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Abstract Wildfowl (Anatidae) are a diverse group of birds and globally distributed. These birds
feed by widely varying methods, there are generalist and specialist species. In a number of ver-
tebrate taxa trophic specializations have led to distinct differences in the morphology of the skull, like in birds.
Our knowledge and understanding of the relationship between cranial morphology and feeding mechanism of
wildfowl are limited. The aim of this article is to increase our knowledge of the relationship between skull shape
and foraging habits and find the identifiable attributes of the differently adapted groups. We used morphomet-
ric methods with 7 linear measurements of the skull. We used principal component (PC) analysis to identify the
groups with different foraging habits. The PCs were related to measurements which represent the demanded mus-
cle mass for feeding and the amount of capable food items. The grazers have a narrower bill and bigger bone sur-
face which requires more muscle tissue than the broad billed filter-feeders. We observed the structural and func-
tional differences between grazers and filter-feeders. There are no important differences in the bill measurements
between omnivore dabbling and diving ducks. Only the bill is not enough to deduce the foraging habits.

Keywords: cranial morphology, morphometrics, anatomy, prey composition, prey preference, foraging methods

Osszefoglalas A récefélék (Anatidae) csaladja nagy fajszamu, rendkiviil diverz csoport. Taplalkozési tipusuk
szerint lehetnek generalistak és specialistak is. A koponya tulajdonsagait és a kiilonboz6 taplaléktipusokhoz va-
16 adaptaciot szamos gerinces esetében vizsgaltak, azonban a récefélék esetében még kevésbé ismert a kiilonbo-
z6 morfologiai és fenotipusos jellemzok kornyezettel valo interakcidja. Jelen cikkben a récefélék cranialis jegye-
inek morfometriai elemzésével a taplalékpreferencia és a morfologiai jellemzok kozotti dsszefiiggést kerestiik, és
a kiilonbozo taplaléktipusokhoz adaptalodott formak kozotti kiilonbségeket probaltuk megtalalni. A craniomor-
fometriai vizsgéalat soran — a koponyédkon felvett hét méret felhasznalasaval — fokomponens-analizist végeztiink.
A fokomponensek a taplalék felvételéhez sziikséges izomzat nagysagaval, valamint a felvehetd taplalék mennyi-
ségével hozhatok kapcsolatba. A szarazfoldi névényekkel taplalkozo formak keskenyebb csdrrel, és az erételje-
sebb allkapcsi és nyakizmok miatt nagyobb tapadasi felszinnel rendelkeznek, mint a széles csord, filtralo specia-
listak. Felépitésbeli és funkcionalis kiilonbség a legeld és a filtralo specialistdk kozott mutathatd ki. Az omnivor
0sz0- és bukorécék kozott a csér tulajdonsagaiban a vizsgalat nem mutatott nagy eltérést, tehat a csdr onmagaban
nem informativ a taplalkozast illetéen.
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!Behavioural Ecology Group, Department of Systematic Zoology and Ecology, E6tvés Lordnd University, 1117
Budapest, Pazmany Péter sétany 1/C, Hungary, e-mail: nobilis.equus@gmail.com

’Department of Anatomy, Cell- and Developmental Biology, Ectvos Lordand University, 1117 Budapest, Pazmdny
Peéter sétany 1/C, Hungary

3The Barn Owl Foundation, 8744 Orosztony, Temesvari it 8., Hungary

*corresponding author



T. Pecsics, M. Laczi, G. Nagy & T. Csérgo 45

Introduction

Foraging performance and cranial morphology are functionally linked. In a number of ver-
tebrate taxa, trophic specializations have led to distinct differences in the morphology of the
skull (Courant et al. 1997, Pérez-Barberia & Gordon 1999, Van Cakenberghe et al. 2002) in-
cluding wildfowl (Anatidae) too (Kurk 2008).

The family contains around 55-60 genera with 150 species (Kear 2005), but other studies
mentioned different numbers (Johnsgard 1978, Livezey 1986). While the status of the fami-
ly is clear the subfamilies and the relationship of the different tribes and species are disputed
and poorly understood (Livezey 1997, Donne-Goussé et al. 2002). Probably a bigger sam-
ple size would increase the power of the new phylogenetic studies (Stidham & Hilton 2015,
Wang et al. 2016). The fact that some of the species have the ability to produce fertile hy-
brids made the taxonomic studies more difficult (McGuire et al. 2007).

Anatid species show a wide variety of diet types ranging from specialization on terrestrial or
aquatic vegetation, tubers, invertebrates and fish to extreme generalization (Johnsgard 1978,
2010). Ecomorphological studies provide insight in the adaptive significance of interspecific
differences in morphology (Nudds & Bowbly 1984, Nudds & Kaminski 1984). Feeding in dif-
ferent environments on different types of food is associated with differences in feeding mecha-
nism and linked to differences in morphology. Hence, the interspecific differences in skull and
bill morphology reflect interspecific differences in feeding ecology (Kehoe & Thomas 1987).
Species of Anatidae differ in the functional anatomy of their feeding apparatus due to the dif-
ferent food and enviroment requirements (Nudds & Bowbly 1984, Werner 1984, Moermond
1986, Wainwright 1996). Aquatic and terrestrial feeding demand different bill structure but not
only the bill morphology may be related to resource use. The jaw muscle size is also associat-
ed with resource use (Kooloos et al. 1989, Kurk 2008). The anatids exhibit a great variation in
bill morphology so they are often considered an example of adaptive radiation (Owen & Black
1990). The bill is moderately long, mostly flattened, blunt-tipped, and covered by a thin layer
of skin. It bears a nail at the tip of the maxilla and fine lamellae along the margins of the maxil-
la and mandible. The bill can be highly specialized (e.g. mergansers and shovelers) or lesser
specialized (e.g. scoters) (Cramp 1978, Johnsgard 2010). The wildfowl species mostly differ
in body size and bill morphology (Pdysa et al. 1994). The different attributes of the bill can
show more of the ecology, evolutionary history, functional anatomy and the jaw mechanism
of these birds. Unfortunately, despite numerous studies and the enormous data with regards to
the feeding ecology of anatids, our knowledge about the potential relationships between crani-
al morphology and feeding mechanism is very limited.

Our objective in this study was to determine the differences in skull morphology and to
find the potential relationships between skull morphology and feeding habit.

Materials and methods

This study is based on 269 skulls of 103 species. The specimens belong to the collection
of Etvos Lorand University (Budapest, Hungary), the collection of the Hungarian Natural
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History Museum and the digital archive of Wageningen University (Wageningen, Nether-
lands).

Eight skull measurements were taken from the skulls. The distance of the maxilla and
premaxilla (PRMM), the distance of the maxilla and the quadratum (MQD), the maximum
height of the maxilla (MMAX), the maximum width of the premaxilla (PRMW), the maxi-
mum height of the occipital region (the distance of the ventral edge of the foramen magnum
occipitale and the ventral point of the sagittal crest) (CONSAG),on the mandible the high-
est point of the coronoid process (CORPR), the distance of the highest point of the coronoid
process and central point of the joint of the jaws (glenoid) (CGD), and the distance of the left
and right paroccipital processes (PAROCD) (Figure 1). The measurements are from adult
and subadult specimens. We had specimens of both sexes from three species. Skull morpho-
logy did not differ between sexes, therefore we did not analyse the effect of sex.

We separated the species into six groups to according to diet composition. Each group was
created following other studies (Cramp 1978, Kear 2005, Johnsgard 2010, Baldassare et al.
2014): terrestrial plant eaters, omnivore dabbling ducks, omnivore diving ducks, fish eaters,
aquatic plant eaters, filter-feeders.

We collected body mass data of the species from Dunning (1992). If the sex of a given
specimen was known, we used the corresponding mass data. In other cases we used male
mass data. For the analyses we couldn’t use the domestic forms of ducks and geese, because
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Figure 1. Linear measurements used in this study. A goose skull in left lateral, caudal and ventral views
1. dbra A vizsgalatban hasznalt lineédris paraméterek. Egy ludkoponya bal oldali, hatsé és also
nézetben
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the reason of the huge differences between the breeds is not the natural but the human selec-
tion. Accordingly to this, many osteological and craniological changes resulted only from
the domestication (Guay & Iwaniuk 2008).

We tested the normality of the frequency distributions of the variables and the model residu-
als using Kolmogorov—Smirnov tests. Body mass and morphological variables differed signi-
ficantly from normal distribution. We (-1 x 1/square root (x+100)) transformed body mass data
to fit normal distribution. In different subsets of the specimens we investigated the repeatabi-
lities of the measurements by Spearman’s correlation: we tested repeatability of digital meas-
ures performed on skull photos (7=20), manual measures on skulls (»=20). Additionally we
tested repeatability between digital and manual measures (n=20) (all P<0.0001, all >0.989).
For subsequent analyses we used data of the first measurements. In the next step, we divided
each morphological parameter of every skull by the given PAROCD to standardize the vari-
ables for skull size. We conducted principal component analyses (PCA) on these morphologi-
cal variables. We took PCA for two reasons: we wanted dimension reduction of variables, and
we wanted to create composite but independent variables from each other because the origi-
nal morphological variables highly correlated to each other (results not shown here). We rotat-
ed the principal component (PC) axes using the varimax algorithm in order to strengthen the
interpretability of the patterns of PC loadings. This method preserves the orthogonality of the
PC axes. Based on the Kaiser criterion, for the subsequent analyses we used only PCs with ei-
genvalues greater than one. We took into consideration a loading, if its value was larger than
0.52 according to the formula described in Norman and Steiner (2008). We used general linear
mixed models in PROC MIXED of SAS version 9.1 (SAS Institute Inc., Cary, North Carolina,
USA) to reveal if morphological PCs associated to different feeding groups. In this model one
PC was the dependent variable, feeding group was the categorical predictor and body mass
was the continuous co-variable. Furthermore species was used as random factor. We used the
latter two variables controlling for species relatedness and body size. We applied backward
stepwise model selection (Hegyi & Laczi 2015). Degrees of freedom in the mixed models
were estimated using the Satterthwaite option, furthermore to make pairwaise comparisons of
different groups we used CONTRAST statement. All other analyses were performed in Statis-
tica 8.0 (StatSoft Inc., Thulsa, Oklahoma, USA).

Results

Our measures were highly significant irrespective of measuring mode (all » > 0.98, all P <
0.00001). The PCA resulted three PCs which explained 75.98% of inter-individual total vari-
ance (Table 1). The first skull PC (PC1) loaded positively with MMAX, CONSAG and COR-
PR, PC2 related positively to PRMM and PRMW, while PC3 loaded positively with MQD and
CGD. This means that a specimen with higher PC score had higher values of the respective
skull variable. Species, feeding type and feeding had significant effects on all PCs, while body
mass related to PC1 and PC3 only (Table 2). Post-hoc tests showed that in the case of PC1
group 4 differed from all of the other groups, and group 1 and group 3 differed from each other
(Figure 2). With respect to PC2, each group showed differences from each other except group
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PC1 PC2 PC3 Table 1. Summary of the loadings of the
PRVIM 0.01 0.85 04 principal component .analy5|s per-
formed on morphological skull vari-
MQD 0.25 0.19 0.66 ables. Morphological variables were
MMAX 0.85 0.24 -0.05 corrected for skull size. Loading va-
PRMW 0.16 0.94 -0.08 lues exceeding the 0.52 threshold are
CONSAG 0.77 0.21 0.1 shown in bold
CORPR 0.86 0.1 0.26 1. tdbldzat A koponyamorfoldgiai valtozokon
CGD 0.08 0.09 0.86 végrehajtott fGkomponens analizis
Osszesitése. A morfologiai valtozdk
eigenvalue 2.14 175 143 a koponyaméret alapjan lettek korri-
% variance 30.53 24.99 20.46 galva. A 0,52-es hatart meghaladé ér-
tékeket félkovérrel jelenitettiik meg
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Figure 2. The differences of PC1 (mean+SE) be- Figure 3. The differences of PC2 (meanzSE) be-
tween the feeding groups tween the feeding groups
1: terrestrial plant eaters, 2: omnivore 1: terrestrial plant eaters, 2: omnivore
dabbling ducks, 3: omnivore diving dabbling ducks, 3: omnivore diving
ducks, 4: fish eaters, 5: aquatic plant eat- ducks, 4: fish eaters, 5: aquatic plant eat-
ers, 6: filter-feeders ers, 6: filter-feeders
n:69;n,:83;,n.:63;n,.:8n.:40,n.:6 n:69;n,:83;n.:63;n,:8n.:40;n:6
Note: on the plot the points are the means Note: on the plot the points are the means
of the values and the SE values are presen- of the values and the SE values are presen-
ted as whiskers ted as whiskers
2.dbra A PC1 eltérése (atlag+SE) a kilonbozé 3.dbra A PC2 eltérése (atlag+SE) a kilonbozd

taplalkozasmodu csoportok kozott

1: szarazfoldi novényeket fogyasztok, 2:
vegyes taplalkozasu uszoérécék, 3: vegyes
taplalkozasu bukorécék, 4: hallal taplalko-
20k, 5: vizinbvényeket fogyasztok, 6: filt-
ralé specialistak
n:69;n,:83;,n.:63;n,.:8n.:40,n.:6
Megjegyzés: A pont az értékek dtlagdt mu-
tatja, a vonallal jelzett tartomdny az SE ér-
téket jeléli

taplalkozasmaodu csoportok kozott

1: szérazfoldi novényeket fogyasztdk, 2:
vegyes taplalkozasu uszérécék, 3: vegyes
taplalkozasu bukorécék, 4: hallal taplalko-
z0k, 5: vizindvényeket fogyasztdk, 6: filt-
ral6 specialistak
n:69;n,:83;n.:63;n,:8n.:40;n:6
Megjegyzés: A pont az értékek dtlagdt mu-
tatja, a vonallal jelzett tartomdny az SE ér-
téket jeldli



T. Pecsics, M. Laczi, G. Nagy & T. Csérgo 49

Figure 4. The differences of PC3 (meanzSE) be-
tween the feeding groups

5 { 1: terrestrial plant eaters, 2: omnivore dab-

bling ducks, 3: omnivore diving ducks, 4:

{ fish eaters, 5: aquatic plant eaters, 6: fil-

ter-feeders
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4.dbra  APC3 eltérése (atlag+SE) a kiilonb6z6 tap-
lalkozdsmodu csoportok kdzott
1: szarazfoldi novényeket fogyasztok, 2:
vegyes taplélkozasu uszoérécék, 3: vegyes
taplalkozasu bukorécék, 4: hallal taplalko-
206k, 5: vizindvényeket fogyasztok, 6: filtra-

Table2.  Effects of species, bod d feedi 16 specialistak
aole 2. ecCls or species, bo mass and reedin c60°'n 83N -63Nn-8n-40'n -
P Y 9 n:69;n,:83;n,:63;n,:8n:40;n:6

group on skull morphlogy PCs
2. tdbldzat A fajok, a testtomeg és a kijel6lt taplalkoza-
si csoportok hatasai a koponyamorfologia

PC3

-1

1 2 3 4 5 6
Feeding group

Megjegyzés: A pont az értékek dtlagdt mu-
tatja, a vonallal jelzett tartomdny az SE érté-

ket jeloli
fékomponenseire
df F P
PC1 Species | 0.1376,0.06718 2.05 0.02
Body mass 1,48 9.12 0.004
Feeding group 5,44.5 9.94 <0.0001
PC2 Species | 0.2051,0.04828 4.25 <0.0001
Body mass 1,67.3 3.30 0.07
Feeding group 5,64.5 50.23 <0.0001
PC3 Species | 0.4561,0.1193 3.82 <0.0001
Body mass 1,64.7 8.04 0.006
Feeding group 5,58.2 8.40 <0.0001

2 vs. group 5, and the difference between group 1 and group 4 was only marginal (Figure 3).
In the case of PC3 group 3 differed from all other groups, and group 4 also differed from all
the others except group 6 (Figure 4). For detailed results see Table 3.

Discussion

The cranial kineses is the significant movement of neurocranium and viscerocranium to
each other in addition to movement at the joint between upper and lower jaw. Most of the
vertebrates have a kinetic skull. Cranial kinesis is usually linked to feeding and foraging.
Animals with high bite force have usually akinetic skulls like crocodilians (Crocodilia) and
turtles (Testudines) (lordansky 1989). The mammals have akinetic skulls too (except the
hares (Leporidae)) compared with some lizards (Lacertilia) and snakes (Serpentes) which
have highly kinetic skulls (Kardong 1995). Bock (1964) has analysed the kinetics of the



Table 3.

Pairwaise post-hoc comparisons of different feeding groups

3. tdbldzat Paronkénti post-hoc teszt 6sszehasonlitasa a kiilonb6z6 taplalkozasi csoportoknal

Groups df F P
1vs2 1,56.7 2.26 0.14
1vs3 1,484 5.86 0.019
1vs4 1,973 46.43 <0.0001
1vs5 1,43.9 0.19 0.66
1vs6 1,3 2.65 0.11
2vs3 1,413 0.98 0.33
2vs4 1,923 36.21 <0.0001

PC1 2vs5 1,379 0.55 0.46
2vs6 1,29.3 1.14 0.29
3vs4 1,87.9 28.62 <0.0001
3vs5 1,389 2.40 0.13
3vs6 1,29.5 0.42 0.52
4vs5 1,78.6 36.80 <0.0001
4vs 6 1,41.9 8.15 0.01
5vs6 1,29.8 1.87 0.18
1vs2 1,118 125.94 <0.0001
Tvs3 1,64 42.65 <0.0001
1vs4 1,76.6 3.94 0.05
Tvs5 1,634 74.04 <0.0001
1vs6 1,47.5 94.50 <0.0001
2vs3 1,65 5.18 0.03
2vs4 1,76.9 52.27 <0.0001

PC2 2vs5 1,64.2 0.71 0.40
2vs6 1,47.7 42.88 <0.0001
3vs4 1,715 31.32 <0.0001
3vs5 1,57.8 6.79 0.01
3vs6 1,47.2 52.67 <0.0001
4vs5 1,70.5 50.87 <0.0001
4vs6 1,521 93.91 <0.0001
5vs6 1,47.6 35.87 <0.0001
1vs2 1,95.2 2.74 0.10
1vs3 1,59.3 4.56 0.04
1vs4 1,74.8 22.26 <0.0001
1vs5 1,57.1 3.21 0.08
1vs6 1,42.1 3.91 0.05
2vs3 1,58.6 11.84 0.001
2vs4 1,75.1 14.63 0.0003

PC3 2vs5 1,56.8 0.23 0.63
2vs6 1,42 2.12 0.15
3vs4 1,69.4 32.81 <0.0001
3vs5 1,52.6 10.61 0.002
3vs6 1,41.7 7.35 0.01
4vs5 1,66.9 9.88 0.003
4vs6 1,47.3 0.65 0.43
5vs6 1,423 1.39 0.25
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3 4

Figure 5. Feeding methods of the anatids: 1. grubbing (Greylag Goose), 2. grazing (Barnacle Goose,
and Eurasian Wigeon), 3. dabbling (Eurasian Teal and Shoveler), 4. upending (Mallard
and Pintail), 5. diving (Common Pochard), 6. pursuit diver (Red-breasted Merganser), 7.
upending (Mute Swan). Own drawing modified from Kear (2005)

5.dbra A récefélékre jellemzé taplalkozasi modok: 1. keményebb novényi részeket legel6k és
gyokereket, magokat fogyasztok (nyari 1ud), 2. lagyabb névényi részeket legeldk (apacalud,
futytl6réce), 3. filtraldk, felszinrdl taplalkozdk (csorgd réce, kanalas réce), 4. testik elllsé
részével aldbukok (t6kés réce, nyilfarku réce), 5. viz ala bukok, merildk (baratréce), 6. viz
alatt Gizve, halakkal taplalkozok (6rvos bukd), 7. testik eliilsé részével alabukdk (bitykds
hattyu) (sajat dbra, Kear (2005) nyoman)

avian skull and proposed a model for a prokinetic skull in connection to mandibular kine-
tics. The birds show a great variety of cranial kinetic hinges (Zusi 1984, Zweers 1999). The
simplest form of kinetic movement is prokinesis, where the upper beak moves at the point
where it’s hinged with the neurocranium. Several different types of cranial kinesis are pres-
ent within modern birds (Neognathae). The amphikinesis provides an unusual movement for
the bill with protraction and retraction (e.g.: rails and shorebirds (Rallidae). The rhynchoki-
nesis is a more complex form than prokinesis and subdivided into other different types. Ryn-
chokinesis was observed in cranes (Gruidae), shorebirds (e.g. Scolopacidae), swifts (Apo-
didae), hummingbrids (Trochillidae) and some primitive birds (Paleognathae) like the Emu
(Dromaius novaehollandiae) and the Ostrich (Struthio camelus). There are birds with aki-
netic skulls (e.g. toucans (Ramphastidae) (Zusi 1984). The cooperative tissues like the ele-
ments of the cranial musculoskeletal system (muscles, joints and ligaments) are the indica-
tors of different kinesis forms (Metzger 2002).

Darwin’s finches (Geospizinae) of the Galapagos Islands, Ecuador, are one of the most
studied birds because these birds have evolved an impressive array of specializations in
beak form and function (Bowman 1961). In anatids as well the cranial and bill characters
are related to bite force and the reaction forces in the joints with the upper bill (Herrel et al.
1995). It is uncertain if the ligaments and the quadrate bone are responsible for the mobili-
ty. The movement of the quadrate bone is too fast and complex and really difficult to mea-
sure and determine the movement of the bone (Dawson et al. 2011). Anatids grebes (Podici-
pedidae) and flamingos (Phoenicopteridae) differ in foraging methods but their tongues play
a very important role during feeding in water (Zweers et al. 1995). The different foraging
methods and kinesis types are well known but it is still a mystery how these cranial move-
ments evolved (Hanken & Hall 1993).
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Ligamentum suborbitale

Ligamentum occipitomandibulare

Ligamentum postorbitale

Ligamentum lacrimandibulare

Ligamentum mesethmovomerale

Ligamentum jugomandibulare Musculus adductor mandibulae externus

Musculis depressor mandibulae Musculus protractor pterygoidei et quadrati

Figure 6. The important ligaments and mus-
cles of the head. Own drawing mo-
dified from Bihler (1981)

6.dbra Azallkapocs mozgatasaban résztve-
v6 rugalmas szalagok és izmok (sa-

Musculus pterygoideus jat abra, Buhler (1981) nyoman)
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Kooloos et al. (1989) and Kooloos and Zweers (1991) analysed performance gradients of
filter feeding in several anatid species, such as the Mallard (4nas platyrhynchos), the Shove-
ler (Anas clypeata) and the Tufted Duck (Aythya fuligula). They found that the gapes and
amplitudes of bill rotations are positively correlated with the size of the seeds during filter
feeding (Zweers 1999). The interspecific differences of the bill, such as the density of the
lamellae, reflect the difference in diet composition and the different size of the food items
(Mott 1994). There may be a positive correlation between the lamella density and the size
of the food items (Guillemain ef al. 2002) but other studies disagree (Nummi & Véininen
2001) or show that the size and the morphology of the bill are more important (Lagerquist
& Ankney 1989, Poysd 1983a). It might be that these differences are connected with the
different requirements of the enviroment or other resource using habits and methods (Wer-
ner 1984, Moermond 1986, Wainwright 1996). More specified studies demand more mor-
phological characters which are more informative and reflect to the foraging habits (e.g. the
neck length) (Poysd 1983b).

In our analysis the PC1 showed strong relationships with variables which are in connec-
tion with muscles involved in food intake and bite performance. Based on the PC1 axis we
found differences between the following feeding groups: terrestrial plant eaters or grazers
and the aquatic plant eaters, fish eaters, and filter feeders. The terrestrial plant eaters and
the aquatic plant eaters had the highest PC1 values but the fish eaters and the filter feeders
had the lowest PC1 values. This means that the fish eater filter feeder species have small-
er and weaker pterygoid and adductor muscles. The herbivore species have massive skull
with large quadrato-mandibular surface in order to maximize the effectiveness of jaw clo-
sure muscles, which is necessary for grazing. The relative length of the occipital region is in
positive correlation with bite performance (Herrel ef al. 2001, Van Cakenberghe et al. 2002,
Stayton 2005). The filter feeders do not need strong neck and jaw muscles (Zusi 1963).

The PC2 values positively loaded with those morphological characters which are in con-
nection with the amount of capable food. Species with narrower beak are feeding on ter-
restrial plants and grass and the fish eaters with low PC2 values. The geese are picking, the
mergansers are catching their prey, but the shovelers are filtering millions of planktonic
organisms with their highly specialized bill. The other groups took intermediate position.
Through the example of the grazers the observation is true which means that the strong and
narrow, tapered beak is in positive correlation with bite performance (Van der Meij & Bout
2004, Herrel et al. 2005).

The PC3 showed strong relationship with those morphological characters which are rela-
ted to the elongation of the skull. The grazers and the omnivore dabbling ducks have a rel-
ative short and high skull compared to the fish eaters and filter feeders which have long and
very gracile skull. Compare with the PC1 values, the groups with higher PC3 values have
generally weaker jaw and jaw muscles. In the case of mergansers, not only the food but the
hydrodynamic demands and the drag forces affect the cranial morphology (Harrison 1957).
In species that have to detach shellfish or hold a twisting and squirming fish one might ex-
pect relatively large adductor muscles (Kear 2005). The analysis suggested that the species
with higher PC3 values (fish eaters, aquatic plant eaters and filter feeders) are feeding un-
derwater. Due to the large resisting forces these species should have stronger jaw opener
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muscles. But this speculation should be irrelevant because many grazer species (e.g. Grey-
lag Goose) tend to have large jaw opener muscles because these birds are not only feeding
on the aerial parts of the plants but also on the underground parts. During grabbing the bill
pushes against the mud, which needs larger force (Gauthier et al. 1984).

The structural and functional differences are only demonstrable between grazers and fil-
ter feeders (Kurk 2008). The condylus occipitalis is caudally directed in grazers and ven-
trally directed in filter feeders. The grazer’s pterygoid bone is longer and the palatine bone
is shorter compare to the filter feeders (Marugan-Lobon & Buscalioni 2006). The birds with
a ventrally directed beak have bigger and stronger jaw closure muscles compared to birds
with an orthogonally directed beak (Van der Meij & Bout 2004).

Grazing has evolved several times within the anatids. The species with similar morpho-
logy and diet but different phylogenetic background represent an example for convergent
evolution (Kear 2005, Wang et al. 2016). In some cases the similarities in the skull shape
reflect the phylogenetic connection. In this study we did not investigate the effect of phy-
logeny and the similarities due to phylogeny. In further analyses the phylogenetic control
would be necessary.
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Supplement 1. The species of the different feeding groups

1: terrestrial plant eaters, 2: omnivore dabbling ducks, 3: omnivore diving ducks, 4: fish
eaters, 5: aquatic plant eaters, 6: filter-feeders

Melléklet 1. A kiilonbozo taplalkozasi csoportokba tartozo fajok

1: szarazfoldi novényeket fogyasztok, 2: vegyes taplalkozasi Uszorécék, 3: vegyes
taplalkozasu bukorécék, 4: hallal taplalkozok, 5: vizindvényeket fogyasztok, 6: filtrald spe-
cialistak

1: Aix galericulata, Aix sponsa, Aloplochen aegyptiacus, Anas americana, Anas penelope,
Anas sibilatrix, Anser albifrons, Anser anser, Anser brachyrhynchus, Anser erythropus,
Anser fabalis, Anser indicus, Anser serrirostris, Branta bernicla, Branta bernicla hro-
ta, Branta bernicla nigricans, Branta canadensis, Branta hutchinsii, Branta leucopsis,
Branta ruficollis, Cereopsis novahollandiae, Chen caerulescens, Chen canagica, Chen
rossii, Chenonetta jubata, Chloephaga picta, Chloephaga poliocephala, Neochen juba-
ta, Nettapus auritus, Nettapus pulchellus

2: Amazonetta brasiliensis, Anas acuta, Anas bahamensis, Anas bernieri, Anas capensis,
Anas carolinensis, Anas castanea, Anas crecca, Anas cyanoptera, Anas discors, Anas fla-
virostris, Anas formosa, Anas georgica, Anas hottentotta, Anas luzonica, Anas platyrhyn-
chos, Anas querguedula, Anas rubripes, Anas undulata, Anas versicolor, Cairina mos-
chata, Callonetta leucophrys, Marmaronetta angustirostris, Rhodonessa caryophyllacea,
Sarkidiornis melanotos, Speculanas specularis, Tadorna ferruginea, Tadorna radjah, Ta-
dorna tadorna

3: Aythya americana, Aythya collaris, Aythya ferina, Aythya fuligula, Aythya marila, Ay-
thya nyroca, Aythya valisineria, Bucephala albeola, Bucephala clangula, Bucephala is-
landica, Clangula hyemalis, Heteronetta atricapilla, Histrionicus histrionicus, Melanitta
americana, Melanitta deglandi, Melanitta fusca, Melanitta nigra, Melanitta perspicilla-
ta, Netta peposaca, Netta rufina, Oxyura jamaicensis, Oxyura leucocephala, Somateria
molissima, Somateria spectabilis, Tachyeres brachypterus

4: Merganetta armata, Mergellus albellus, Mergus merganser, Mergus serrator

5: Anas strepera, Coscoroba coscoroba, Cygnus atratus, Cygnus bewickii, Cygnus bucci-
nator, Cygnus columbianus, Cygnus cygnus, Cygnus melancoryphus, Cygnus olor, Dend-
rocygna autumnalis, Dendrocygna bicolor, Dendrocygna eytoni, Dendrocygna javanica,

Dendrocygna viduata

6: Anas clypeata, Anas rhynchotis



