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Abstract Functional characteristics of the jaw apparatus, for example bite force, in vertebrates is a combination
of the skeleton and the musculature. In birds, bite force has been measured directly or calculated using various
methods including summation of forces generated by the different elements of the jaw musculature. However,
there have been no reports of the relationships between body size with the mass of the different muscle groups
in a closely related group of birds. This study explored allometry in the different jaw muscle masses from
parrot (Psittaciformes) species differing in body mass by 40-fold. It was hypothesised that the different muscle
masses would exhibit isometry with body mass and skull size. Parrot heads were dissected and the masses of
the individual muscle complexes were recorded. Data were subjected to phylogenetically-controlled regression
analysis to document scaling effects with body mass and skull size. Most, but not all muscles, exhibited positive
allometry with body mass but most were isometric with skull size. Consequently, as parrots get bigger, their
skulls get proportionally longer, but that the muscles within the head isometrically scaled relative to the size of
these proportionally larger skulls. The large muscles imply greater bite forces in parrots than have been reported
to date, which seems to be associated with an increase in skull size to accommodate more muscles. It is unknown
whether this pattern is applicable to other birds within specific orders or even across birds as a whole. There
needs to be further investigation into the allometry of the morphological and functional properties of the avian
jaw musculature.
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Osszefoglalas Az allkapocs funkcionalis jellemzdi, mint példaul a harapasi erd, a gerinceseknél a csontvaz és
az izomzat kombinaci6jabol adodnak. Madaraknal a harapasi er6t kozvetleniil mérték vagy kiilonféle modsze-
rekkel szamitottak ki, beleértve az allkapocs izomzatanak kiilonbozo elemei altal generalt erék egyiittesét is.
Ennek ellenére nem késziiltek kutatasok a testméret €s a kiilonbz6 izomcesoportok tomege kozotti osszefiiggé-
sekrol kozeli rokon madarcsoportok esetében. Ez a tanulmany az allkapocs izmok tomegének allometriajat vizs-
galta papagajoknal (Psittaciformes), mely csoportban a testtomegbeli kiilonbség akar 40-szeres is lehet a fajok
kozott. A kiindulasi hipotézis az volt, hogy a kiilonboz6 izmok tomegei izometriat mutatnak a testtomeggel és a
koponyamérettel. A papagajfejek boncolasa utan az egyes izomcsoportok tomegét mértiik. Az adatokat filoge-
netikai elemzésnek vetettiik ald, hogy megvizsgaljuk a méretkiilonbségbdl adodo hatasokat a testtomeggel €s a
koponyamérettel kapcsolatban. A legtdbb (azonban nem az dsszes) izomcsoport pozitiv allometriat mutatott a
testtomeggel, de a legtobb izometrikus volt a koponya méretével. Kovetkezésképpen, minél nagyobb az adott
papagaj testtomege, koponyaja aranyosan hosszabb, de a fej izmai izometrikusan ardanyosan nagyobbak a kopo-
nyakhoz mérten. A nagyobb izmok nagyobb harapasi erdt jelentenek, mint ahogyan azt korabban feltételezték,
ami arra enged kovetkeztetni, hogy a koponyaméret novekedésével tobb izomnak biztosithato tapadasi feliilet.
Nem ismert, hogy ez a minta alkalmazhatd-e a madarak mas rendjein beliil, vagy akar a madarak egészére. To-
vabbi vizsgalatokra van sziikség a madarak allkapocs izomzatanak morfologiai és funkcionalis tulajdonsagai-
nak allometriajat illetGen.

Kulcsszavak: papagaj, anatomia, allkapocs, allkapocs izmok, koponya, koponyaméret, allometria, harapas erdsség
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Introduction

Jaw function and associated bite force are important for animals because they determine
the range of dietary items an organism can consume (Nogueira et al. 2009, Maestri et al.
2016, Sakamoto 2021). The anatomy of the jaw apparatus of birds is commonly reported but
often only as a qualitative description of the anatomy of the jaw (e.g. Burton 1974a). Other
studies have taken a quantitative approach and report the size of the muscles jaw apparatus
(e.g. Burger 1978), whereas other studies have a more functional approach exploring bite
force, which is an ecologically relevant performance trait (Deeming et al. 2022). Bite force
is a function of the force exerted by muscle contraction applied via the skeleton. It is often
measured in vivo with animals biting down on force transducers (Herrel ef al. 1999, Sustaita
& Hertel 2010, Verma ef al. 2017) but can also be calculated from the morphometrics of
skulls (Anderson et al. 2008), or using finite element analysis of 3D images generated by
computerised tomography (e.g. Cost et al. 2020). In addition, skulls can be dissected to reveal
muscle masses, which can be used to calculate bite force in birds (Sustaita 2008, Soons et
al. 2015). Recently, Deeming et al. (2022) showed that the relationship between muscle
mass and bite force in birds exhibited positive allometry but in reptiles this relationship
was isometric (Deeming 2022). Although this difference may reflect taxonomic variability,
one possible reason for this discrepancy could be the limited and biased range of species
represented in the avian dataset compared to that for reptiles. Deeming (2022) had values for
over 275 species of reptile but for birds, 46 of the 122 species were from the Passeriformes
and were no larger than 70 g (Deeming et al. 2022).

Muscle dissection is a way of calculating bite force, but muscle masses in birds are only
reported in a relatively few species, including (but not exclusively): cormorants Suliformes,
(Burger 1978), birds of prey Accipitriformes and Falconiformes (Sustaita 2008 and see Hull
1991, 1993, Wang et al. 2017, Deeming et al. 2022), waterfowl Anseriformes, (Goodman
& Fisher 1962), and songbirds Passeriformes, (e.g. van der Meij & Bout 2004). However,
within these taxa the spread of data can be limited. For instance, data for muscle mass is
available from only 7 different families of songbirds (see Deeming et al. 2022) and often
these data represent values for all jaw muscles combined. However, the jaw musculature of
birds is a complex of different muscle groups, which all have differing roles in the operation
of the jaw (Burger 1978, Bhattacharyya 2013): depressors (that open the jaw); adductors
(that raise the mandible); protractors (which lower the upper jaw); and retractors (which
simultaneously raise the mandible and lower the upper jaw). In passerines, data for masses
of these different muscle groups are limited to 10 species from two bird families, which
only vary in body mass between 9-33 g (Soons et al. 2012, 2015). However, even across
a limited size range van der Meij and Bout (2004) showed that total jaw muscle mass,
and individual functional muscle groups, exhibited positive allometry with body mass in
the Fringillidae and Estrildidae. This paucity of data, and limited ranges in body size for
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muscle masses in birds, leave little scope for exploring allometric scaling relationships for
different jaw muscle types and how these could impact on the functional properties of the
jaw apparatus, that is bite force.

The Psittaciformes are noted for their strong bite force (Carril et al. 2015, Cost et al.
2020) and dexterity in processing food items with the beak (Auersperg et al. 2012, Toft &
Wright 2015). Body masses (Dunning 2008) in parrots range from around 12 g for pygmy-
parrots (Micropsitta spp.) through to over 1300 g for the Hyacinth Macaw (Andorhynchus
hyacinthinus) for 2000 g for the male, flightless Kakapo (Strigops habroptila). This range
of body sizes offers scope to investigate the relationships between body size with the mass
of the different muscle groups in a closely related group of birds. This study, therefore,
explored allometry in the different jaw muscle masses from a variety of parrot species
ranging in body mass by 40-fold. Given the similarity in skull and beak morphology seen in
the Psittaciformes (Zusi 1993), because earlier studies in reptiles showed that muscle mass
isometrically scaled with body mass and showed marginal positive allometry with skull size
(Deeming 2022), we hypothesized that this would also be true in Psittaciformes. The results
will provide an insight into how body size impacts on the myology of the jaw apparatus in
this order and how this may impact on the functional properties of the jaw apparatus, i.e. the
production of bite force.

Methods

Parrot cadavers of nineteen species were obtained from the Lincolnshire Wildlife Park,
Friskney, Lincolnshire, UK. All birds had died of natural causes and sample sizes varied
according to species (Table 1). The birds were stored in plastic bags and frozen at —20 °C
until required. The cadavers were often not intact and so body mass (in g) used for the
parrots was the average reported by Dunning (2008) rather than the mass of the bird at the
time of dissection. The range of body masses (Table 1) was from 29 g for the Budgerigar
(Melopsittacus undulatus) to 1215 g for the Red-and-green Macaw (Ara chloropterus).

Birds were defrosted for 24 hours prior to dissection. The heads of the parrots were cut from
the bodies before being skinned, exposing the muscles. Each muscle complex was identified
and dissected away from the skull. Subdivisions of the muscles (Homberger 2017) were not
considered because the contraction of the elements of a muscle complex would have the same
physical effect. Muscle tissue was then blotted dry and the wet mass recorded (in g) using a
digital Sartorius® micro balance. Where possible, both sides of the head were dissected but
in some specimens the muscles were damaged, so data were only available from one side.
Therefore, data are presented as an average muscle mass of one side of the head.

To expose the skull for measurement, the head was de-fleshed by soaking in Tergazyme
at 15% concentration at 40 °C. The skulls were then soaked in a solution of concentrated
washing up liquid and water, to remove any Tergazyme residue and any residual grease from
the bones before drying for 2-3 days in an incubator at 20 °C. Using digital callipers (RS
Pro, 2020), the total length of skull was measured (in mm) from a dorsal view and was the
distance between the supraoccipital crest and the tip of the maxilla.
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Table 1.

Mean (+ SE) body mass (in g, as reported by Dunning, 2008), skull length (in mm), and masses of individual single muscle complexes (in

g) per species. Number of individuals in the dataset are indicated in parenthesis. Standard error values were calculated for species values
where there were 3 or more individuals present
1. tdbldzat Atlagos (+ SE) testtdmeg (g-ban, Dunning, 2008 utan), koponyahossz (mm) és az egyes izomcsoportok témege (g) fajonként megadva. A
vizsgélatban szerepl6 egyedek szédma a zardjelben van feltlintetve. A sztenderd hibaértékeket azokra a fajokra szamitottuk, ahol 3 vagy an-
nal tobb egyed szerepelt

Species me““_w Skull length h% h.ﬂum‘m Eﬂﬂﬂwwuwhm Pseudomasseter Em_.wmomimﬁ Ema\mc...&mﬁ Ethmomandibularis
g) (mm) (@) externus (g) (g) ventralis (g) | dorsalis (g) (g)
Cacatua alba (N = 3) 570.0 780+2.2 | 1.00£0.12 | 0.70+0.08 0.99+0.43 1.71+£0.22 | 0.69+0.04 0.68 = 0.09
Cacatua galerita (N = 3) 720.4 76.9 1.22 0.91 1.39 2.32 0.74 1.49
Cacatua moluccensis (N = 1) 835.0 91.3 1.10 0.89 1.65 2.19 0.95 0.97
Melopsittacus undulatus (N = 1) 29.0 27.3 0.03 0.01 0.01 0.02 0.01 0.02
Psittacula eupatria (N = 1) 214.0 59.0 0.42 0.25 0.64 1.05 0.30 043
Psittacula krameri (N = 4) 116.1 458+09 | 0.10+£0.02 | 0.07 £0.01 0.10 £ 0.01 0.24 +£0.02 | 0.08 £0.01 0.17 £0.01
Ara ararauna (N = 3) 1125.0 | 1064+£53 | 1.27+£0.06 | 1.02 £0.07 0.63+0.25 231+£0.17 | 1.30+0.14 1.81 £ 0.61
Ara chloropterus (N = 3) 1214.0 | 117.8+1.5 | 207 +0.20 | 1.98 +£0.41 0.44+0.12 499+0.71 | 233+0.23 2.04 +£0.58
Aramacao (N =1) 1015.0 103.9 1.26 1.30 0.37 2.94 1.13 0.81
Amazona aestiva (N = 2) 451.0 65.6 0.35 0.18 0.31 0.62 0.25 0.43
Amazona amazonica (N = 3) 3700 | 67.6+2.0 | 0.34+£0.04 | 0.20+0.01 0.30+0.02 0.76+0.10 | 0.21+0.02 0.36 +0.03
Amazona auropalliata (N = 1) 476.9 65.6 0.32 0.28 0.61 0.79 0.22 0.47
Amazona autumnalis (N = 2) 416.0 72.2 0.31 0.19 0.46 0.77 0.25 0.35
Amazona farinosa (N = 1) 626.0 79.8 0.51 0.25 0.38 1.21 0.52 0.95
Amazona ochrocephala (N = 3) 476.9 653+22 | 034+0.01 | 0.20+0.03 0.28 £ 0.05 0.80+0.10 | 0.22+0.02 0.58 £0.03
Amazona oratrix (N = 1) 517.0 724 0.26 0.28 0.18 0.53 0.19 0.29
Myiopsitta monachus (N=3) 120.0 41.8+28 | 0.10+£0.02 | 0.10 +0.01 0.05+0.01 0.14+0.02 | 0.08 £0.01 0.11+0.01
Poicephalus senegalus (N = 2) 147.0 49.6 0.10 0.11 0.16 0.33 0.14 0.22
Psittacus erithacus (N = 5) 333.0 71.5+1.8 | 046+0.04 | 0.52+0.10 0.44 = 0.09 1.01+0.15 | 0.25+0.03 0.52 +£0.09
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Mean values were calculated for those species which had repeated samples (Table 1).
Unless stated otherwise, mass and linear measurments were log, -transformed prior to
analysis and analysis was performed in R (version 4.0.3; R Development Core Team 2021).
Linear models were used to compare logit-transformations (Warton & Hui 2011) of the
proportions of the different muscles in the three genera where there were three or more
representatives, i.e. the macaws (4ra), amazons (Amazona) and cockatoos (Cacatua).

Allometric relationships among body mass, skull length and muscle masses were explored
using phylogenetically controlled general linear modelling (pglm) performed in R. This
analysis used the statistical packages “ape” (Paradis et al. 2004), “MVTnorm” (Genz &
Bretz 2009), and “MASS” (Venables & Ripley 2002), with additional code supplied by Dr
Carl Soulsbury (personal communication) to run the phylogenetically controlled generalised
linear models to test for the linear relationship between variables. To control for phylogeny,
a time calibrated phylogeny was constructed using a subset downloaded from the Hackett
all species backbone birdtree.org (Jetz ef al. 2012) and was identical to the tree presented
by Provost et al. (2018). The phylogenetic signal, A, indicated that the observed covariance
in residuals was similar to that expected under a Brownian motion model of trait evolution
(Freckleton et al. 2002). By contrast, a low value for A indicated that this relationship
exhibited no discernible evolutionary signal (Freckleton er al. 2002). Comparison of
exponents against expected isometric slopes was performed using one-sample t-tests based
on the method of Bailey (1981).

Results

Muscle complexes

Six muscle complexes were identified in the jaw musculature of the parrot species investigated
following previous descriptions (Homberger 2003, 2017, Tokita 2003, Carril ef al. 2015).
These are briefly described here in terms of their physical location and characteristics
(Figure 1).

Depressor mandibulae (DM, Figure 1, grey): The depressor mandibulae muscle was the
main depressor of the jaw and originated caudal to the occipital region on the skull, running
downwards along the occipital crest. The upper portion of the muscle was wider than its
insertion. This sheet of muscle inserted onto, and along the posterior edge of, the mandible
on the dorsal aspect of the articular.

Adductor mandibulae externus complex (AME, Figure 1, red): This was the larger of
the three adductor muscle complexes, which consisted of highly integrated muscle sub-
divisions. In general, this complex had a large area of origin over the skull associated with
the adductor mandibulae externus superficialis that originated at the fossa temporalis and
through the fossa beneath the orbit. In macaws (4ra spp.), this muscle covered a large area
of bone around the dorsal aspect of the occipital process, whereas in the Budgerigar there
was very little external coverage of this muscle. The AME complex then appeared to convert
from surface to point attachment whereby a portion of the muscle suspended internally
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Fossa temporalis Inter-orbital septum

Jugal bar  orpit

Adductor mandibulae

Supraoccipital crest Ethmomandibularis

Depressor

mandibulae Palatine bone

Pterygoideus ventralis Pseudomasseter Pterygoideus Rhamphotheca
dorsalis

Figure 1. An outline of an Ara chloropterus skull with the various jaw muscles illustrated by different
colours. See text for more details

1.dbra Egy Ara chloropterus koponydjanak kdrvonala az egyes allkapocsizmokkal, kiilonb6zé szi-
nekkel jelolve. Tovabbi részletek a szévegben

Percentage of total jaw musculature mass
0% 20% 40% 60% 80% 100%

acatua galerita
\_[(C:acatua moluccensis
acatua alba
Psittacula krameri
[:Psittacula eupatria

Melopsittacus undulatus

‘Ara macao

-Ara chloropterus

Ara ararauna
Myiopsitta monachus

‘Amazona aestiva
-Amazona auropalliata
-Amazona ochrocephala

Amazona oratrix

‘Amazona amazonica

Amazona autumnalis

‘Amazona farinosa

{Poicephalus senegalus

Psittacus erithacus

aDM BAME BPSM BPTVL BPTd BEM

Figure 2. Phylogenetic tree showing the relatedness of the species within this dataset (generated by
birdtree.org) alongside each individual muscle mass expressed as a mean percentage of the total
muscle mass. DM - Depressor mandibulae, AME — Adductor mandibulae, PSM - Pseudomasseter,
PTVL - Pterygoideus ventralis, EM — Ethmomandibularis, PTd - Pterygoideus dorsalis

2.dbra A tanulmanyban szereplé fajok filogenetikai viszonya (forras: birdtree.org), valamint az egyes
fajokhoz tartozé atlagos izomtomegek szazalékos aranya. DM - Depressor mandibulae, AME —
Adductor mandibulae, PSM = Pseudomasseter, PTVL — Pterygoideus ventralis, EM — Ethmomandi-
bularis, PTd - Pterygoideus dorsalis
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within the cranium attaching to the lower jaw between two ridges on medial edge of the
mandible.

Pseudomasseter (PSM, Figure 1, blue): The pseudomasseter muscle was a second adductor
muscle found on the exterior lateral surface of the skull and mandible, originating from the mid-
distal end of the arcus suborbitalis seen in some species, especially cockatoos (Cacatuidae).
The PSM was a sheet of muscle that attached to the surface of the mandible at the anterior
region, extending antero-dorsally outwards both towards the superior and inferior regions of
the mandibular thampotheca. Species of A4ra and Psittacula had undeveloped pseudomassester
muscles compared with those observed in species of Cactua and Amazona.

Ethmomandibularis (EM, Figure 1, purple): This substantial adductor muscle lacked
subdvisions and originated from a large region ventral to the inter-orbital septum and
followed downwards the length of the os ectethmoidale. The EM inserted onto the inside of
the lower mandible towards the cranial aspect of the jaw.

Pterygoideus ventralis (PTVL, Figure 1, green): This muscle complex was the largest retractor
and was closely associated with the pterygoideus dorsalis muscle (see below). However, the
pterygoideus ventralis was a sheet of muscle predominantly located on the external surface of
the mandible. The PTVL originated from the pterygoid bone and then extends downwards to
the bottom of the mandible. It then wrapped around the ventral edge of the mandible, eventually
inserting on the outer lateral surface of the mandible in a fan-like manner. Superficially this
muscle is covered by an aponeurosis. This muscle exhibited some variability not only in mass
but in its association with surrounding structures. For example, in the Cacatuidae the PTVL
was supertficially robust, extending outwards away from the edge of the mandible and closely

Table2.  Resultsfrom phylogenetically-corrected linear regression models testing the relationships
between average body mass (g), average skull length (mm) and average total jaw muscle
mass (g), for 19 species of parrot. All data were log, -transformed before analysis and the
intercepts presented at log-values

2. tdbldzat Az atlagos testtomeg (g), az atlagos koponyahossz (mm) és a teljes allkapocs izomtome-
gének atlaga (g) kozotti 6sszefliggéseket bemutaté tablazat, amelyek értékei filogeneti-
kailag korrigalt linearis regressziés modellek eredményei a vizsgalatban szereplé 19 pa-
pagdjfaj esetében. Az elemzés el6tt minden adat 10-es alapu logaritmus értékét vettik,
az igy kapott tengelymetszetek log-értékeit tlintettiik fel

Relationship Exponent (SE) t (p-value) F.., R? A
mass " |Siope 038900201 | 1960 conoon |42 0957 |os1r
Bodymass - |Sope | 1335+ (0105) |1261 (peogoon) |'541 |0958 |0s76"
™ i ey [iamessmn [ [ Joar

Slope values with * and ** indicate significant departures from isometry for skull length against body mass (isometric slope = 0.333),
or jaw muscle mass against body mass (isometric slope = 1.0), at P = 0.05 and P = 0.01, respectively. The slopes for jaw muscle mass
against skull length did not significantly depart from an isometric slope of 3.0. For A values, superscript A and B indicate a significant
difference from a value of 0 or 1, respectively at least P < 0.05

A *-al és **-al jelolt irdnytangens értékek szignifikdns eltéréseket mutatnak az izometriat tekintve a koponyahossznak a testtomeghez
(izometrikus meredekség = 0,333), illetve az éllkapocs izomtdmegének a testtomeghez viszonyitva (izometrikus meredekség = 1,0),
P =0,05 és P = 0,01. Az irdanytangensek az allkapocs izomtomegének a koponya hosszdhoz viszonyitva nem mutattak szignifikdns
eltérést a 3,0 izometrikus meredekségté|
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Figure 3. Relationships between mean values for body mass and individual jaw muscle masses for
each parrot species. Colour of trendlines equates to the equivalent muscle symbol (except
for DM, which is a dashed line), and were generated using phylogenetically controlled
linear models calculated in R (see Table 3). The solid black line at the bottom is to illustrate a
line with a slope of 1.0

3.dbra A testtomeg atlagértékei és az egyes papagajfajok allkapcsat alkotd izmok tomege kozotti
Osszefliggés. A trendvonalak szine megegyezik az egyes izmok szimbdlumaival (ez aldl ki-
vételt képez a DM, ezt szaggatott vonal jeldli), az dbrat R-ben filogenetikailag kontrolalt li-
nearis modellekkel hoztuk létre (lasd a 3. tdbldzat). A legalso folytonos fekete vonal az 1-es
meredekséget szemlélteti

aligning with the equally substantial pseudomasseter (discussed earlier). In the Budgerigar and
the Rose-ringed Parakeet (Psittacula krameri) the PTVL was relatively small, with very little
definition between the outline of the lower jaw and the muscle itself.

Pterygoideus dorsalis (PTd, Figure 1, orange): The pterygoideus dorsalis was a
substantial retractor muscule that originated from the edge of the dorsal element of the
palatine and pterygoid bones and attached along the length of the bone’s lateral surface. It
inserted onto the mandible, past the quadrate and along a medial ridge which sat below the
caudal mandibular fenestra.

The mass of each muscule complex varied between species (7able 1) and formed different
proportions of the total jaw muscle mass (Figure 2). The PTVL muscle formed the majority
(on average 30.8%) of the total muscle mass in the parrots but other muscles varied between
taxa. In particular, the PSM formed a significantly higher proportion of the total jaw muscle
mass (F,,, = 15.24, P <0.001) in cockatoos (Cactua sp., 18.6%) and amazons (4mazona
sp., 14.6%) compared with macaws (Ara sp., 5.1%). By contrast, the PTd muscle formed a
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Figure 4. Relationships between mean values for skull length and individual jaw muscle masses for
each parrot species. Colour of trendlines equates to the equivalent muscle symbol (except
for DM, which is a dashed line), and were generated using phylogenetically controlled
linear models calculated in R (see Table 3). The solid black line at the bottom is to illustrate a
line with a slope of 3.0

4.dbra A koponyahosszok atlagértékei és az egyes papagajfajok allkapcsat alkoté izmok tomege
kozotti 6sszefliggés. A trendvonalak szine megegyezik az egyes izmok szimbdlumaival (ez
aldl kivételt képez a DM, ezt szaggatott vonal jel6li), az abrat R-ben filogenetikailag kontro-
lalt linearis modellekkel hoztuk létre (lasd a 3. tdbldzat). A legalso folytonos fekete vonal a
3-as meredekséget szemlélteti

significantly greater proportion of the total muscle mass in macaws compared to cockatoos
and amazons (15.6%, 11.1% and 10.5% respectively; F, 0= 7.96, P <0.01). No significant
differences were observed between these genera for the other muscle types.

Allometric relationships

There was a highly significant positive relationship between body mass and skull length
(Table 2). The phylogenetically-controlled slope was 0.39, which was significantly
higher than the predicted isometric slope of 0.33 (7,,= 2.82, P = 0.012) with a high R*
and high phylogenetic signal (Table 2). Total jaw muscle mass also had highly significant
relationships with body mass and skull length, and although the R* values were high, the
phylogenetic signal was high for body mass but low for skull length (7able 2). Total muscle
mass showed significant positive allometry with body mass (observed slope of 1.34, which
was significantly different from the hypothesized isometric slope of 1.0; 7, =3.24, P<0.01)
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Table 3.

Results from phylogenetically corrected models testing the effect of the body mass (g) and average skull length (mm) against the average

individual muscle masses (g) for 19 species of parrot. All data were log, -transformed before analysis and the intercepts presented at log-

values

3. tdbldzat A filogenetikailag korrigalt modellek eredményei, amelyek az atlagos testtémeget (g) és az atlagos koponyahosszat (mm) vizsgaltak az
egyes egyedek atlagos izomtomegének atlagahoz mérten (g) 19 papagajfaj esetében. Az elemzés el6tt minden adat 10-es alapu logaritmus
értékét vettiik, az igy kapott tengelymetszetek log-értékeit tlintettlk fel

Body mass Skull length

Muscle complex Exponent (SE) | t(p-value) F,| R A Exponent (SE) | t(p-value) F,| R A
Depressor Intercept -3.37(0.27) -12.62 (<0.0001) AB -5.89(0.43) -13.55 (<0.0001) 8
mandibulae OM) | Slope 117(0.10) | 11.58 (<0.0001) '>%1{ 0887 0591 301(024) | 1274(<00001)| 162309050399
A Intercept | -3.83(0.34) | -11.18 (<0.0001) 6.48(0.54) | -12.00 (<0.0001)
e Slope 130%(0.13) | 1025 (<0.0001)| 10>1| 086110829 327(029) | 11.15(<0.0001)| 24| 0880 10.607
externus (AME)
Pseudomasseter Intercept -4.46 (0.56) -7.90 ((<0.0001) -6.79 (1.03) -6.59 ((<0.0001)
(PSM) Slope 1.57%(0.21) 7.55(<0.0001) >7.0|0.770 10.859 3.47 (0.56) 6.20 (<0.0001) 38510693 |1 0.620
Pterygoideus Intercept | -3.74(0.32) | -11.59(<0.0001) . -6.44 (0.46) | -14.46 (<0.0001) .
ventralis (PTVL)  |Slope | 143*(0.12) | 11.75(<0.0001)| 1379|0890 106178 3 45 025) | 13.99 (<0.0001)| 926 0-920 0053
Pterygoideus Intercept -4.19(0.34) -12.50 (<0.0001) 8 -7.27 (0.47) -15.63 (<0.0001) 8
dorsalis (PTd) Slope | 143*(0.13) | 11.30(<0.0001)| 1277|0883 10598 367 (0o5) | 1449 (<00001)| 2101|0925 |0012
Ethmomandibularis | Intercept -3.22(0.25) -13.09 (<0.0001) -5.76 (0.48) -11.97 (<0.0001) g
(EM) Slope 1.11(0.09) | 11.80(<0.0001)| 1223|0891 0025 295(026) | 1127 (<00001)| %71 0-882 | <0.0001

Slope values with * and ** indicate significant departures from isometry for muscle mass against body mass (isometric slope = 1.0) or skull length (isometric slope = 3.0) at P = 0.05 and P = 0.01,
respectively. Slopes for all other relationships did not depart from isometry. For A values, superscript A and B indicate a significant difference from a value of 0 or 1, respectively at least P < 0.05.

A *-al és **-al jel6lt irdnytangens értékek szignifikans eltéréseket mutatnak az izomtémegnek a testtomeghez (izometrikus meredekség = 0,333), illetve a koponyahosszhoz viszonyitva (izometrikus

meredekség = 3,0), P = 0,05 és P = 0,01. Az irdnytangensek az &sszes tobbi dsszefliggésben nem mutattak szignifikdns eltérést az izometriatdl.
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but the slope for total muscle mass against skull length exhibited an isometic relationship
(expected slope of 3.0; ¢, = 1.17, P = 0.196).

All of the relationships between muscle mass type and body mass exhibited significant
positive relationships with high values for R? (Figure 3, Table 3). The relationships for the
depressor mandibulae and ethmomandibularis were isometric (compared to an expected
slope of 1.0) but all of the other muscles exhibited significant positive allometry (Figure 3,
Table 3). The phylogenetic signal, A, was moderate to high for most muscles but by contrast
A was very low for the ethmomandibularis, indicating that this relationship exhibited no
discernible evolutionary signal.

There were significant positive relationships between the mass of each muscle and skull
length (Figure 4, Table 3). These relationships were all isometric (compared to an expected
slope of 3.0) with the exception of the pterygoideus dorsalis, which exhibited significant
positive allometry (7able 3). The phylogenetic signal was relatively low for the depressor
mandibulae and moderate for the adductor muscles but was very low for each of proractor
muscles (Table 3).

Discussion

Contrary to expectations larger parrots had greater total masses of the jaw muscles than
smaller parrots and generally each muscle type also exhibited positive allometry with body
mass but not skull length. The parrots varied in the relative composition of the muscle in
the jaw apparatus with genera varying in their arrangement of the adductor and protractor
muscles. Unlike lizards, whose head size scales isometrically with body mass (Deeming
2022), as Psittaciformes get larger, their heads become a proportionally larger part of their
body. The jaw muscles, however, scaled isometrically with the size of these proportionally
larger heads. Consequently, the high bite forces of the large Psittaciformes is due to them
having proportionally larger heads then the smaller Psittaciformes. The muscle geometry
within the heads of the Psittaciformes is, however, conserved, with the muscle mass scaling
isometrically with the size of the head.

The arrangement of muscle types observed in this study matched that of other studies of
the parrot jaw musculature (Burton 1974b, Homberger 2003, 2017, Tokita 2003, Carril et al.
2015, Cost et al. 2020) although the protractor pterygoideus et quadrati reported by Carril
et al. (2015) was not differentiated here. This may have been because this relatively deep
muscle was included with the pterygoideus dorsalis or pterygoideus ventralis muscles or
it was not present, as seemed to be in case in the African Grey Parrot (Psittacus erithacus)
(Cost et al. 2020). The ethmomandibularis was found in all species and was a substantial part
of the musculature. This muscle has been observed in all parrots examined to date (Burton
1974b, Biihler 1981, Tokita 2003, Carril et al. 2015, Homberger 2017, Cost et al. 2020) but
is not unique to parrots. It was reported in the Hawfinch (Coccothraustes coccothraustes,
Fringillidae) where it is an adductor muscle (Sims 1955). It is unknown whether this is a
feature of other Coccothraustes species, or whether other finch species have this muscle, but
such possibilities are worthy of further investigation.
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Previous reports of the muscles of the parrots the African Grey Parrot (Cost et al. 2020)
and the Monk Parakeet (Myiopsitta monachus) (Carril et al. 2015) have values of the jaw
muscles that close the jaw (Deeming et al. 2022), which are around twice the values recorded
in the present study. This may reflect variation between birds or perhaps the published values
were for both sides of the jaw combined. Deeming et al. (2022) did suggest that there was a
lack of clarity in what the published values actually represented and that they were from one
side was assumed. It would be more useful if future reports of jaw musculature were explicit
in describing what values represent.

The proportions of the adductors and retractors in parrots were approximately equal
(on average 0.42 of total muscle mass), which is different to the predominance of the
adductors in the Fringillidae and Estrildidae, which form 0.47-0.51 of the total muscle
mass compared with 0.34-0.37 for the pterygoid complex (van der Meij & Bout 2004).
This may reflect the use of the beak by finches and estrilds to generate high forces to
dehusk seeds (van der Meij & Bout 2006). Although bite force has yet to be recorded in
the Hawfinch, which has an ethmomandibularis, it is anticpated to be high because the
similarly sized Yellow-billed Grosbeak (Eophona migratoria) has a similar total mass
of jaw muscle and generates a bite force of 36.1 N, which is high relative to its body
mass (van der Meij & Bout 2004). Parrots seem to be less reliant on simple crushing of
hard seeds favouring the use of the lower jaw and their feet to manipulate the food item
between the more distal edge of the lower mandible, pushing the food item against the
maxilla’s palate, which is lined with ridges providing an uneven surface to chisel the seeds
and nuts against, aiding in de-husking (Homberger 2003, Martens et a/. 2013, Bright et
al. 2019). Cranial kinesis is well developed in parrots (Homberger 2017) and the amounts
and arrangement of muscles in the jaw apparatus may help contribute to the efficacy of
this. The well-developed retractor muscles may help in the manipulation of food items
between the mobile upper beak and the mandible.

Most muscles that are involved with closing the jaw in parrots exhibited positive
allometry with body mass. These muscles were thin sheets with broad points of origin and/
or insertion. The exception was the ethmomandibularis, which appeared to be composed
of parallel fibres running between limited points of origin and insertion. If muscle mass is
directly proportional to force generated by its contraction (Lieber & Ward 2011), and if the
moment arms for the levers associated with jaw action are isometric, then larger parrots
with more muscle mass will be able to generate a greater bite force than smaller parrots.
This positive allometry has also been observed for total muscle mass in passerines (slope
of 1.38) (Deeming et al. 2022) and in granivorous songbirds in particular (slope of 1.29)
(van der Meij & Bout 2004). Species of the Fringillidae had significantly more jaw muscle
mass than species of the Estrildidae (van der Meij & Bout 2004). By contrast, the slope
of the relationship for non-passerine species was significantly negatively allometric and it
may reflect a more functional aspect of the amounts of jaw muscle that individual species
have. However, the analysis by Deeming et al. (2022) was limited in species range and only
included data for two parrot species. Once bite forces are available for the parrots species
described here it would be interesting to see how this changes the patterns described by
Deeming et al. (2022).
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Bite force in lizards has been shown to reflect tooth morphology and hence by association
the diet with species dealing with harder food items having the stronger bite force (Jenkins
& Shaw 2020). Both granivorous passerines and parrots have diets that include potentially
hard seeds and nuts that require greater force to process compared with other food items,
such as flesh. To date, only the Monk Parakeet (Carril et a/. 2015) and the African Grey
Parrot (Cost ef al. 2020) have been studied but bite forces do seem to be relatively high
compared to other bird species with comparable body mass. For instance, the Cooper’s
Hawk (Accipiter cooperii), a bird of prey (Accipitriformes) of a similar size (360 g) to the
African Grey Parrot (333 g, Dunning 2008), has a bite force of only 2-3 N (Sustaita &
Hertel 2010) compared to the calculated bite force of 63 N for the parrot (Cost et al. 2020).
The Monk Parakeet, which weighs less than half the mass of the Cooper’s Hawk, has an
estimated bite force of 16 N (Carril et al. 2015). Hawks kill their prey with the talons and use
their beaks to tear their prey apart (Sustaita & Hertel 2010) so appear to have no need for a
higher bite force, although falcons Falconiformes often kill their prey by biting (Pecsics et
al. 2019). 1t is anticipated that calculated bite forces in the parrot species investigated here
are also going to be high relative to body mass. Diet may, therefore, be a crucial aspect of
defining the relationship between body mass and jaw muscle mass in birds. More research,
from a much large dataset from a greater diversity of species, is required to explore the the
more functional aspects of the jaw musclature in birds.

By contrast to body mass, the relationship between skull length and individual muscle
mass in parrots was isometric in most muscle types, with one exception. Previously
unreported, this relationship may reflect the physical limitations for muscle orgin offered by
the skull. Bigger parrots need to accommodate more muscle in order to generate a greater
bite force and it seems that this is simply achieved by increasing the size of the skull. It is
unclear whether this also applies for other species of bird within, or across, orders and is
worthy of further investigation. The exception in parrots was the pterygoideus dorsalis,
which exhibited positive allometry with skull length. This adductor muscle originates on the
surface of the palatine bone, which has rotated through 90 degrees and points downwards
(Zusi 1993, Homberger 2003, 2017, Carril et al. 2015, Pecsics et al. 2020). This change in
skull morphology appears to have two consequences. The first is that there is a large area
of bone for the origin of the muscle and secondly, the distance between the origin and the
insertion on the mandible is reduced. Muscle architecture is important in generating force,
as the arrangement of the fibres relative to the central axis is a major determinant in how
much of the force generated will be transferred efficiently (Lieber & Ward 2011). Shorter
muscle fibres can generate higher forces (Biewener & Patek 2018) so this shortening of the
pterygoideus dorsalis muscle may help increase the amount of force it can generate.

This study demonstrated that the mass of the different muscle types in the jaw apparatus
of parrots varies between species. There is some suggestion that this will also be observed in
other birds and is worthy of further investigation. To date the strongest bite force in birds has
been calculated at 430 N for the Ostrich (Struthio camelus; Struthionidae, Struthioniformes)
which has a jaw muscle mass 0f 16.9 g (Gussekloo & Bout 2005). However, the Large Ground
Finch (Geospiza magnirostris; Thraupidae, Passeriformes) has only 0.664 g of jaw muscle
and generates a bite force of 70.8 N (Herrel ef al. 2005). Relative to body mass this is a bite
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force of 2.16 N g, over 500 times greater than that of the Ostrich (0.0043 N-g!). However,
the Monk Parraket has a jaw muscle mass of 0.92 g but Carril et al. (2015) calculated its bite
force at only 16 N (0.13 N g'). The Red-and-green Macaw studied here has a total muscle
mass of almost 12 g (~1% of body mass) and so given the relationship between jaw muscle
mass and bite reported by Deeming ez al. (2022), it is predicted that it will have a bite force
of 150 N (0.12 N g'). Given the well-muscled jaw apparatus of this large parrot, and the
damage a parrot bite can inflict (King et al. 2015), these estimates seem rather low. Although
bite force is generally low in birds (Deeming et al. 2022) compared to some reptiles (see
Deeming 2022), our understanding of this relationship is based on a very relatively small
dataset for a limited range of bird species. Moreover, in parrots an increase in bite force
seems to be associated with an increase in skull size to accommodate more muscles. It is
unknown whether this pattern is applicable to other birds within specific orders or even across
birds as a whole. If we are going to be able to understand the evolutionary pressures on beak
morphology (Hrabar & Perrin 2002, Bright et al. 2016, Cooney et al. 2017, Navalon et al.
2019) there will need to be further investigation into the allometry of the morphological and
functional properties of the jaw musculature in a wider range of species.
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