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Summary

Several different types of cranial kinesis are present within
modern birds, enabling them to move (part of) the upper bill
relative to the braincase. This movement of the upper
bill results from movement of the quadrate and the
pterygoid—palatine complex (PPC). The taxon Palaeognathae
is characterised by a very distinct PPC and a special type of
cranial kinesis (central kinesis) that is very different from
that found in the Neognathae. This has led some authors to
hypothesise that there is a functional relationship between the
morphology of the PPC and the type of cranial kinesis.

This hypothesis is tested here by analysing the movement

We found that in all types of kinesis investigated the
movements of the quadrate, jugal bars and PPC are
similar. Movement of the quadrate is transferred to the
upper beak by the jugal bar and the PPC, which moves
almost exclusively forwards and backwards, thereby
elevating or depressing the upper bill. The differences
between the types of kinesis lie only in the position of the
point of rotation.

These findings indicate that there is no correlation
between the specific morphology of the PPC and the type
of cranial kinesis. Several other factors, including the

pattern of both the upper bill and the PPC in birds external forces applied during food acquisition, may
with three different types of cranial kinesis: prokinesis, influence the morphology of the PPC. Differences in PPC
distal rhynchokinesis and central rhynchokinesis. morphology therefore appear to be the result of different
Movement patterns were determined using a Roentgen functional demands acting on the system simultaneously
stereophotogrammetry method, which made it possible to but with different strengths, depending on the species.
detect very small displacements (0.5 mm) of bony elements
in three dimensions, while the jaw muscles and ligaments

remained intact.

Key words: cranial kinesis, bird, kinematics,
stereophotogrammetry, Neognathae, Palaeognathae.

Roentgen

Introduction

Cranial kinesis in vertebrates is found mainly in birds and The movement for cranial kinesis is generated by a complex
reptiles. In birds, especially, cranial kinesis is well developednechanism in the skull. This mechanism includes the
and found in almost all species (Zusi, 1984). In birds, craniajuadrates, pterygoids, palatines, jugal bars and all associated
kinesis always implies the ability to move the upper bill, or anuscles and ligaments. The closely associated pterygoids,
part of it, relative to the braincase. Within birds, three mairpalatines and vomer will be referred to as the pterygoid—
types of cranial kinesis can be discriminated (Fig. 1; Zusipalatine complex (PPC; Gussekloo and Zweers, 1999). Bock
1984): (i) prokinesis, in which the upper bill itself is inflexible (Bock, 1964) has described the kinematics of the quadrate and
and rotates around the nasal—frontal hinge, (ii) amphikinesi®PC in cranial kinesis for a neognathous prokinetic bird as
in which the entire bill rotates around the nasal-frontal hingéollows: rostro-dorsal rotation of the quadrate results in a
with additional rotation near the rostrum maxillae, and (iii)rostral movement of the pterygoids, which transfers the
rhynchokinesis, in which rotation occurs in flexible bendingmovement onto the palatine, vomer, maxilla and premaxilla,
zones rostral to the nasal-frontal suture, where a clear hingerasulting in elevation of the upper bill. A caudo-ventral rotation
absent. Within rhynchokinesis, five different types can bef the quadrate, and a subsequent caudal movement of the
distinguished according to the position of the flexible bendingterygoid, palatine, vomer, premaxilla and maxilla, achieves
zones (Zusi, 1984). depression of the upper bill.
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C Rhea americana Corvus corone

Fig. 2. Differences in the morphology of the pterygoid—palatine
“ complex between a representative of the Neognati@mvis
corong and the PalaeognathaeRhga americana Skulls in
- ventral view. 1, processus basipterygoideus; 2, pterygoid—palatine
articulation; 3, pterygoid; 4, vomer. The processi orbitales are not
“ visible in this view. Relative lengths of the processi are indicated for
Neognathae (5N) and Palaeognathae (5P). The lateral (nasal) bar is

Fig. 1. Types of cranial kinesis in birds. (A) Prokinesis, (B) distalincomplete in palaeognathous birds (not shown in this figure, see
rhynchokinesis, (C) central rhynchokinesis. Skull outlines are givelFig. 1).

in lateral view. Black triangles indicate the main area of rotation

double triangles in a single element indicate the boundaries of a basint id lativel hort .
bending zone. Arrows indicate the lateral (nasal) bar of the uppé?rge processus basipterygoideus, relatively Short processi

bill, which is incomplete in C. orbitales, a broad articulation between the pterygoids and the
palatines and relatively broad pterygoids and vomer (Fig. 2).
No clear function for this special PPC morphology of the
Although very little is known about the functional Palaeognathae is known, but a relationship with the special
relationship between the type of cranial kinesis and thé&pes of kinesis found within the Palaeognathae has been
morphology of the PPC, a relationship has been suggested dyggested (Hofer, 1954; Simonetta, 1960; Bock, 1963). It is
several authors on the basis of the morphology of the PPC apdssible that the specific movement pattern associated with a
the type of cranial kinesis in the taxon Palaeognathae (Hofergrtain type of cranial kinesis would enforce functional
1954; Simonetta, 1960; Bock, 1963). This taxon consists of theemands on the PPC, resulting in a specific morphology of the
ostrich Gtruthio camelds rheas Rhea americanaand PPC, or that the morphology of the PPC results in a specific
Pterocnemia pennajathe emu Dromaius novaehollandide = movement pattern that influences the type of cranial kinesis
cassowaries Qasuarius spp.), kiwis Apteryx spp.) and exhibited.
approximately 50 species of tinamou in the family Tinamidae To test this relationship between PPC morphology and
(Sibley and Monroe, 1990). According to Zusi (Zusi, 1984)cranial kinesis, the kinematics of the bony elements of the PPC
only two types of rhynchokinesis are found within thewas measured in birds with three different kinds of kinesis:
Paleognathae. Tinamous are thought to have extensiygokinesis, distal rhynchokinesis and central rhynchokinesis.
rhynchokinesis, while all the other Paleognathae are thought @ifferences in movement patterns could reveal whether
exhibit central rhynchokinesis. In extensive rhynchokinesisspecific demands act on the PPC for each type of cranial
the bending zone extends over the entire region between thimesis, thereby indicating the evolutionary forces that may
rostrum maxillare and the nasal-frontal area, while in centrdlave shaped the relationship between PPC morphology and
rhynchokinesis a narrow bending zone is present near tleganial kinesis. Prokinesis and distal rhynchokinesis were both
centre of the upper bill. This interpretation of the bendingnvestigated in a neognathous species. Since the morphology
zones was based on osteological specimens of the skulls ondnd the type of kinesis (central rhynchokinesis) are most
Paleognathae not only show special types of kinesis, buakeviant within the taxon Palaeognathae, three different species
several studies have indicated that the overall morphology dfom this taxon were examined.
the palaeognathous PPC differs markedly from that found The three-dimensional movement of the PPC elements
in neognathous birds and that it is characteristic for théas never been described experimentally in Neognathae or
Palaeognathae (McDowell, 1948; Bock, 1963; Gussekloo arndalaeognathae. This is mainly because of the very small
Zweers, 1999). The palaeognathous PPC is characterised bgiaplacements involved and because the elements are all
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situated deep inside the head. To overcome these experim
difficulties, a Roentgen stereophotogrammetry method \
developed that made it possible to measure three-dimens
coordinates of markers with an accuracy of 0.12mm. This g
an accuracy for displacement values of 0.5mm as a resu
the propagated error of both the coordinate measurement:
the alignment procedure (Gussekloo et al., 2000).

Materials and methods
Subjects

The kinematics of three different types of kinesis w
analysed. The most common form, prokinesis, is character
by rotation of the complete upper bill around a nasal—fror
hinge (Fig. 1A). In this analysis, prokinesis was representel
the crowCorvus coronel. A qualitative description of the
kinesis of this species has been given by Bock (Bock, 19
Distal rhynchokinesis, in which only the rostral part of the t
rotates (Fig. 1B), is found mainly in the order Charadriiform
This mechanism was analysed in the red Kadidris canutus
(L.). The third type of kinesis, found in the Palaeognathae o
has conventionally been described as central rhynchokin
The kinematics of the PPC in this case was determined in t
species: the rhe®hea americandL.), the emuDromaius
novaehollandiag¢_atham and the ostricBtruthio camelus.

For each species, the head of a dead individual was uscu.
The specimens were frozen immediately after death. BefolFig. 3. Distribution of the markers inside the head of the bird. The
experiments, the Specimens were defrosted Comp|ete|y aiskull is shown in lateral (A) and ventral (B,C) view. Markers are
checked for the absence w§or mortis. The skin and eyes show_n_o_nly when their position is_visible in the views shown. In C,_
were removed to improve the contrast of the Roentgen imagethe division of groups of markt_ars mto_ a number of elements used in
In each specimen, 20 cobalt spheres with a diameter of 0.8 rr.the text to describe Cr.a"'a' Kinesis is Shown: LB, lateral b.ar; IB,

. . - . internal bar; MB, medial bar. Letter coding corresponds with the
were inserted into the skull (Fig. 3; Table 1). The markers, ..~ . . -

. - . . coding in Table 1. In radiograms, all markers are visible unless
descrlbgd six subsystems important in the movement of trtheir projection coincides wih that of another marker or the metal
upper bill and some served as reference markers. To seClgpport rod.
their positions, they were attached to bony elements. |
necessary, an incision was made in the overlying tissue, anc
small hole was drilled into the bone in which the markerimensional coordinates are calculated from multiple two-
was immobilised using alpha-cyanoacrylate adhesive. Larggimensional projections. Since, in the present study, the
incisions in muscles were closed using a very small amount afiarkers were embedded in bone, Roentgen imaging was used.
the same adhesive. Because of morphological differences,At single Roentgen source was used to obtain images of the
was not possible to place all the markers in each species, egperimental object in three different directions. Images were
some markers are missing from some subjects. Some markéaken in sequence, and sufficient differences in projection
were not inserted completely into the bone and were foundngle were obtained by rotation of the experimental object
inside the overlying tissue after the experiment. These markevghile the Roentgen camera remained stationary (1, image from

were not used in the analysis. the lateral view; 2, image from the dorsal, rostral end 30°
elevated; 3, image from the dorsal, caudal end 30° elevated).
Procedures This method has been described in detail (Gussekloo et al.,

To determine the displacement of the elements in the sku000), so only a brief outline of the procedure is given here.
during kinesis, three-dimensional coordinates of the markers The complete experimental arrangement consisted of a
were calculated in two conditions: the resting (closedRoentgen source situated above an object frame mounted on a
position of the bill, and with the upper bill elevated. calibration frame. The Roentgen source and the calibration
Stereophotogrammetry methods were used to determine tframe were fixed such that they could not move relative to each
exact positions of the markers in these two conditions, and @her or to the environment. The object frame was used to keep
displacement analysis was used to quantify the differencele head in position during the analysis and to make elevation
between the two conditions. of the upper bill possible. The head was attached to the object

Stereophotogrammetry is a method in which threeframe using a small metal rod with a clamp on one end. The
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Table 1.Positions of markers placed in the skulls of the  markers were placed inside the object frame to determine the
experimental specimens (see also Fig. 1) exact position of the frame relative to the camera. The
calibration frame was used to determine the position of the
Roentgen source relative to the recording film positioned on its
Lateral bar LB1 Os premaxillare Rostral base. This was achieved by eight markers situated immediately

System Marker Bony element Position

LB2  Os premaxillare 0.25billlength - oh5ye the film and four additional markers 6 cm above the film.
LB3 Os premaxillare At:cf):]s:)?] with The. gxact orientation of these markers was known, and the
palatine position of the Roentgen source coulq be calculated from the
LB4 Jugal bar Rostral projection of these markers onto the film.
LB5 Jugal bar—quadrate  Lateral The three-dimensional coordinates of the object markers
articulation were calculated from the three two-dimensional projections of
Internal bar B1 Os premaxillare the. objgct from different po;itions. The projectipns of .t.he
IB2 Os palatinum Processus calibration markers in each view allowed the relative position
maxillare of the Roentgen source in each radiogram to be determined.
B3 Os palatinum Pars lateralis  The projection of the known coordinates of the object frame
B4 Os pterygoideum were then used to determine the orientation of the object frame
Medial bar MB1 vomer Rostral relatlve to.the camera. When the or_lentat!on of the opject frame
MB2 Vomer caudal is known in two directions, three-dimensional coordinates can

be calculated. Since the coordinates of the object frame are
Dorsal bar DB1  Dorsalbarofthe  Rostral known, the solution for the three-dimensional coordinates can

B2 D;Zg?;g;"of he  Caudal be optimised, and the optimised solution can be used to
upper bil calcglate the coordinates of the skull markers (for further
details, see Gussekloo et al., 2000). In the present study, three
Semi-constant SC Os ectethmoidale  Lateral radiograms were taken of the experimental object. This is less
Medial constant  CC Rostrum Caudal/ than the number used previously (Gussekloo et al., 2000), but
Lateral constant 1 C1 g?;iislfgnoudale Cch:chIJT:tleral proved sufficient for the accurate determination of coordinates
Lateral constant 2 G2 Cranium Caudo-lateral while reducing the time necessary for analysis.
Quadrate Q1 Processus oticum Central Displacement analysis (comparison of conditions)
Q2 Processus orbitalis  Distal When the marker coordinates are known in both the closed
Qs Processus Distal and elevated conditions, changes in the positions of the
mandibularis

markers can be determined using a displacement analysis.
In this displacement analysis, the marker positions are
clamp was inserted into the foramen magnum and tightendgdansformed in such a way that known base markers (those that
around the basioccipital bone. In some cases, the condylagse known not to change position) have the same coordinates
occipitalis had to be removed for proper fixation. Both then both conditions. After this transformation, changes in
length and the vertical position of the metal rod could beoordinates between conditions were calculated.

adjusted so that the position of the head could be changed. OrFirst, the base coordinates were tested for stability. The
the rostral side of the head, a second adjustable metal rod wWaese coordinates in our experiment were markers in the
used to fix the bill tips and to elevate the upper bill in theneurocranium and, when less than three were present in the
elevated condition. The bill tip was attached to this secondeurocranium, in the ectethmoid bone. The analysis showed
metal rod using surgical tape. The upper bill was elevated bipat these coordinates were not completely stable and that
moving the second metal bar dorsally within the object framesmall movements of the marker in the ectethmoid bone
This movement was along the specimen’s dorsal-ventral axisccurred. Since very few completely stable points are present
and lateral movements were negligible. Before the elevation af the highly kinetic bird skull, these positions represented the
the upper bill, the surgical tape was removed to ensure frdeest possible means of providing a widely distributed base,
movement of the bill. After elevation, the bill was againeven if it was not completely stable. Since the base could not
attached to the metal rod. During this procedure, the lower billways be perfectly aligned, errors in the alignment are
was not fixed and could move freely with the movement ofncluded in the standard deviation of the calculated position
the quadrate. In each species, the bill was elevated kphanges.

approximately 10 °, which is the average maximal elevation of Whether a marker has been displaced between conditions
the upper bill in birds (Kooloos and Zweers, 1989; Heidweilledepends on the Euclidean distance the marker has shifted
and Zweers, 1990; van den Heuvel, 1992; Gussekloo, 200@etween conditions and on the accuracy with which this
However, when the elevation forces required exceeded normdistance can be calculated. A point is considered stable when
manual force, or if abnormal deformations in morphologythe Euclidean distance between the marker in each condition,
occurred, elevation was stopped before it reached 10 °. SevediVided by the propagated standard deviation of this distance,
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is smaller than the critical value of the normal distributioncalculated from this point of rotation and the displacement of
(P<0.05). the most distal marker in the element.

Differences in coordinates between the closed bill condition
and the elevated bill condition were calculated for all markers.

Results
Elements within the skull The displacement data are represented in three dimensions,

In the present analysis, the mechanism of cranial kinesis &ccording to the three perpendicular axes through the skull: the
divided into a number of elements on the basis of anatomicalaxis describes the rostro-caudal axis of the skullytaeis
position. Markers are labelled according to these elementdescribes the latero-lateral axis and thaxis describes the
These elements are the quadrate, the internal bar, the latedakso-ventral axis. Because markers could not be accurately
bar, the medial bar and the dorsal bar (Fig. 3; Table 1). Thgositioned at identical positions in the different skulls, the
guadrate consists only of the os quadratum. The elements rieference frame was used to define the axes. In addition, since
the internal bar are the pterygoid, palatine and premaxillae. Theot all the skulls were positioned in exactly the same
lateral bar is described by markers along the lateral side of tlegientation within the reference frame, position changes rather
upper bill and on the jugal bar. The medial bar is described yan absolute coordinates can be compared between species.
markers in the vomer, which in Palaeognathae may also
transfer forces from the pterygoids to the upper bill. The dorsal The crow Corvus corong
bar is the dorsal bar of the upper bill. The elevation of the upper bill of the crow was 6.5°. This

It is possible that the externally applied forces required tootation angle was calculated from the displacement of the
elevate the upper bill result in deformation of the elementmarkers in the dorsal bar (DB1 and DB2; Table 2; Fig. 4).
of the PPC or in disarticulation of the joints of the PPC. TaVlarker DB2 is situated close to the hinge and shows no
test whether such deformations -~
disarticulations occurred, distan

between markers were calculate 605 A
both the closed bill and the eleva
bill condition. If the distance 50

between markers within a sin

element, or between markers ac € 40 ccl

an articulation, changed between E

two conditions, then deformati § 30 -

must have occurred. The presenc g

deformation was checked for kS|

elements (quadrate, internal t 7 207 co

lateral bar, medial bar and doi

bar) and for the articulatio 10

between the quadrate and

the internal and lateral ba 0 I I I I I I I I I ,
Deformations between conditic 0 10 20 30 40 50 60 70 80 90 100
were calculated using the sa

method as for the displacement 07 B

the markers. ccl DB2
Rotations in the sagittal plane 30 cc?

both the quadrate and the ug

bill were determined from tt

displacements of the marker. A |

MB1 .
through two markers within each
these elements was calculatec

_ % A
20 01 > = LB4 .
CCLBS/" MB2 =—>» B2 LB3 LB2
10 1B4
both the closed bill and elevated

conditions. These two lines w 0 T T T T T T T T T 1
projected onto a lateral radiogran 0 o 20 3 4 50 6 7 8 9% 100
the bird, and the intersection x distance (mm)

the lines . in - combination  wi Fig. 4. Marker positions in the croWZ¢rvus corongin thexy plane (dorso-ventral view) (A) and
morphological characters were U thex 7 plane (lateral view) (B). Squares indicate the positions of the markers with the bill closed,
to determine the actual point  and filled circles indicate the positions of the markers with the bill elevated. Letter codings
rotation of the element. The fit  correspond with those in Table 1. Lines drawn between marker positions indicate the bony
rotation of the element w elements present in the skull. Arrows indicate the general direction of displacement.

zdistance (mm)
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Table 2.Displacement analysis for the neognathous species

Corvus corone Calidris canutus
dx dy dz Dist S.D. adx dy dz Dist S.D.

(mm) (mm) (mm) (mm) (mm) Dis#lD. (mm) (mm) (mm)  (mm) (mm) Dis$D.
LB1
LB2 1.94 -0.04 5.09 5.45 1.46 3.74* 0.61 0.06 2.21 2.29 1.16 1.97*
LB3 1.43 0.03 2.38 2.78 1.09 2.55* 0.54 0.04 0.81 0.98 0.97 1.01
LB4 1.43 0.07 1.04 1.77 0.93 1.91*
LB5 121 -0.42 0.97 1.61 0.56 2.89* 0.26 -0.14 0.24 0.38 0.54 0.69
IB1 0.42 0.10 0.06 0.44 0.56 0.78
IB2 1.54 0.13 0.75 1.72 0.80 2.14* 0.42 0.09 -0.05 0.43 0.48 0.90
IB3 1.60 0.24 0.36 1.66 0.67 2.47* 0.41 0.06 -0.03 0.41 0.44 0.94
B4 0.84 -0.22 0.81 1.19 0.51 2.34* 0.34 0.04 -0.05 0.35 0.43 0.81
MB1 1.35 0.05 0.26 1.37 0.68 2.02*
MB2 144 -0.05 -0.08 1.44 0.52 2.77*
DB1 0.69 0 3.45 3.52 1.23 2.86* 0.27 0 1.10 1.13 1.07 1.05
DB2 0 0.09 0.03 0.09 0.70 0.13 0.04 -0.03 -0.05 0.07 0.56 0.13
SC 0.84 0.08 0.54 1.01 0.85 1.18 0.37 0 0 0.37 0.30 1.20
CcC 0.01 0 -0.01 0.02 0.31 0.05 0.02 -0.02 -0.02 0.04 0.30 0.13
C1 0 0 0 0 0.35 0 0 0 0 0 0.33 0
c2 0 -0.04 0.01 0.04 0.35 0.12 0 0.01 0 0.01 0.56 0.02
Q1 0.18 -0.09 0.26 0.33 0.49 0.67 -0.02 0.02 -0.04 0.05 0.55 0.09
Q2 -0.73 -0.68 1.82 2.08 0.48 4.35* -0.25 -0.22 0.23 0.40 0.41 0.98
Q3 0.31 -0.08 0.12 0.35 0.55 0.63

Changes in marker positions between the closed and elevated bill positions in three directions are shown (a¥, irostrojcaudaly,
latero-medial;z, dorso-ventral direction. Positive values represent rostral, lateral and dorsal movement, respectively. Although the axes were
orientated as given above in each case, the coordinate systems were not orientated identically for each bird.

Dist, displacement (in mm}.p., standard deviation of the calculated displacement. If the displacement divided by its standard deviation is
smaller than the critical value of the normal distribution (1868).05), the marker is considered to be stationary.

Significant displacements are indicated by an asterisk.

See Table 1 for explanation of marker letter codings.

significant elevation. Marker DB1, which is situated moreshowed a significant displacement. Although differences in
rostrally, was elevated by 3.45mm. other marker positions were not significant because of the

The lateral bar (LB) markers all showed a dorsal and rostraimall size of the bird and thus of the displacements, the general
movement, confirming forward movement of the jugal bars angattern of movement was very similar to that of the crow
rotation of the upper bill. The same movement, althouglfTable 2). Markers in the lateral bar all showed a rostral and a
smaller, was also found in the internal bar (IB). The medial baslightly dorsal movement. The internal bar showed only a
(MB) showed rostral movement (1.40 mm) and rotation aroundostral movement, and the rostral marker in the dorsal bar,
the centre of the element, resulting in elevation of the rostrathich is close to the bending zone, moved slightly dorsally
part. The quadrate rotated approximately 10° forwardsand rostrally. Although none of these displacements was
resulting in an upward and slightly backward movement of theignificant, they probably reflect the true movement pattern
processus orbitalis (Q2). The cranial markers showed nsince they follow the same pattern as in the other species;
significant changes in position. No deformations as a result afisplacements resulting only from measuring errors would
the external opening forces on the upper bill were observdtave been in random directions. There were no significant
within elements. deformations between and within elements as a result of bill

opening.
The red knotQalidris canutus

The moveable part of the upper bill in the red knot was The rhea Rhea americana
rotated by approximately 10 ° during bill elevation. This angle The rotation of the upper bill was calculated from the
was calculated from the displacements of markers LB2 andisplacements in the dorsal bar (DB1, DB2). The rotation angle
LB3 in the lateral bar. The rotation of the quadrate, based omas approximately 8°. The quadrate rotated 8° in the rostro-
the rotation of the line through markers Q3 and Q1, wasdorsal direction and also rotated slightly medially.
estimated to be 9°. Marker LB2 was the only marker that Marker DB2 showed no significant displacement; marker
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DB1 was rotated upwards and pulled slightly forwards durindateral bar (LB1, LB2). The quadrate rotated 5 ° rostro-dorsally
opening (Fig. 5; Table 3). Markers in the lateral bar (witharound the processus oticus and also showed medial
the exception of LB5) showed larger displacements in theisplacement.
rostral direction than markers in the dorsal bar. The dorsal The lateral bar, medial bar and internal bar all show rostral
displacement of the markers in the lateral bar was very largtisplacement. The more rostral markers also showed a dorsal
for the most rostral markers (LB2, LB3), but smaller for thedisplacement. None of the cranial markers showed any
more caudal markers (LB4, LB5). The internal bar showedlisplacement. No internal deformations within elements or
mainly rostral displacement. The marker in the pterygoid (IB4articulations were observed.
was also slightly displaced in the dorsal direction. The cranial
markers (C1, C2) showed no significant displacement, and the
marker in the ectethmoid bone (SC) showed only slight non- Discussion
significant displacement in the dorsal direction. Avian cranial kinesis is controlled by several bony
Deformations were found in the lateral bar as a result of thelements and ligaments, which may constrain movement.
elevation of the upper bill in the rhea. Within the lateral barAlthough the movement of the system has been described
the distance between markers LB3 and LB5.99mm), and qualitatively for prokinetic birds (Bock, 1964), actual
between markers LB4 and LB51.67mm) decreased as displacements of only a few elements in the jaw apparatus
a result of upward bending in the lateral bar. No othehave been measured previously in two dimensions in a single
deformations were observed in either elements or articulationspecies (van Gennip and Berkhoudt, 1992). Our study shows
for the first time the actual displacement pattern of the bony
The emu@romaius novaehollandipe elements in the skull in three dimensions and confirms that
The rotation of the upper bill by 4 ° upwards was determinedhe general displacement pattern described by Bock (Bock,
from the displacement of the
markers in the dorsal bar. 1
quadrate was rotated 4° in 609 A
rostro-dorsal direction and a
showed a large medial displacen 50
of the more distal markers (Q2, G
The markers in the lateral |
showed a displacement patt
similar to that in the rhea, i.e. tr
moved rostrally and dorsa
(Table 3). The rostral moveme
was almost constant throughout
bar, while the dorsal movement v
larger in the more dorsal marke 101
The internal bar showed mai
rostral movement over a dista 0 I I I I I I I I I ,
similar to that of the lateral bi 0 10 20 30 40 50 60 70 80 90 100
Slight dorsal movements were ¢
measured. The same displacer 07 B
pattern was found in the internal ccl DB2
and medial bar. In both bars, 30 ce2
rostral markers showed a sligl
larger dorsal displacement than
more caudal markers. None
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The ostrich §truth|o came'lu)s Fig. 5. Marker positions in the rheRlea americanain thex,y plane (dorso-ventral view) (A)

The upper bill of the ostrich W anq thex,z plane (lateral view) (B). Squares indicate the positions of the markers with the bill
elevated 8°. This angle w closed, and filled circles indicate the positions of the markers with the bill elevated. Letter codings
calculated from the displacemen correspond with those in Table 1. Lines drawn between marker positions indicate the bony
the most rostral markers of 1 elements present in the skull. Arrows indicate the general direction of displacement.
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Table 3.Displacement analysis for the palaeognathous species U)
Rhea americana Dromaius novaehollandiae Struthio camelus (=)
%)
dx dy dz Dist S.D. dx dy dz Dist S.D. dx dy dz Dist S.D. %
(mm) (mm) (mm) (mm) (mm) Dis§bp. (mm) (mm) (mm) (mm) (mm) Dis$b. (mm) (mm) (mm) (mm) (mm) Dis#/p. X
P
LB1 3.11 -0.60 9.19 9.72 0.98 9.90* 8
LB2 3.01 -0.09 1092 11.32 0.92 12.30* 2.40 -0.48 2.58 3.56 1.32 2.69* 3.00 -0.31 484 570 0.81 7.00* =z
LB3 2.79 0.15 2.77 3.94 0.68 5.79* 2.07 -0.39 1.08 2.36 1.02 2.31*% 2.49 -0.14 0.54 255 0.56 457
LB4 2.15 -0.30 0.23 2.18 0.52 4.19* 1.93 -0.85 0.79 2.25 0.70 3.24* )
LB5 0.44 -0.84 0.35 1.01 0.57 1.77* 1.79 -1.13 0.28 2.13 0.61 3.49*% 1.94 -1.13 -0.22 2.26 0.64 3.55* <
IB1 216 -0.37 0.82 2.34 0.93 2.52*% 2.73 -0.04 1.23 2.99 0.65 4.60* 8
B2 2.17 -0.44 -0.05 2.21 0.49 4.52* 2.16 -0.58 0.58 2.31 0.72 3.21* 2.65 -0.12 0.45 2.69 0.57 4.69* %
IB3 211 -0.43 0.36 2.19 0.62 3.52* 2.63 -0.94 0.15 2.80 0.55 5.11* E
B4 2.06 -0.02 0.71 2.18 0.50 4.38* 1.56 -0.88 0.17 1.80 0.53 3.41* 2.70 -1.07 0.11 2091 0.57 5.09* JZ>
MB1 1.97 -0.43 1.33 2.42 1.06 2.28* 2.62 0 0.25 2.63 0.66 3.99* JZ>
MB2 2.30 0.13 -0.39 2.33 0.49 4.76* 1.81 -0.18 0.26 1.84 0.63 2.89*% O
DB1 1.71 0 8.78 8.95 0.88 10.11* 1.21 0 3.26 3.48 1.32 2.63* A
DB2 -0.78 0.28 -0.04 0.82 0.63 1.31 -0.18 0.07 0.23 0.30 0.97 0.31 O
SC 0.47 -0.11 -0.15 0.51 0.32 1.58 0.10 -0.09 0.14 0.19 0.78 0.25 0.25 0.11-0.19 0.34 0.34 1.00 E9
cC -0.08 -0.03 0.09 0.12 0.30 0.42 5
C1l 0 0 0 0 0.39 0 0 0 0 0 0.30 0 0 0 0 0 0.42 0
C2 0 -0.04 0 0.04 0.38 0.11 0 0.09 -0.01 0.09 0.29 0.29 0 -0.06 0 0.06 0.39 0.16
Q1 0.12 -0.26 0.13 0.32 0.50 0.64 -0.15 0.16 -0.04 0.22 0.43 0.51 0.24 -0.33 -0.08 0.42 0.58 0.72
Q2 1.56 -0.28 0.47 1.66 0.50 3.30* 0.15 -1.42 1.22 1.88 0.48 3.93* 0.21 -1.17 1.64 2.03 0.49 4.12*
Q3 1.32 -0.57 -0.05 1.44 0.55 2.64* 2.05 -1.39 0.13 2.48 0.63 3.95*%

Changes in marker positions between the closed and elevated bill positions in three directions are shown (ak, irogtro)caudaly, latero-medialz, dorso-ventral direction.
Positive values represent rostral, lateral and dorsal movement, respectively. Although the axes were orientated as giveacibosee, the coordinate systems were not orientated
identically for each bird.

Dist, displacement (in mm}.D., standard deviation of the calculated displacement. If the displacement divided by its standard deviation is smalleriticahthkie of the normal
distribution (1.65P<0.05), the marker is considered to be stationary.

Significant displacements are indicated by an asterisk.

See Table 1 for explanation of marker letter codings.




Kinematics of the avian skufl743

1964) is valid for both prokinetic and rhynchokinetic birds.between these different types of kinesis. The similarity between
The elevation of the upper bill in birds is induced by a rostrothe movement patterns for these types of cranial kinesis suggests
caudal rotation of the quadrate. This rotation results in ¢at the movement of the PPC does not result in different PPC
rostral displacement of both the jugal arch and the PPQ@norphology, thus rejecting the hypothesis that there is a
These two bars press against the premaxillae, which resulslationship between the morphology of the PPC and the type of
in elevation of either the complete upper bill (for prokinesiscranial kinesis.
and extensive rhynchokinesis) or only the rostral part of the If the special morphology of the palaeognathous PPC
upper bill (for distal rhynchokinesis). cannot be related to the type of cranial kinesis, other
To our knowledge, only one three-dimensional kinematidunctional demands must have led to the divergence in PPC
model of the avian skull has been developed (van Gennip amdorphology. Besides the actual movement, the PPC also
Berkhoudt, 1992). This model shows that dorso-medialransfers muscle forces to the bill and external forces from
movement of the quadrate may occur in the pig€miumba  the bill to the head. The transfer of muscle forces in the
livia). In this model, movement of the quadrate is essential tabsence of external forces is dependent on the resistance of
uncouple upper and lower jaw movement, which they assuntbe skull elements only. The main factor that might add to the
to be mechanically linked by an unstretchable postorbitaheed to transfer large forces is the resistance of the bending
ligament. In palaeognathous birds, the postorbital ligamergones, which might vary in different types of kinesis. An
does not insert on the mandible but on the jugal baanalysis of the flexible zones has shown that they are very
(Elzanowski, 1987), while model calculations (R. G. Boutthin in both prokinetic and distal rhynchokinetic birds and
and G. A. Zweers, in preparation) and force measurementequire very little force to bend (Nuijens and Bout, 1998; also
(Nuijens and Bout, 1998) show that a blocking action of theinpublished data for mallardhas platyrhynchoand pigeon
postorbital ligament does not exist in a number of birds thaColumba liviaof R. G. Bout). An analysis of the bending
do possess this ligament. Our analysis shows that durirmpnes in the Palaeognathae showed that they are
upper bill rotation the displacement of the quadrate in thenorphologically less distinct than in neognaths and are not
lateral/medial plain is very limited. In our experiments, theclearly recognisable as thin zones. However, since they are
forces for elevation were applied as pulling forces on the biltelatively as thin as, or even thinner than, the bending zones
instead of pushing forces from the quadrate, and this mayf neognaths, no extra force is needed to achieve bending
have had some effect on the movement pattern of th@ussekloo, 2000). It seems that the strongly reinforced
elements of the skull. Active pulling by the protractor of thepalaeognathous PPC cannot be explained by the resistance of
guadrate may result in a somewhat larger medial movemetite bending zones alone.
of the quadrate. However, the elevations of the upper bill The analysis of the external forces is far more complicated
were within the natural range of the birds (Gussekloo, 2000}kince this includes a large number of factors. The magnitude
and no deformations of elements and articulations were fouraf external forces on the bill (and the PPC) is highly dependent
except in the bending zone of the upper bill. This shows thatn the feeding behaviour of the species and on the
despite inducing the movement by pulling the upper billconfiguration of the bill and the associated musculature. The
instead of pushing the quadrate, the integrity of the systegeneral orientation of jaw muscles is similar in neognaths and
remained intact and differences in movement due to thpaleognaths, except for a more medio-lateral orientation of the
method of opening are unlikely. The quadrate does showterygoid muscles in the latter group. The distribution of jaw
rotation along its longitudinal axis, which mainly affects themuscle mass over the main jaw muscle complexes as a
position of the processus orbitalis quadrati. Rotation aroungdercentage of total jaw muscle mass is also similar in a number
this axis will not affect the forward motion of the quadrate.of paleognath (ostrichStruthio camelus emu Dromaius
Kinematically, the skull elements behave approximately likenovaehollandiagrheaRhea americanaGussekloo, 2000) and
a four-bar system moving in one plane (see Hoese antkognath (pigeo@olumba livig mallardAnas platyrhynchgs
Westneat, 1996). a number of finches; unpublished data by R. G. Bout; Classen,
Although it has been suggested that there must be ¥989; van Gennip, 1988; Nuijens and Zweers; 1997) species:
relationship between PPC morphology and the special types approximately 40% adductor complex, 40% pterygoid
kinesis found within the Palaeognathae (Hofer, 1954; Simonettapmplex, 22 % depressor muscle and 8 % protractor muscle. It
1960; Bock, 1963), the exact nature of such a relationship h&s unlikely, therefore, that the differences in PPC morphology
never been described. Although we did not attempt to compaege related to basic differences in the muscle forces acting
species quantitatively for technical reasons (see Results), ooin the system resulting in fundamentally different internal
kinematic analysis shows that the direction and relativestresses.
magnitude of the displacements described by Bock (Bock, 1964) Feeding behaviour is very variable among species, and there
are similar for prokinesis and central rhynchokinesis and vergeems to be no correlation between the type of kinesis and
probably also for distal rhynchokinesis. Our main conclusiorfeeding behaviour. An analysis of different types of
must be, therefore, that the position of the flexible bending zonesynchokinesis with respect to feeding behaviour (Zusi, 1984)
does not affect the movement mechanism and thus that, fronshowed no relationship. The only correlation that could be
kinematic point of view, there are no functional differencefound was that probing birds are distal rhynchokinetic. A
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