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Introduction

Predation in raptor birds can be considered as a dis-
tinct habit in the clade Aves (Goslow 1967). This habit is 
reflected on their morphology with a hocked beak, sharp 
talons, a strengthen hindlimb, among others (Hudson 1937, 
1948; Goslow 1967; White et al. 1994; Mosto et al. 2013; 
Mosto and Tambussi 2014). It should be taken into account 
that, in this case, the design of the raptor’s hindlimb is a 
compromise resultant of also other biological needs and 
phylogeny (Goslow 1967; Stoessel et  al. 2013). For this 
condition, a feasible approach to trace specific anatomical 
modifications, for a particular action of a particular form-
function complex, is the comparison of closely related 
species (Engles 1940; Berger 1952; Spring 1965; Gos-
low 1967). Thus, the family Falconidae Leach, 1820 is an 
excellent group of study which has a relatively low num-
ber of species (64) grouped in 11 genera (Dickinson 2003) 
within three well recognized subfamilies: Herpetotherinae, 
Polyborinae Bonaparte, 1837 and Falconinae Leach, 1820 
(Fuchs et  al. 2015). Herpetotherinae and Polyborinae are 
endemic of the Neotropical region, whereas Falconinae is 
cosmopolitan (Fuchs et al. 2012). Moreover, Herpetotheri-
nae has a more restricted distribution on the lowland and 
mid-elevation humid forest of Central and South America 
than the Polyborinae (GRIN 2016). The Falconidae are 
predators that differ in food preference and how to obtain 
it and locomotion (White et al. 1994; Bó et al. 2007). Fal-
cons uses their hindlimb to attack and grip prey on the air, 
Micrastur ruficollis hunts from perches and runs on the 
ground after small prey (White et  al. 1994; GRIN 2016) 
and Caracaras (Polyborinae) scavenge carrion or walk on 
the ground searching for food (Brown and Amadon 1968).
This different use of the hindlimbs may be reflected on 
their myology (e.g. Hartman 1961; Picasso 2015). Detailed 
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myological descriptions for the family are those of Hud-
son (1937, 1948) just for the genus Falco. Berger (1956) 
described the hindlimb muscles of Polihierax semitorqua-
tus Smith, 1836; another Falconinae. Even though the work 
of Jollie (1976a, b, c, 1977a, b, c) regarding this family was 
exhaustive (e.g. osseous, myological, feathers), specific 
details have not been given. Polyborinae members were 
not thoroughly described until recent (Mosto et  al. 2013, 
2016); and to date, there is no description on the hindlimb 
myology of any Herpetotherinae, Herpetotheres or Micras-
tur. This unbalanced amount of information within the Fal-
conidae is probably due to the different geographical distri-
bution of the three subfamilies. Or possibly due to the less 
impressive hunting strategies of Polyborinae or the secre-
tive behavior of Herpetotherinae (GRIN 2016). All things 
considered, studies comparing the myological morphology 
within the family are scarce.

Studies on muscular mass are useful because provides 
information of the potential power of a muscle during 
the activity it performs (Hartman 1961). Greater mass is 
directly related to higher forces, as it has more fibers and a 
greater cross-sectional area (Bock 1974), which ultimately 
enables a better performance of the needed activity.

The objective of this work is to explore the hindlimb 
myology of Falconidae and describe for the first time that 
of a Herpetotherinae member (Micratur ruficollis). This 
information contributes to a better understanding of the 
ecomorphological relationships and the evolutionary his-
tory of this Family.

Materials and methods

A total of seven species were considered in this work (in 
brackets the number of specimens): F. peregrinus Tunstall, 
1771 (1), Falco spaverius Linnaeus, 1758 (5), F. femoralis 
Temminck, 1822 (2), Caracara plancus Miller, 1777 (5), 
Milvago chimachima Vieillot, 1816 (3), M. chimango Vieil-
lot, 1816 (13) and Micrastur ruficollis Vieillo, 1817 (1). 
The specimens of M. chimango and their muscle masses 
are those of Mosto et  al. (2013). The specimens included 
in this work belong to different museums according to 
their availability and only if their musculature was in good 
conditions for its dissection. The specimens were acquired 
from agreements with different entities: Museo Argentino 
de Ciencias Naturales, Bernardino Rivadavia (MACN), 
National Park Nahuel Huapi, Museo de La Plata (MLP).

The description of Micrastur ruficollis was made 
although only stating the differences within the Family. For 
this objective, the descriptions of Hudson (1937, 1948), 
Mosto et al. (2013, 2016) and Mosto (2014) were used for 
comparison. The anatomical nomenclature follows Baumel 
et al. (1993).

In each specimen, a dissection was performed on one 
limb and the other limb was used in case of any doubt. The 
mass of each muscle and bodymass were obtained with a 
digital scale (precision 0.01 g). Dunning (2008) was used 
for bodymass when this data was not available from the 
specimen. For each muscle, the percentage with respect to 
the body mass was calculated, and also, the percentage of 
muscle mass of the hindlimb. Finally, the percentages of 
the muscles were grouped together according to their main 
function (flexion and extension) of the femur, tibiotarsus, 
tarsometatarsus and digits. Muscle action was taken from 
Goslow (1967), Jacobson and Hollyday (1982) and Gatesy 
(1999).

Moran’s autocorrelation coefficient was performed to 
quantify whether the distribution the percentage of muscles 
according to main action (flexion or extension) and joint 
(femur, tibiotarsus, tarsometatarsus or digits) among Falco-
nidae is affected or not by their phylogenetic relationships. 
The Ape package of R 3.3.2 (R Development Core Team, 
2016) was used.

Results

Qualitative differences of Micrastur ruficollis hindlimb 
muscles

In general, the hindlimb muscles of Micrastur ruficollis 
resemble that of the Falconidae (Figs. 1, 2). Only a few dif-
ferences with the Family can be highlighted: (1) the mus-
culus ambiens was even smaller in this species that in the 
other species, where is already reduced. (2) The m. exten-
sor digitorum longus had a calcified tendon along the ante-
rior surface of the tarsometatarsus unlike the Falconidae. 
(3) The m. abductor digiti II extends along the surface of 
the tarsometatarsus. It has a small belly on the proximome-
dial edge of this bone and a long tendon that inserts on the 
proximomedial edge of the first phalange of digit II. In the 
rest of the family, the muscle originates on the distal end of 
the tarsometatarsus.

Although not a difference, the m. flexor cruris medialis 
had the two bellies described by Falco, confirming that this 
muscle, with two distinct bellies, is present in the whole 
family (see discussion; Figs. 1c, d, 2a, b).

Quantitative characteristics of the Falconidae hindlimb 
muscles

The percentage of the total muscle mass of the hindlimb of 
M. ruficollis (8.23%; Table 1) was the highest between the 
other species. Caracara plancus (6.75%; Table 1) was the 
following species after M. ruficollis and the genera Falco 
and Milvago shared similar values (3.7–5.13%; Table 1).
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Considering each muscle isolated, M. ruficollis had 
mostly all muscles with the highest percentage compared 
with the other subfamilies (e.g. m. pubo-ischio-femoralis, 
m. ischiofemoralis, m. femorotibialis medialis, m. tibialis 
cranialis, m. flexor digitorum longus; Table  1). Caracara 
plancus had several muscle with the highest percentage 
(e.g. m. flexor perforatus digiti IV, m. fibularis longus, m. 
flexor cruris medialis (pars proximalis and distalis), m. 
iliotrochantericus caudalis; Table  1). It is also interest-
ing to notice the low value of the m. caudofemoralis in C. 
plancus.

Besides M. ruficollis, the subfamily Polyborinae sur-
passed Falconinae in the values of some of the muscles 
(e.g. m. pubo-ischio-femoralis, m. iliotrochantericus cau-
dali, m. flexor cruris medialis (pars proximalis) m. gastroc-
nemius, m. fibularis longus; Table  1). Both bellies of the 
FCM had a higher mass in Polyborinae than Falconinae but 
it is noteworthy that the belly with the more proximal inser-
tion was much larger in Polyborinae. Instead, Falconinae 
exceeded Polyborinae in the mass of m. tibialis cranialis, 
m. flexor digitorum longus and m. extensor hallucis lon-
gus. Several muscles had a relatively similar mass between 
these two subfamilies: e.g. m. iliotrochantericus cranialis 
et medialis and m. femorotibialis lateralis et intermedius; 
and both, m. fibularis brevis and m. plantaris had a similar 
mass within the Family Falconidae.

Differences among joint and actions

The flexion and extension of the femur, tibiotarsus and tar-
sometatarsus have a similar percentage of mass between 
each other, whereas the difference was noticeable in the 
digits, with the extension having the lowest percentage of 
mass and the flexion the highest one (Fig. 3).

M. ruficollis and C. plancus, as stated above, had the 
highest values compared with the other species (Fig. 3). In 
the femur extension and flexion, tibiotarsus and tarsometa-
tarsus extension, Polyborinae had higher values than the 
Falconinae, whereas the opposite occurred in those mus-
cles that act on the digits, both extension and flexion had 
higher values in Falconinae than Polyborinae.

Table  2 shows that all eight groupings have a p value 
lower than 0.05 at the level of species. This implies that 
all the differences found regarding the muscles are not ran-
dom. For the extension of both the femur and the tibiotar-
sus the segregation was found at the level of genus. The 

Fig. 1   Hindlimb muscles of Micrastur ruficollis. Lateral (a) and 
medial (b) view of the superficial muscles of the hip and knee joints, 
lateral (c, d) and medial (d) view of the deep muscles of the hip joint. 
Scale bar 1 cm, the abbreviations are in Table 1

Fig. 2   Hindlimb muscles of Micrastur ruficollis. Lateral (a) and 
medial (b) view of the deep muscles of the tibiotarsus; anterior (c) 
and posterior (d) view of the deep muscles of the tarsometatarsus. 
Scale bar 1 cm, the abbreviations are in Table 1 
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remaining groupings, all the flexors of the limb, showed a p 
value lower than 0.05 at the level of subfamily.

Discussion

This paper had the aim of comparing the hindlimb muscle 
mass between the three subfamilies of the family Falconi-
dae: Herpetotherinae, Polyborinae and Falconinae. The 
myology pattern, merely the presence and absence of the 
muscles, found on Micrastur ruficollis was similar to that 
of the other members of the family (Hudson 1937, 1948; 
Jollie 1976, 1977a, b, c; Mosto et al. 2013, 2016). Most of 
the differences between them reside on the mass of each 
muscle. It is noteworthy the calcification on the tendon of 
the m. extensor digitorum longus with respect to the other 
Falconidae species. The m. flexor digitorum longus and m. 
flexor hallucis longus were also calcified like in the other 
members of the family (Harcourt-Brown 2001; Mosto et al. 
2013). This characteristic is related to a high force regime 
of the muscle (Ward et al. 2002) or to avoid stretching of 
these long tendons during their actions (Bennett and Staf-
ford 1988; Vanden Berge and Storer 1995). Another differ-
ence found on M. ruficollis was the development of the m. 
abductor digiti II. This muscle extends through almost the 
entire length of the tarsometatarsus in this species, whereas 

in the other two subfamilies, this muscle originates on the 
anteromedial facet on the distal fourth of this bone (Hud-
son 1937; Mosto et al. 2013). This increased development 
of the muscle, due to a larger tendon, gives a higher iner-
tia moment and force, compared to those species where the 
muscle originates at the distal end of the tarsometatarsus 
(Ilyinsky 2008). Added to this longer excursion of the mus-
cle, it should be considered that the tarsometatarsus is as 
large as that of the Polyborinae (Mosto et  al. 2016). This 
feature may be helpful to M. ruficollis while hunting their 
main prey item: reptiles (Thorstrom 2000).

Form and function of the muscles

The mass of a muscle is directly related with the strength 
that it can exert (Lieber 2002). Therefore, with the data 
herein acquired, an approximation towards the importance 
and use of the muscles and joints can be inferred.

Micrastur ruficollis has several features which con-
clude on a relatively large hindlimb muscle mass. First, 
it has a relatively low bodymass (average 161/196 g Dun-
ning 2008; 167.8/233.2  g; Thorstrom 2000 males and 
females, respectively) and an enlarged tarsometatarsus 
(Mosto et al. 2016) which leads to a larger excursion of 
those tendons that originate on the tibiotarsus and insert 
on the digits (e.g. m. flexor digitorum longus). Therefore, 

Fig. 3   Percentage of the muscles of the hindlimb grouped in flexors (fx) and extensors (ex) of the femur, tibiotarsus (Tbt), tarsometatarsus 
(Tmt) and digits. Table 1 shows which muscles were included in each group

Table 2   Moran’s 
autocorrelation index I of 
the percentage of muscles 
according to their joint, 
femur, tibiotarsus (Tbt), 
tarsometatarsus (Tmt) and 
difits; and main action, flexion 
(Fx) or extension (Ex)

Subfamily p.val1 Genus p.val2 Species p.val3

Femur.Ex −0.063 0.781 0.258 0.012 0.302 0.010
Femur.Fx −0.220 0.022 0.247 0.013 0.584 0.000
Tbt.Ex −0.107 0.340 −0.080 0.632 0.167 0.028
Tbt.Fx −0.356 0.000 0.197 0.040 0.572 0.000
Tmt.Ex −0.028 0.924 0.404 0.000 0.673 0.000
Tmt.Fx −0.588 0.000 0.155 0.090 0.508 0.000
Digits.Ex −0.216 0.023 0.062 0.376 0.305 0.006
Digits.Fx −0.578 0.000 −0.167 0.247 0.529 0.000
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it can be interpreted that a reason for the relatively higher 
hindlimb muscle mass is directly connected to these 
results.

The m. caudofemoralis is the only muscle dissected 
here that acts on the tail (Fisher 1957; George and Berger 
1966; Gatesy and Dial 1993) and it had in M. ruficollis a 
large mass compared to that of other species. This could 
be related to the long tail of the forest Falcon that aids 
maneuvering between branches, a common feature in 
birds that live in the forest (White et al. 1994; Fuchs et al. 
2011). On the other hand, C. plancus had the lowest mass 
in this particular muscle, being the only muscle where 
this occurs. A possible explanation is that, between the 
raptors studied here, C. plancus is the only one that soars 
on open areas unlike M. ruficollis (Bierregaard 1994) and 
does not make aerial pursuits like Falco (Cade 1982).

The subfamilies Polyborinae and Falconinae had sev-
eral differences between each other. The muscles mass of 
the hip and knee, both flexion and extension, were higher 
in the former subfamily (e.g. PIF, IC, G, Tables  1, 2; 
Fig. 3). Instead, the Falconinae had a higher mass in the 
digits articulation and the tarsometatarsus flexion (FDL, 
FHL, TC, Tables  1, 2; Fig.  3). This is in accordance to 
the more terrestrial habit of the Polyborinae, which spend 
more time on the ground than the Falconinae (White 
et  al. 1994; Biondi et  al. 2005; Mosto et  al. 2016). The 
muscles of the hip and knee (e.g. m. iliotibialis lateralis, 
m. flexor cruris) are more important while walking on 
the ground (Jacobson and Hollyday 1982; Gatesy 1999). 
On the other hand, Falconinae rely on their feet to grip 
prey while hunting (Goslow 1969; Sustaita 2008). From 
the muscles that are in charge of gripping, only the m. 
flexor digitorum longus and m. flexor hallucis longus 
have higher values in Falconinae. On the other hand, 
the small flexor muscles of the digits (FPPDII; FPPDIII, 
FPDII, FPDIII and FPDIV) have higher values in Poly-
borinae than Falconinae. The FDL and FHL insert on the 
flexor tubercle of the ungueal phalanx (Mosto et al. 2013; 
Mosto and Tambussi 2014), flexing toes from the most 
distal end of the digit. The small flexor muscles insert on 
the proximal phalanges. This difference is in agreement 
with the results found by Backus et al. (2015) as FDL and 
FHL are the most important for gripping, whereas small 
muscles are more important while perching.

As stated before, the m. tibialis cranialis also had a 
higher mass in Falconinae than Polyborinae. This muscle is 
the most important one to flex the tarsometatarsus (Jacob-
son and Hollyday 1982) and it aids, indirectly, while grip-
ping prey when raptors are hunting (Conroy et  al. 1997; 
Ward et al. 2002). It is the second mechanism to close the 
talons, which may function together with the toe flexors 
(Ward et  al. 2002). This muscle probably exerts a great 
force to have a stronger closure of the talons.

The musculi flexor cruris lateralis (FCL) and medialis 
(FCM)

In relation to these two muscles, Falconidae was character-
ized for the absence of the FCL and the presence of FCM 
with a unique double belly among birds (Hudson 1937, 
1948; Berger 1956). This feature was attributed to the 
whole family even though only members of the Falconinae 
subfamily were described at that time. Recently, Polybori-
nae species were studied (Mosto et al. 2013, 2016; Mosto 
2014) and it was concluded that the FCL was present and 
that the FCM had a longitudinal division without being 
able to distinguish the two different portions previously 
described (Mosto et al. 2013, 2016).

The status of these muscles is reconsidered in this paper. 
The muscle that originates on the posterior limit of the 
processus terminalis ischii of the pelvis and inserts on the 
proximomedial region of the tibiotarsus (Mosto et al. 2013) 
is identified as the second belly of the FCM of Falco for 
Hudson (1937, 1948) and Berger (1956) and as the FCL 
of Polyborinae for Mosto et al. (2013, 2016). In this paper, 
this muscle is named m. flexor cruris medialis pars proxi-
malis [FCM (p), Fig. 1 for M. ruficollis].

Besides the terminology of the muscle, Table  1 shows 
that there is a great difference of mass between the FCM 
(p) in Polyborinae than Falconinae (almost twice as large) 
having an important role for the Polyborinae related to the 
terrestrial locomotion of the subfamily (Mosto et al. 2013, 
2016). Given the topography of the belly, this muscle 
might aid to extend the hip while walking on the ground. 
This muscle has the same origin and insertion of the FCL 
described for the Polyborinae (Mosto et  al. 2013) and its 
morphological variability towards different lifestyles within 
a family has been previously recorded (Mckitrick 1986, 
1993). However, as this belly does not pass above the m. 
caudofemoralis—as it generally does (George and Berger 
1966)—it cannot be considered as FCL with total certainty 
in the Falconidae. But, in this group, the m. caudofemoralis 
passes above both flexor cruris as it does not have the pars 
pelvica, being possible to remove both muscles without 
removing the CF.

Another possible scenario is that the proximal belly of 
the FCM described by Hudson (1937, 1948) for Falco and 
by Berger (1956) for Polihierax semitorquatus might be, in 
fact, the FCL. And the only difference resides in the topog-
raphy regarding the m. caudofemoralis. A similar condi-
tion occurs with the topography of the tendon of insertion 
between the m. ambiens and the m. iliofibularis in Falconi-
dae (Hudson 1937, 1948; Mosto et al. 2013; Mosto 2014). 
In most birds, the tendon of insertion of the m. ambiens is 
medial to that of the m. iliofibularis being unique in Falco-
nidae, where the converse situation occurs (Hudson 1937). 
Even within the family there are several arrangements of 
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both tendons, for example, in Caracara plancus the ten-
don of the m. ambiens crosses laterally the tendon of the 
IF, whereas in Falco femoralis both tendons run parallel to 
each other (Mosto 2014).

The discussion about the correct identification of this 
belly is kept open, the methodology used here is not suffi-
cient and a possible solution would be to study its embryo-
genesis to elucidate this problematic.

Form and function are related (Bock 1965) and the 
hindlimb of the family Falconidae is another example 
of this statement. With the results gather in Mosto et  al. 
(2016) and this work, it is conclusive that the morphologi-
cal pattern of the hindlimb of the three subfamilies seems 
to be related to their habits. In Polyborinae, the myological 
features (e.g. predominance of the extensor of the femur) of 
the hindlimb are according to their terrestrial locomotion 
rather than an aerial pursuit. Whereas those who need to 
grip prey, Falconinae and Herpetotherinae, have a greater 
development of the muscles that flex the digits.
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