing-
span (K-statistics: 0.89, p value: 0.03, 10,000 permutations), 
but not for the wing muscle masses (Kmult: 0.71, p value: 
0.083, 10,000 permutations) in the forelimb of the species 
of aquatic birds investigated.

Discussion

Scaling relationships of the wing

Although total wing mass scales isometrically with body 
mass, the muscle architectural parameters in the avian wing 
scale differently to what is expected in geometrically similar 
animals, where any chosen length scales to body  mass0.33. 
In the species of waterbirds investigated, fascicle length 
scaled to muscle  mass0.284±0.01, indicating that as the mus-
cles get heavier, the production of force is greater but they 
contract over shorter distances, and it is consistent with val-
ues reported for raptor forelimbs (Bribiesca-Contreras et al. 
2019) and other groups for hindlimb muscles (e.g. Alexander 
1981, Biewener 1989, 2016; Dick and Clemente 2016). Sim-
ilar to previous results for mammal and bird limbs (Alex-
ander et al. 1981; Bribiesca-Contreras et al. 2019), fascicle 
length scaled with muscle mass differentially along the seg-
ments of the wing (Table 3). In our work, FL in shoulder and 
hand scaled to muscle mass with exponent values of 0.160 
and 0.178, respectively, whereas the arm muscles showed 
values of 0.212–0.227. This indicates that in the shoulder 
and manus, compared to the arm musculature, the fascicle 
length increases less rapidly and contracts over shorter dis-
tances while producing greater muscle force. Variation in the 
scaling relationship of the muscle architecture parameters of 
the wing segments is evident among the foraging and flight 
groups (see Table 1). Shoulder muscles significantly differed 
from isometric prediction in all foraging and flight groups. 
Penguins had the smallest scaling exponent for the shoulder 
muscles (0.097). In isometric animals, maximum wingbeat 
frequency is negatively correlated to body mass with a scal-
ing value of − 0.33, and − 0.25 in penguins, and to any 
chosen  length−1 (Pennycuick 1975; Johansson and Aldrin 
2002). A slower increase of fascicle length in the proximal 
wing muscles of waterbirds would allow birds to maintain 
a higher wingbeat frequency in this region relative to other 
segments of the wing, while using smaller moment arms 
but maintaining the same angular range of motion (Norberg 
1990). This muscle configuration in penguins would aid to 
maintain wingbeat frequency of a rigid wing with reduced 
intrinsic musculature. Additional quantitative data of wing 
muscles in a wider sample of birds should help to elucidate 
the scaling relationship of the architectural parameters that, 
in addition to values of moment arms, could provide insights 
into muscle function and its implication for locomotion.

Fig. 4  Biplots of PCA of normalised muscle masses in the avian wing 
of flight (a) and foraging (b) groups of species of waterbirds. Abbre-
viations for flight groups (a) correspond to: ‘constant-flapping’ (FG), 
‘dynamic-soaring (DG), ‘flap-gliding’ (FG), and ‘non-flying’ (NF). 
Abbreviations for foraging groups (b) correspond to: ‘foot-propelled 
diving’ (FPD), ‘plunge-diving’ (PD), ‘surface-feeding’ (SF), and 
wing-propelled diving (WPD). Ellipses added to indicate flight and 
foraging groups. Abbreviations of species are consistent with Table 1
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Wing muscle mass and function

As expected, the muscle mass distribution of the wing of 
these species of waterbirds reduced from proximal to dis-
tal. Mass reduction in distal musculature is an important 
adaptation in animal limbs (e.g. Brown et al. 2003; Payne 
et al. 2006; Smith et al. 2006; Wareing et al. 2011; Yang 
et al. 2015; Dick and Clemente 2016; Bribiesca-Contreras 
et al. 2019). Minimising the mass of distal muscles has the 
advantage of decreasing the moment of inertia, which would 
reduce inertial torque needed to accelerate the wing as it 
oscillates during flight (Hildebrand 1988; Biewener 2011).

The pectoralis is the largest muscle in the musculoskel-
etal system of birds, accounting for 8% to 15.5% of total 
body mass in flying species (Greenewalt 1962; Biewener 
2011). It is a powerful pinnate muscle that acts as the main 
depressor of the avian wing and is capable of generating the 
greatest forces required for powered flight (for a review, see 
Biewener 2011). In our results, the proportion of mass in 
the pectoralis muscle ranged from over 17% of total body 
mass in the ducks (after doubling the values reported above 
for single-wing muscles), to less than 8% in the African and 
Humboldt penguins, fulmar and kittiwake.

In WPD (e.g. in the Atlantic puffin, Fratercula artica), 
the supracoracoideus muscle comprises 4–5% of total body 
mass whereas it accounts for only 1.6% in non-diving birds 
(Greenewalt 1962; Kovacs and Meyers 2000). It is hyper-
trophied in penguins and represents approximately 50% of 
the pectoralis mass (Baldwin 1988), compared to 10% of 
the pectoralis mass in non-diving birds and 28–30% in the 
Atlantic puffin (Greenewalt 1962; Kovacs and Meyers 2000). 
The supracoracoideus is a bipinnate muscle that elevates and 
supinates the wing by means of its tendon that inserts in the 
proximal dorsal surface of the humerus. It is activated during 
the upstroke at low-speed flights such as landing and taking 
off (Poore et al. 1997; Biewener 2011), whereas at faster 
flight velocities, wing elevation is enhanced by aerodynamic 
forces (Poore et al. 1997). In water, thrust production is 
observed in both downstroke and upstroke; therefore, WPD 
would highly benefit from having a larger supracoracoi-
deus muscle. Evidence of the use of an active upstroke has 
been demonstrated in penguins and the Atlantic puffin for 
underwater propulsion, as well as an active thrust-generating 
downstroke (Clark and Bemis 1979; Johansson and Aldrin 
2002). Our results indicated that the SC is 45.43 ± 2.24% of 
the pectoralis mass in penguins, 33.22 ± 4.51% in alcids, and 
11.32 ± 3.16% in the non-diving birds (see Fig. 2 and Fig. 3), 
which is consistent with previous studies (Greenewalt 1962; 
Baldwin 1988; Kovacs and Meyers 2000). Similarly, the P/
SC mass ratio (2.1–2.3) is consistent with what has been 
reported for other penguin species (Baldwin 1988). Further-
more, the mass fraction of elevator muscles is significantly 

greater for the NF and WPD than the other flight and for-
aging groups, respectively. Likewise, Kovacs and Meyers 
(2000) found significantly greater percentages of SC mass in 
relation to body mass for WPD versus FPD. LDCr is unusu-
ally large in the NF (Fig. 2) in comparison to the other spe-
cies. This muscle consists entirely of slow tonic fibres and, 
with LDCa that is formed solely of fast fibres, it elevates 
and retracts the humerus in wing folding during perching or 
roosting (Hikida and Bock 1971; Rosser et al. 1994). Slow 
muscle fibres are commonly associated with a postural role 
(Goldspink 1977, 1981). However, penguin wings are modi-
fied in rigid hydrofoil-shaped flippers and no folding of the 
wing onto the body is needed. A study of fibre composi-
tion of wing muscles in the African penguin revealed that 
LDCr contained only fast fibres, which is unique in birds 
(Schroeder et al. 2015). This might indicate an adaptation 
of LDCr to assist on humeral elevation during underwater 
propulsion. The physiology and functional role of the LDCr 
in penguins, and other WPD, has yet to be investigated.

Wing mass distribution and its relationship 
with flight and foraging style

Distribution of muscle mass in the wing myology of birds 
is very diverse (Bribiesca-Contreras et al. 2019), making 
it difficult to understand the functional role that individual 
muscles play in different locomotor modes. Because mass 
is proportional to the amount of work that skeletal muscles 
can perform in a single cycle and to the maximum power 
output (Alexander 1992; Marsh 1999), we assessed the mass 
distribution as a proxy for understanding work and power 
generation along the wing in the species of waterbirds. We 
performed a PCA using the normalised muscle masses to 
investigate patterns of variation in mass distribution among 
the locomotion modes, assuming that birds sharing locomo-
tion modes will also produce similar amounts of power in 
the same functional groups of muscles.

The distribution of muscle mass in the wing of the species 
of waterbirds used in this study showed patterns that suggest 
a relationship with foraging/flight styles. In the PCA biplot, 
three main clusters can be identified (Fig. 4). In the upper 
limit of PC2 axis and lower negative values of PC1, the 
anatids (Ab, Ap, As) are clearly distinguished from the other 
species. This space is mainly dominated by muscles that are 
active during downstroke in a variety of flight modes. These 
are mostly shoulder muscles (P, SHCa, and DMA) that assist 
in wing depression and retraction (Biewener et al. 1998; Dial 
et al. 1991; Dial 1992a, b), and arm muscles (BB, ST, HT, 
FCU, FDP, PS, and ECR) that help to flex, and extend and 
stabilise the elbow and wrist (Dial et al. 1988, 1991; Dial 
1992a, Corvidae et al. 2006; Yang et al. 2015). These mus-
cles are fundamental for powered flight that is characteristic 
of anatids (Raikow 1973).
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A second group completely separates the penguins (Em, 
Sd, Sh) and alcids (Aa, Ua1, Ua2) in a convex hull that does 
not overlap with the rest. The corresponding space is asso-
ciated with the SC and muscles that depress the wing and 
retract the humerus (SS, CCa, SHCa). As mentioned above, 
the hypertrophy of SC is common among WPD and is cor-
related with the use of an active upstroke for underwater 
propulsion. The CCa, in conjunction with the SS, assists the 
pectoralis in humeral depression during the upstroke–down-
stroke transition and is in a position to supinate the wing at 
the end of the downstroke (Dial et al. 1991; Woolley 2000). 
Studies on the CCa’s histochemistry in the California gull 
and the Atlantic puffin demonstrated that it contains a com-
bined population of slow and fast fibres, which indicates 
that it could also assist the pectoralis in body support dur-
ing gliding (Meyers and Mathias 1997; Kovacs and Mey-
ers 2000). The robust CCa in penguins (see Fig. 1) might 
enhance the higher force production needed by the pecto-
ralis to depress the wing in a more viscous fluid than what 
is required during aerial flight. It might also help to main-
tain the adopted ‘gliding’ posture of penguins during ascent 
(Sato et al. 2002, 2004; Takahashi et al. 2004; Watanuki 
et al. 2006). The presence of slow fibres in the pectoralis and 
supracoracoideus have been reported for the African pen-
guin (Schroeder et al. 2015), providing further evidence of 
the importance of ‘gliding’ in penguins. In contrast, both P 
and SC consist entirely of fast fibres in F. artica (Kovacs and 
Meyers 2000) that might be associated with the constant-
flapping flight and high wing loading of auks (Pennycuick 
1987; Bruderer et al. 2010). Additional studies are necessary 
to comprehensively understand the functional morphology 
and histochemistry of wing muscles in WPD.

A third group is identified in the middle range of PC1 
and negative values of PC2, where the rest of the species 
of waterbirds overlap (Fig. 4). The FG and DS groups are 
fully represented in this region of the PCA biplot, in addi-
tion to the shag and red-throated loon from the CF (Fig. 4a). 
This space is dominated by arm musculature that assists 
with extension–flexion of the elbow (HT, ST) and wrist 
(FDP, EDC, ELDM, ADM), stabilisation and posture of the 
wing at the shoulder (BR, HT, ST) and wrist (ECR, FCU), 
and pronation and supination (ECTU, EDC, FDP) of the 
wing (Dial 1992a, b; Meyers 1993; Vazquez 1995). Flex-
ion–extension and stabilisation of the wing at the elbow 
and wrist are fundamental for gliding and soaring birds 
(Meyers 1993). Analyses of the fibre type composition of 
the BR, triceps muscles (ST and HT) and ECR in the alba-
tross (Meyers and Stakebake 2005), golden eagle (Meyers 
and McFarland 2016), California gull (Meyers and Mathias 
1997), double-crested cormorant (Meyers 1997), and Ameri-
can kestrel (Meyers 1992) demonstrated that these muscles 
contain percentages of both slow and fast fibres that suggest 
a postural role in maintaining the wing fixed in an folded or 

extended position, such as gliding and soaring. Furthermore, 
an electromyographic study of American kestrel identified 
activity of the triceps muscles during gliding when exten-
sion of the elbow was observed (Meyers 1993). From an 
anatomical standpoint, soaring and gliding require similar 
positioning of the wings that explain the grouping of the FG 
and DS birds. A similar configuration of wing muscles was 
found for gliding birds of prey (Bribiesca-Contreras et al. 
2019). In the case of the shag (Pa) and red-throated loon 
(Gs), we speculate that the sunning behaviour of cormorants 
and sexual/territorial displays in loons can explain a similar 
distribution of wing muscle mass to that of gliding and soar-
ing birds. Cormorants exhibit a spread-wing posture to dry 
their wings in the sun (Henyemann 1984) that is similar to 
a gliding position and present populations of slow fibres in 
the P, CCr, DMI, ST, and ECR, as described in the double-
crested cormorant (Meyers 1997). In the common loon (G. 
immer) and yellow-billed loon (G. adamsii), it was observed 
that birds can adopt an upright position with their body rais-
ing up from the water exposing the chest and holding the 
wings flexed or extended for a considerable amount of time 
during territorial and sexual displays (Sjölander and Ågren 
1972, 1976).

Our results provide evidence that waterbirds sharing 
flight and/or foraging style also share patterns of muscle 
mass distribution in their forelimb. The auks, which inhabit 
the Northern Hemisphere and are phylogenetically unrelated 
to penguins, their southern counterparts, occupy a similar 
morphological space to them and are completely separated 
from other aerial flyers that includes their closer relatives, 
i.e., gulls (see Fig. 4). In contrast, Procellariformes (shear-
waters, fulmar, and prions) clustered together with aerial 
flyers, excluding anatids, despite their shared ancestry with 
Sphenisciformes over 80 million years ago (Kaiser 2010). 
Therefore, it seems that locomotion style is more strongly 
linked to the functional anatomy of the wing than the phy-
logenetic relationships in the species of waterbirds investi-
gated, although further evolutionary studies are needed to 
fully understand this pattern. Previous studies in a wider 
sample of waterbirds (excluding Charadriiformes; Wang and 
Clarke 2014) and Pelecaniformes (Simons 2010) demon-
strated that limb proportions of skeletal elements in the avian 
forelimb are derived from a common evolutionary history. 
It is therefore interesting that, despite the conserved skel-
eton anatomy of the wing, it seems that muscles can exploit 
a wider range of functional roles, which could explain the 
great diversity of locomotor styles exhibited in aquatic birds.
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