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Abstract

Caracaras (Aves, Falconiformes, Falconidae) are Neotropical diurnal raptors that belong to the subfamily Polyborinae. The forelimb myo-
logy of this group has not been comprehensively studied or compared with that of other Falconidae. Thus, the aims of this study were 1)
to describe the forelimb muscles of two species of Polyborinae (Caracara plancus and Milvago chimango), ii) to explore the possible
relationship between muscular features and their function in flight behavior and iii) to compare the muscular features of these species with
those of species of the subfamily Falconinae. To this end, the forelimb muscles of C. plancus (n=4) and M. chimango (n=4) were dissect-
ed. Additonally, to complement this data set, two specimens of M. chimachima were dissected. The mass of each muscle of one wing and
its percentage with respect to the body mass were obtained. A total of 45 muscles were identified, and differences with respect to Falconinae
were related to the presence of single or additional bellies. The total forelimb muscle mass represented between 7.68 and 10.26 % of the
body mass. The muscle pectoralis represented ~ 5% of the body mass, followed by the muscles scapulohumeralis caudalis (0.64—0.79%),
deltoideus major (0.43—0.53%), supracoracoideus (0.34—0.38%) and biceps brachii (0.26—0.39%). The high values of these muscles are
in agreement with their important function: they are involved in the downstroke and upstroke phases of the flapping flight. On the other
hand, the muscles that seemed to contribute little to the mechanical power for flight presented low values that ranged between 0.01 and
0.25%. Comparison of the forelimb muscles of caracaras with published data on Falconinae species suggests that their muscular features
might be associated with their type of flight, which is more erratic and less powerful than that of Falconinae.
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Introduction

Since flight is a demanding mode of locomotion, the  Falconiformes (see HarRTMAN, 1961; MEYERS,1992a, b;

wings of flying birds have numerous anatomical features
to meet this demand (HEErs et al., 2016). These include a
complex and varied morphology comprising many mus-
cles (between 45 and 50) (GEORGE & BERGER, 1966; RAI-
Kow, 1985), which generate and control their movements
(VIDELER, 2006) and the different flight behaviors (e.g.
flapping, gliding, hovering, etc.). Although the features
of these muscles, i.e. number of bellies, relative devel-
opment and mass, vary between taxa (HArRTMAN, 1961;
GEORGE & BERGER, 1966), this variability and its possi-
ble association with flight behavior have been scarcely
investigated both in birds in general and particularly in

CORVIDAE et al., 2006; HERTEL, MALDONADO & SUSTAITA,
2014; Canova et al., 2015a, b, c).

Although the Falconidae have been classically
grouped together with the Accipitridae (hawks, eagles,
kites) due to their morphology, there is a general con-
sensus that the Falconidae are phylogenetically distant
from these other diurnal birds of prey (HACKETT, ef al.,
2008; JARrvis et al., 2014; Prum et al., 2015). The fam-
ily Falconidae consists of three subfamilies, Polyborinae
Falconinae and Herpetotherinae, which show diversity in
their locomotor behavior and diet. The Polyborinae (ca-
racaras) are endemic to the New World and distinguished
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as ambulatory birds that mostly forage by walking on
the ground and in which flight is not as important as in
the other two families (CApE & DiGByY, 1982; WHITE, et
al., 1994; Fuchs, et al. 2012). Moreover, the caracaras
have an erratic and slow flight in which they alternate
flapping and gliding (CANEVARI et al., 1991; WHITE et al.,
1994). The caracaras also have a diverse diet: some gen-
era like Daptrius and Ibicter are omnivorous and arbo-
real, whereas other genera, such as Milvago, Caracara
and Phalcoboenus, are opportunistic, feeding on inverte-
brates, vertebrates, garbage and carrion (CANEVARI ef al.,
1991; GRIN, 2018). In contrast, the Falconinae (cosmo-
politan falcons) have a more diverse and complex flight
behavior: they hunt in flight at high speeds to strike their
prey (mainly birds and insects) and some species can also
hover or soar (WHITE et al., 1994; Sustaita, 2008). Fi-
nally, the Herpetotherinae (forest and laughing falcons)
are secretive birds that inhabit the humid forests of the
Neotropics and are poorly known (WHITE ET AL., 1994).

Despite these interesting flight variations, little is
known about the forelimb myology of the Polyborinae,
and previous research consists mainly on descriptive
studies based on the Falconinae. BERGER (1956), studied
the appendicular myology of Polihierax semitorquatus
(Pygmy falcon), and described only 18 muscles of the
wing. JoLLIE (1977), in his extensive study on birds of
prey, briefly mentioned some muscles for the forelimbs
of Falco sparverius (American kestrel) and Polyborus
cheriway, with scarce information and few illustrations.
MEYERs (1992a, 1996) studied the brachial and antebra-
chial muscles of Falco sparverius, being, to date, the
most complete descriptive works on the forelimb my-
ology of Falconidae. More recently, in a comparative
framework with other non-Falconiformes bird species,
Canova et al. (2015 a, b) studied some muscles of Falco
tinnunculus. The only quantitative information regarding
the mass of wing muscles was published by HARTMAN
in 1961. However, these data do not refer to individual
muscles, but to the entire wing, with the exception of the
muscle pectoralis and the muscle supracoracoideus.

Thus, to expand our knowledge on the forelimb my-
ology of the Polyborinae, the aims of the present study
were 1) to describe, photograph and illustrate the forelimb
muscles of two species of Polyborinae (Caracara plan-
cus and Milvago chimango), ii) to explore the possible
relationship between the muscular features of these spe-
cies and their function in flight behavior, and iii) to com-
pare the muscular features of these species with those of
species of the subfamily Falconinae.

Materials and methods

Specimens: Healthy and unsexed adults of Caracara
plancus (crested caracara, n=4), Milvago chimango (chi-
mango caracara, n=4) and Milvago chimachima (yel-
low headed caracara, n=2) were used. The specimens
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of C. plancus and M. chimachima were obtained from
La Marcela farm (26°17035"S; 59°06067"W), Pirané,
Formosa province, Argentina, with authorization of
Ministerio de la Produccion y Ambiente, Direccion de
Fauna y Parques of Formosa Province (guia de transito
n° 003384) during 2014. The specimens of M. chimango
were obtained from Programa de Control de Aves en
Rellenos Sanitarios y Areas Aledanas (ProCoA) in the
province of Buenos Aires, Argentina, during 2013. This
research complied with protocols approved by the animal
care committee and adhered to the legal requirements of
Argentina.

Data collection: The body mass of each specimen was
weighed with a digital scale, except for that of the two
specimens of M. chimachima, which was taken from
DunNING (2008). Then, the anterior corporal region was
carefully separated from the rest of the body, without
damaging the muscles. The hind limbs were studied in
Mosto ET AL. (2013; 2016). Each individual region was
properly identified and stored in individual bags and
frozen until it was studied. The left wing muscles were
unilaterally dissected during the six months following
storage. The wing muscles were defrosted, identified,
photographed, carefully removed and weighed (both the
fleshy and tendinous components) with a digital scale
(with 0.01-g accuracy). The percentage of each muscle
with respect to its body mass was calculated considering
one wing. Also, the forelimb muscle mass was calculated
as the sum of the individual muscles except the small
muscles of the manus (mm. abductor digiti majoris, ex-
tensor brevis alulae, abductor alulae, flexor digiti mino-
ris, flexor alulae, and adductor alulae), which give little
mechanical power for flight (BIEWENER, 2011). Muscular
mass data were explored considering the movements of
the main bones and joints, including those of the muscles
associated with the thoracic shoulder (ossa cinguli), the
arm (humerus), the forearm (u/na and radius), the elbow
(the juncture cubiti) and the wrist joint (juncture carpi).
The main roles of the muscles during flight were deter-
mined following that described in the works of Raikow
(1985), DiaL (1992) and VazqQuez (1995, Table 1).

The muscular description is the same in the three spe-
cies and only the differences among them are mentioned.
The interpretations about muscle mass were based only
on the data obtained for C. plancus and M. chimango, giv-
en that the data available are more complete. Similarly,
the interpretation about the small muscles of the manus
and digits was based on the complete data obtained for C.
plancus. Because of the low number of specimens of M.
chimachima, the muscle mass data are provided only as
complementary data. The mm. subcoracoideus and sub-
scapularis were weighed together because of the com-
mon tendon of insertion, and the small m. propatagialis
p. caudalis was not weighed. The anatomical nomencla-
ture follows BAUMEL ef al. (1993), and the abbreviations
used in text are as follows: m. (muscle), mm. (muscles),
and p. (pars).
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Table 1 continued.
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Results

Muscular description

The m. latissimus dorsi (Fig. 1A—D) has two independ-
ent portions: the p. cranialis and the p. caudalis. The p.
cranialis (Fig. 1A—C) is a fleshy band-shaped muscle
that originates on the spinous process of the cervical
vertebrae and inserts into the medial facet of the corpus
humeri, covering the second proximal quarter (Fig. 2A).

The p. caudalis (Fig. |A—D) is also a fleshy band-shaped
muscle, although wider and thicker than the p. cranialis,
which is situated on the m. rhomboideus superficialis. It
inserts into the humerus via a tendon (Fig. 2A), which is
common to that of the origin of the m. scapulotriceps.

The m. rhomboideus superficialis (Fig. 1A—D) is a fleshy
muscle with two distinct and contiguous fleshy portions
(cranial and caudal) that originate on the last cervical ver-
tebrae. The cranial portion is square-shaped and inserts
into the first quarter of the scapula (Fig. 2C), whereas the
caudal portion is wider than the cranial one and inserts
into the scapula, reaching the region of the angulus sub-
terminalis (sensu LIVEZEY & Suzy, 2006; Fig. 2C).

The m. rhomboideus profundus (Fig.2D) is a fleshy
muscle that originates on the cervical vertebrae and in-
serts into the medial surface of the scapula. It is located
right beneath the m. rhomboideus superficialis, from
which it is difficult to separate.

The m. serratus superficialis (Fig. 1A) consists of two
independent bellies: the p. cranialis and the p. caudalis.
The p. cranialis is a fleshy band-shaped muscle that orig-
inates on the ribs near the processus uncinatus, and at-
taches on the cranial half of the scapula between the two
bellies of the m. subescapularis (Fig. 2D). The p. cauda-
lis is a fleshy, broad and flat muscle that originates on the
caudal ribs, covering the processus uncinatus, and inserts
into the medial surface and ventral end of the scapula, on
the last caudal third (Fig. 2C).

The m. serratus profundus is a fleshy and flat muscle
that originates on the first ribs and inserts into the me-
dial surface at the third caudal quarter of the scapula
(Fig. 2D).

The m. pectoralis p. thoracica (Fig. 3A, C) is a fleshy
well-developed muscle that originates on various struc-
tures: the carina sterni, the ventral aspect of the clavicula
(Fig. 2B) and the membranes sternocoracoclavicularis
and cristoclavicularis. The muscle inserts into the proxi-
mal region of the corpus humeri on the crista deltopec-
toralis (Fig. 2B).

The m. pectoralis propatagialis p. longus (Fig. 4A, B) is
a small, fleshy and elongated portion of the muscle pec-
toralis p. thoracica, with an elastic tendon that penetrates
the propatagium and gives support to its leading edge.
The tendon inserts into the thick aponeurosis that cov-
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Fig. 1. Image and schematic drawings of the superficial muscles of shoulder and proximal humerus of Caracara plancus (A) and (D),

Milvago chimachima (B) and Milvago chimango (C). Abbreviations: (dpmj) M. deltoideus p. major, (dpmn) M. deltoideus p. minor, (ht)

M. humerotriceps, (Idca) M. latissimus dorsi caudalis, (Idcr) M. latissimus dorsi cranialis, (1s) M. rhomboideus (superficialis + profundus),

(st) M. scapulotriceps, (se) M. subscapularis, (shca) M. scapulohumeralis caudalis, (sher) M. scapulohumeralis cranialis, (spc) M. supra-

coracoideus, (ssca) M. serratus superficialis caudalis. Scale bars: 1 cm.

ers the carpometacarpus, on the region of the processus
extensorius.

The m. deltoideus propatagialis p.cranialis (Fig. 4A—B)
is a well-developed muscle that originates fleshy on the
dorsal aspect of the furcula (Fig. 3B). The belly gives rise
to a tendon that penetrates the patagium and bifurcates
into two tendons, both of which insert into the tendon of
origin of the m. extensor metacarpi radialis.

The m. deltoideus propatagialis p. caudalis (Fig. 4B) is
a small fleshy cranial portion of the m. deltoideus propa-
tagialis p. cranialis, from which it is separated by a thin
tendinous raphe. The muscle has a short tendon that fuses
to the elastic tendon of the m. pectoralis propatagialis p.
longus.

The m. supracoracoideus (Fig. SA—B) is a well-devel-
oped muscle that lies deep to the m. pectoralis, with a
fleshy origin on the cranial half of the sternum (Fig. 3A),
along the coracoideum (Fig. 3E) and on the membrane
sternoclavicularis. The muscle passes through the cana-
lis triosseus and inserts into the proximal end of the Au-
merus, on the tuberculum dorsale (Fig. 2A).

The m. deltoideus p. major (Figs. |A—B and 4A) has
two bellies that join together and insert via a tendon along
the crista deltopectoralis of the humerus (Fig. 2A). The

SENCKENBERG

p. cranialis originates fleshy on the fibrocartilage hum-
eroscapsularis and adjacent ligaments. The p. caudalis is
fleshy and originates on the scapula (Fig. 2D).

The m. deltoideus p. minor (Fig. 1A, B) is a poorly de-
veloped muscle located on the tendon of insertion of the
m. supracoracoideus.

The m. coracobrachialis cranialis (Fig. 5B) is a short
fleshy muscle that originates on the coracoideum, on
the extremitas omalis coracoidei (Fig. 3E). The muscle
crosses the joint and inserts into the extremitas proxima-
lis humeri (Fig. 2B).

The m. coracobrachialis caudalis (Fig. SA—B) origi-
nates fleshy on the sternal region, proximal to the cora-
coideum and the adjacent sternum (Fig.3A, E). This
muscle inserts by a tendon on the tuberculum ventrale of
the humerus (Fig. 2A).

The m. scapulohumeralis cranialis (Fig. 1C-D) is a
small fleshy muscle that originates on the dorsal surface
of the scapula and inserts into the hAumerus near the fo-
ramen pneumaticum, dividing the m. humerotriceps into
internal and external bellies.

The m. scapulohumeralis caudalis (Figs. 1A and 5 A—B)
has a fleshy origin along the caudal half of the scapula.
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A

Fig. 2. Muscular maps showing the sites of origin (red) and insertion (blue) of humerus in (A) dorsal and (B) ventral aspect; scapula in

dorsal (C) and ventral (D) aspect. Scale bars: 1cm.

The insertion is via a tendon on the caudal aspect of the
foramen pneumaticum of the humerus.

The m. subescapularis (Figs. 1D and 5C) has two fleshy
portions, the caput laterale and the caput mediale, with
the m. serratus superficialis between them. The caput
laterale originates on the dorsal surface of the scapula
(Fig. 2C), whereas the caput mediale originates on the
ventral surface (Fig. 2D). Both portions join and give rise
to a common tendon that inserts into the tuberculum ven-
trale of the humerus along with the tendon of the m. sub-
coracoideus (Fig. 2A).

The m. subcoracoideus (Fig. 5SA—C) is a fleshy muscle
located on the medial aspect of the coracoideum, origi-
nated on the medial surface of the corpus coracoidei
(Fig. 3D). It inserts by a common tendon into with the
m. subescapularis on the tuberculum ventrale of the hu-
merus to (Fig. 2A).
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The m. scapulotriceps (Figs.] A—B and 5A) originates
from an aponeurosis on the scapula, immediately pos-
terior to the joint with the coracoideum (Fig. 2C). The
fleshy portion shares the aponeurosis with the m. latissi-
mus dorsi p. caudalis. The muscle inserts into the u/na on
the impressio m. scapulotricipitis via a tendon (Fig. 6A).

The m. humerotriceps (Fig. 1D) originates fleshy on the
fossa pneumotricipitalis and the corpus humeri (Fig. 2A).
It inserts both fleshy and tendinous into the olecranon
(Fig. 6A).

The m. biceps brachii (Figs. 5B and 7A) has a strong
and wide tendon originated on the extremitas omalis of
the coracoideum (Fig. 3E) and on the crista bicipitalis
of the humerus (Fig. 2B). The muscle continues fleshy
along the corpus humeri until the tendon of insertion ap-
proaches the ulna and radius, and then splits into two
tendons, one of which inserts into the proximal end of the
ulna and the other into the radius (Fig. 6B).

SENCKENBERG
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Fig. 3. Muscular maps showing the sites of origin in (A) the ventral aspect of the sternum, (B) and (C) cranial and caudal aspect respec-
tively of the clavicula, (D) and (E) dorsal and ventral aspect respectively of the coracoideum. Scale bars: 1cm.

A

Fig. 4. Image and schematic drawings of Caracara plancus showing (A) the superficial dorsal muscles of the arm and forearm, (B) detailed
view showing the small M. deltoideus p. propatagialis p.cranialis. Abbreviations: (dpmj) M. deltoideus p. major, (ecr) M. extensor carpi
radialis, (st) M. scapulotriceps, (dpca) M. deltoideus p. propatagialis p. caudalis, (dpcr) M. deltoideus propatagialis p. cranialis, (pppl)
M. pectoralis propatagialis p. longus Scale bars: 1cm.
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Fig. 5. Image and schematic drawings showing the ventral and deep muscles of the (A) sternum, (B) proximal humerus, (C) scapula and

coracoideu, (A,C) Caracara plancus; (B) Milvago chimango. Abbreviations: (bb) M. biceps brachii, (ccr) M. coracobrachialis cranialis,

(cca) M. coracobrachialis caudalis, (ecr) M. extensor carpi radialis, (feu) M. flexor carpi ulnaris, (ps) M. pronator superficialis, (sbc) M.

subcoracoideus, (se) M. subscapularis, (shca) M. scapulohumeralis caudalis, (spc) M. supracoracoideus, (st) M. scapulotriceps. Scale

bars: lcm.

A

The m. brachialis (Fig. 7A) is a short and fleshy muscle
that originates on the fossa brachialis of the distal humer-
us, (Fig. 2B) and inserts into the depressio m. brachialis
of the ulna (Fig. 6B).

The m. pronator superficialis (Figs. 5C and 7B) origi-
nates from a short and strong tendon on the distal Au-
merus (Fig. 2B). It inserts both fleshy and tendinous into
the proximal radius (Fig. 6B). In Caracara plancus, the
muscle originates both aponeurotic and fleshy.
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Fig. 6. Muscular maps showing the sites
of origin (red) and insertion (blue) of the
forearm, (A) dorsal aspect, (B) ventral
aspect. Scale bars: lcm.

The m. pronator profundus (Fig. 7B) has a tendinous
origin on the epicondilus ventralis of the humerus
(Fig. 2B). The insertion is fleshy along the proximal third
of the corpus radii (Fig. 6B). In Caracara plancus, the
insertion reaches half way on the corpus radii.

The m. flexor digitorum superficialis (Fig. 7A) is a thin
muscle that originates tendinous on the epicondylus ven-
tralis of the humerus (Fig. 2B). The belly gives rise to a
tendon that inserts into the proximal phalanx of the digiti
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Fig. 7. Image and schematic drawings of the ventral aspect of the forearm showing (A) superficial and (B) deep muscles in Caracara

plancus. Abbreviations: (b) M. brachialis, (bb) M. biceps brachii, (ecr) M. extensor carpi radialis, (eldmpp) M. extensor longus digiti

majoris, (fcu) M. flexor carpi ulnaris, (fds) M. flexor digitorum superficialis, (fdp) M. flexor digitorum profundus, (pp) M. pronator pro-

fundus, (ps) M. pronator superficialis, (s) M. supinator, (ud) M. ulnometacarpalis dorsalis, (uv) M. ulno-metacarpalis ventralis. Scale

bars: lcm.

majoris (Fig. 8A). This tendon runs along the cranio-
ventral edge of the carpometacarpus along with the ten-
don of the m. flexor digitorum profundus.

The m. flexor carpi ulnaris (Figs. 5C and 7B) is a well-
developed muscle with a tendinous origin on the epicon-
dylus ventralis of the humeri (Fig. 2A). The fusiform
belly gives rise to a tendon that inserts into the os carpal
ulnare (Fig. 8A). In Caracara plancus, the tendon of ori-
gin is strong.

The m. flexor digitorum profundus (Fig. 7B) has a fusi-
form belly that originates fleshy on the first third of the
ulna (Fig. 6B), and a small part that also originates on the
m. brachialis (Fig. 6B). It inserts into the distal phalanx
of the digiti majoris via a tendon that runs along the car-
pometacarpus, where it is ossified (Fig. 8A).

The m. ulnometacarpalis ventralis (Fig. 7A) has a fleshy
origin on the ventral side of the u/na (Fig. 6 B). It inserts
into the dorsal aspect of the proximal carpometacarpus
near the origin of m. extensor brevis alulae via a tendon
(Fig. 8B).

The m. supinator (Fig. 7A) is a short muscle with a ten-
dinous origin on the epicondylus lateralis of the humerus
(Fig. 2B), sharing a common origin with the m. extensor
digiti communis and the m. extensor metacarpalis cubi-
talis. It inserts fleshy into the first quarter of the corpus
radii (Fig. 6B).The m. extensor carpi radialis (Figs. 4A,
5B, 7B, and 9A) is a fusiform muscle with both a fleshy
and tendinous origin. It originates on the processus su-
pracondylaris dorsalis of the distal humerus (Fig. 2B).
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It inserts tendinous into the processus extensorius of the
carpometacarpus (Fig. 8A).

The m. extensor digitorum communis (Fig. 9A) is a
V-shaped muscle with an aponeurotic origin on the epi-
condilus dorsalis of the humerus (Fig. 2B). The belly is
fusiform and the insertion is by a bifurcated tendon on
two digits. The short tendon inserts into the phalanx of
the digiti alulae (Fig. 8B), whereas the long tendon pass-
es through the sulcus tendineus of the carpometacarpus
and inserts into the base of the proximal phalanx of the
digiti majoris (Fig. 8§B).

The next four muscles have a common origin on the epi-
condylus lateralis of the humerus (Fig. 2B).

The m. extensor carpi ulnaris (Fig. 9A) originates on
the surface of the m. ectepicondylo-ulnaris via a ten-
don (Fig. 2B). The belly is attached to the corpus ulnae
(Fig. 6A) until the third quarter, where the tendon of in-
sertion originates and finally inserts into the proximal
carpometacarpus (Fig. 8B).

The m. ectepicondylo-ulnaris (Fig. 9B) has a tendi-
nous origin on the epicondylus lateralis of the humerus
(Fig. 2B) and inserts fleshy into the u/na (Fig. 6A).

The m. extensor longus alulae (Fig. 9B) originates fleshy
on the radius (Fig. 6B) and inserts into the processus ex-
tensorius of the carpometacarpus via a tendon (Fig. 8B).

The m. extensor longus digiti majoris (Figs. 7A and 9A)
has two portions: the p. proximalis and the p. distalis.
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A

Fig. 8. Muscular maps showing the sites of origin (red) and insertion (blue) of the carpometacarpus and digits in (A) ventral and (B) dorsal

aspect. Scale bars: lem.

The p. proximalis originates fleshy on the distal region
of the medial surface of the radius (Fig. 6B). The muscle
becomes tendinous near the wrist joint and inserts into
a tubercle of the terminal phalanx of the digiti majoris
(Fig. 8B). The p. distalis (Fig. 10B) is small and fleshy
and originates on the proximal region of the carpometa-
carpus. The muscle joins the tendon of the p. proximalis
by a short tendon.

The m. ulnometacarpalis dorsalis (Figs. 7A and 10A—B)
has a superficial belly with a triangular shape that origi-
nates on the distal u/na via a tendon (Fig. 6A). The mus-
cle inserts fleshy into the surface of the proximal carpo-
metacarpus near the os metacarpale minus (Fig. 8A—B).

The m. interosseus dorsalis (Fig. 10B) is a small muscle
with a fleshy origin on the edges of the spatium inter-
metacarpale (Fig. 8B). It inserts into the proximal end of
the distal phalanx of the digiti majoris by a long tendon
(Fig. 8B). In Caracara plancus, some fibers insert into
the proximal angle of the spatium intermetacarpale.

The m. interosseus ventralis (Fig. 10A) originates fleshy
on the edges of the spatium intermetacarpale (Fig. 8A)
and inserts into the end of the distal phalanx of the digiti
majoris via a tendon (Fig. 8B).

The m. extensor brevis alulae (Fig. 10B) is a small mus-
cle with a fleshy origin on the dorsal surface of the car-
pometacarpus (Fig. 8B), near the processus extensorius.
It inserts into the proximal region of the alular phalanx
via a tendon (Fig. 8B).

The m. abductor alulae (Fig. 10A) is an entirely fleshy
muscle located on the ventral surface of the manus, with
a superficial and a deep belly. The superficial belly origi-
nates fleshy on the tendon of insertion of the m. extensor

186

carpi radialis, whereas the deep belly is located beneath
the superficial belly. Both parts are closely related and
go through the processus extensorius of the carpometa-
carpus and ligaments of the wrist joint and insert into the
ventral aspect of the digiti alulae (Fig. 8A).

The m. flexor alulae (Fig. 10A) is a small and fleshy
muscle located on the ventral surface of the manus. It
originates on the proximal region of the carpometacar-
pus (Fig. 8A) and inserts into the proximal region of the
phalanx of the digiti alulae (Fig. 8A).

The m. adductor alulae (Fig. 10A) is a fleshy muscle that
originates on the cranio-dorsal aspect of the carpometa-
carpus (Fig. 8A) and inserts into a wide area of the me-
dial aspect of the phalanx of the digiti alulae (Fig. 8A).

The m. abductor digiti majoris (Fig. 10A) has a fleshy
origin on the processus pisiformis of the ventral sur-
face of the carpometacarpus(Fig. 8A) and inserts into
the proximal phalanx of the digiti majoris via a tendon
(Fig. 8A).

The m. flexor digiti minoris (Fig. 10A) is a long and thin
muscle that originates fleshy along the os metacarpale
minus (Fig. 8A) and inserts into the proximal region of
the phalanx of the digiti minoris via a tendon (Fig. 8A).

Muscle mass

The total forelimb muscle mass represented between
7.68 and 10.26% of the body mass (Table 1). The m. pec-
toralis had the highest value of mass (~5 % of the body
mass), whereas the remaining muscles had lower values,
ranging between 0.01 and 0.79% (Table 1).
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The muscles that move the Aumerus (mm. scapulo-
humeralis caudalis, deltoids major and supracoracoide-
us) and those that move the forearm and elbow (mm. bi-
ceps brachii, humerotriceps and scapulotriceps) had the
highest values of muscle mass after the m. pectoralis,
representing between 0.21 and 0.79% of the body mass
(Table 1). Other humeral muscles, such as the latissimus
dorsii caudalis, coracobrachialis cranialis, subscapula-
ris and subcoracoideus showed values that ranged be-
tween 0.11 and 0.19 % of the body mass. The mass of the
muscles involved in the downstroke represented between
6.73 and 7.56 % of the body mass, whereas the muscles
involved in the upstroke represented between 0.21 and
1.22 % of the body mass (Table 1). Other muscles that
had a considerable mass were those that act in the move-
ments of the wrist and rotation of the forearm: the flexor
carpi ulnaris, extensor metacarpalis radialis and prona-
tor profundus, representing between 0.12 and 0.18% of
the body mass (Table 1). The muscles that stabilize the
thoracic shoulder (mm. serratus and rhomboideus) repre-
sented between 0.13 and 0.17 % (Table 1). The remain-
ing muscles, i.e. those associated with the movements of
the wrist and digits, represented a small portion of the
body mass, ranging between 0.01 and 0.07%.

Discussion

Comparison with other Falconidae species

The forelimb myology of Caracara plancus, Milvago
chimango and Milvago chimachima was similar to that
described for Falco sparverius (MEYERs, 1992 a, 1996),
Polihierax semitorquatus (BERGER, 1956), Falco tinnun-
culus (Canova et al., 2015 a, b), and birds in general (e.g.
GEORGE AND BERGER, 1966; Raikow, 1985). However,
some specific differences can be identified with respect
to Falco or Polihierax. The general morphology of the
m. pectoralis was different from that of Falco sparverius.
In caracaras, the m. pectoralis did not show the typical
subdivisions as in F sparverius, where this muscle has
distinct deep muscular fascicle groups (MEYERs, 1992a;
1993). These deep muscular fascicles are involved in
the gliding flight (MEYERs, 1993), commonly used by F.
sparverius but not by caracaras. In the polyborines stud-
ied, single bellies were present in muscles like the humer-
otriceps and subcoracoideus, whereas in Falco sparve-
rius these muscles have two bellies (MEYERs, 1992a).
BERGER (1956) described the m. subcoracoideus only in
P, semitorquatus, being this similar to that here described
for polyborines. The mm. flexor carpi ulnaris and exten-
sor longus alulae of the polyborines studied presented a
single belly in their origin, whereas those of Polihierax
semitorquatus and Falco sparverius present two bellies
(BERGER, 1956; MEYERS, 1996). In Falco tinnunculus, the
m. flexor carpi ulnaris possesses three bellies (CaNova et
al., 2015b). The m. abductor alulae of the polyborines
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Fig. 9. Image and schematic drawings of the dorsal aspect of the
forearm showing (A) superficial and (B) deep muscles in Cara-
cara plancus. Abbreviations: (ec) M. ectepicondylo-ulnaris (ecr)
M. extensor carpi radialis, (ecu) M. extensor carpi ulnaris, (edc)
M. extensor digitorum communis, (ela) M. extensor longus alulae,
(eldmpp) M. extensor longus digiti majoris p. proximalis. Scale
bars: lem.

here studied presented two bellies, like in Polihierax
(BERGER 1956), whereas that of Falco sparverius presents
a single belly (MEYERs, 1996). The presence of accessory
bellies in certain muscles is a modification that increases
the number of fibers and, consequently, the physiological
cross-section is also increased, producing a greater force
(Bock, 1974). Therefore, the occurrence of one muscular
belly in muscles that move the humerus (m. subcoracoi-
deus), extend the elbow (m. humerotriceps) and flex and
extend the wrist (m. flexor carpi ulnaris and m. extensor
longus alulae) in Caracara and Milvago could be associ-
ated with a more generalized mode of flight. Finally, the
polyborines studied here presented no sesamoids in the
tendons of the insertions of the mm. flexor carpi ulnaris
and extensor longus digiti majoris, unlike that observed
in Falco sparverius, which presents these sesamoids
(MEYERS, 1996). The absence of sesamoids could be as-
sociated with less mechanical advantage with respect to
the muscles with sesamoids (BERGER & STORER, 1995;
SARIN et al., 1999).

Muscle mass

In the Polyborinae here studied, the wing muscle mass
represented an important portion of the body mass (7.68
to 10.26 %), whereas in the polyborine species studied
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by HartMaNn (1961) (Caracara cheriway) the values
are slightly greater (11.61%). In Falco sparverius, the
only Falconinae studied by HartmaN (1961), the wing
muscles represent a higher proportion of the body mass
(29.92%), and the mass of the individual muscles (pecto-
ralis and supracoracoideus) greatly exceeds that of those
of the polyborines here studied. The relatively low values
found in the muscle mass of caracaras could be associ-
ated with their less powerful flight, where flapping and
gliding are alternated. Instead, the high values of Falco
sparverius could be associated with the opposite situa-
tion: a flight characterized by fast flapping, with an abil-
ity to hover and stoop when a prey is caught (CANEVARI et
al., 1991; Grin, 2018).

Most of the muscle mass of the wing is involved in the
movements of the articulatio omalis (see Table 1); this
joint has the greatest degree of mobility in the wing and
its movements affect the entire limb (Raikow, 1985). The
main humerus movements that produce the downstroke
and upstroke, i.e. the two main phases of the flapping
flight, are depression, elevation, protaction, retraction
and rotation (DiaL et al. 1988). The downstroke provides
the propulsive force required to generate both the lift and
thrust (Di1AL et al., 1988; GosLow et al., 1990), and, in ca-
racaras, this is in accordance with the great muscle mass
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Fig. 10. Image and schematic drawings
showing the muscles of manus and dig-
its in (A) ventral and (B) dorsal aspect
in Caracara plancus. Abbreviations:
(aba) M. abductor alulae, (ada) M. ad-
ductor alulae, (abdm) M. abductor digiti
majoris, (eba) M. extensor brevis alulae,
(eldmpd) M. extensor longus digiti majo-
ris p. distalis, (fa) M. flexor alulae, (fdm)
M. flexor digiti minoris, (id) M. interos-
seus dorsalis, (iv) M. interosseus ventra-
lis, (ud) M. ulnometacarpalis dorsalis.
Scale bars: 1cm.

dedicated to this movement. Instead, the upstroke pre-
pares the wing for the next downstroke (DiaL ef al., 1988)
and the relevant muscle mass is lower (see Table 1).

In the polyborines studied, the m. pectoralis was the
largest muscle of the wing, a feature in accordance with
its important functions during flight. This muscle acts
during the downstroke, generating the lift and thrust re-
quired for flight and counteracting the inertia of the wing
(D1aL, 1992; DiaL & BIEWENER, 1993; ToBALSKE, 2007).
The second largest muscle of the polyborines studied was
the m. scapulohumeralis caudalis, which is also a down-
stroke muscle. This muscle produces the retraction of the
humerus and the ventral rotation of the wing, showing
great activity (DiaL, 1992). Investigations in pigeons
have established that the m. supracoracoideus (the pri-
mary upstroke muscle) is the second largest muscle in the
wing (ToBaLskE, 2007; ToBALSKE & BIEWENER, 2008), but
this does not hold true for caracaras. The significance of
this difference remains to be studied in other birds with
different styles of flight and/or phylogenetic relationship.

Besides the mm. pectoralis and scapulohumeralis
caudalis, the muscles with the largest masses were the
upstroke muscles mm. deltoideus major and supracora-
coideus. Electromyographic data have indicated that the
m. deltoideus major helps the m. supracoracoideus in the
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elevation of the wing and that the m. supracoracoideus
also elevates the humerus and contributes to decelerating
the wing during the upstroke (DiaL, 1992). Poork et al.
(1997) proposed that this muscle also produces the rota-
tion of the humerus. It is difficult to assess the contribu-
tion of the remaining muscles to the Aumerus movements
because they have not been studied with electromyo-
graphic techniques and, consequently, their roles in wing
movements have only been inferred by their anatomical
position (see Raikow, 1985; MEYERs, 1992a; 1998).

The other muscles with considerable mass were those
involved in the movements of the forearm. The m. biceps
brachii, in addition to flexing the forearm, is also a stabi-
lizer of the elbow joint (together with the m. humerotri-
ceps) during the final one-half of the downstroke (DiaL,
1992). The m. scapulotriceps also contributes to the
stabilization of the elbow during flapping flight and the
m. humerotriceps extends the elbow during descending
flight (DiaL, 1992). The m. pronator profundus allows
the rotation of the wing and is intensely active during
takeoff and ascending flight (DiAL, 1992).

The movements of the wrist are performed by sev-
eral muscles but only two of them showed relatively
higher mass: the mm. extensor metacarpi radialis and
the flexor carpi ulnaris. This is concordant with their
important function, since these muscles are responsi-
ble for synchronized extension and flexion of the elbow
and wrist joints (VazQuEez, 1994). Besides, the action of
these muscles is intimately integrated with the “drawing-
paralells” mechanism, i.e. the coordinated movements of
the forearm and manus during the wing beat (for details
see VAZQUEz, 1994). Instead, the lowest mass values of
the mm. extensor digitorum communis, flexor digitorum
superficialis and extensor metacarpi ulnaris are in ac-
cordance with their poor contribution to the movements
of the elbow and wrist (VAzQUEz, 1994).

The small (or intrinsic) muscles that move the digits
represented only a low percentage of the body mass. This
could be related to the restriction in the movements of the
manus during flight, which are subject to strong stresses
(VazqQuez, 1995), and to the fact that it is generally pro-
posed that these muscles contribute little to the mechan-
ics of the flight (BIEWENER, 2011).

Other small muscles of caracaras like those located
near the humeral joint (mm. latissimus dorsi cranialis,
deltoideus minor, scapulo humeralis cranialis and bra-
chialis) are involved in the postural control of the folded
wing (MEYERs, 1992b).

Conclusions and future directions

Although the wing muscles have a multifunctional nature
that complicates the interpretation of their role during
flight (VIDELER, 2000), this study highlights the utility of
muscular mass data to understand and explore the possi-
ble importance of individual muscles or muscular groups
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during this mode of locomotion. This is possible because
the muscle mass is proportional to the maximum mus-
cle power output (BIEWENER & ROBERTS, 2000; ROBERTS,
2001). Moreover, this kind of information, combined
with quantitative information, like electromyographic,
histochemical or muscular architectural data, may al-
low us to achieve an integrative assessment of the mus-
cle function. The lack of similar works in birds prevents
comparison and detailed analysis about how muscle mass
can vary in birds with different flying styles. However,
this analysis is a first step towards the exploration of this
area of study.
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