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1 |  INTRODUCTION

Given its importance in animal life, locomotion is a be-
haviour with great influence on animal morphology, ecology 
and physiology (Dickinson et al., 2000). Skeletal muscles, 
together with the skeletal system, are the motor and lever 
that make an animal move (Kardong, 2011; Wolff, 1991). 
Muscles play different roles, which can be seen reflected 
in their structure, from the sarcoplasm to the whole muscle 
(Gans & Gaunt, 1991). For example, walking and running 
birds have hind limbs with well‐developed extensor muscles, 
which provide body support and propel the body forward 
(Hutchinson, 2004; Mosto, Carril, & Picasso, 2013; Picasso, 

2010; Picasso, Tambussi, Mosto, & Degrange, 2012; Smith, 
Wilson, Jespers, & Payne, 2006), whereas aerial feeding 
birds, like certain oscines, have muscle features that favour 
flexion and adduction of their hind limbs, which is aerody-
namically advantageous during flight (Moreno & Carrascal, 
1993).

The tail of birds is a unique locomotor region due to its inti-
mate association with wings and because both work in coordi-
nation during flight (Felice & O'Connor, 2014; Gatesy & Dial, 
1993, 1996; Videler, 2006). It is a peculiar structure (Videler, 
2006) that consist of, externally, the feathers (rectrices) that 
are supported, internally, by an oval structure named bulbus 
rectricium, which is located on each side of the pygostylus 
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Abstract
Caracaras, falcons and forest falcons, which are representative of the three subfami-
lies of the family Falconidae, have different flight behaviour. Since, during flight, the 
tail works in coordination with the wings, the tail muscles could be indicative of the 
type of flight behaviour. The aim of this work was to describe in detail the little‐
known tail muscles of the Falconidae and to explore their possible association with 
this different behaviour, by using the muscle mass as an indicator. To this end, the 
tail muscles of 18 specimens representing the three subfamilies of Falconidae were 
dissected, weighed and their percentage to the body mass calculated. The possible 
differences in tail muscle mass between Falconinae and Polyborinae were explored 
with a Bayesian statistical approach. In all species, the muscles depressor caudae 
and levator caudae had the highest mass values (0.028%–0.329% and 0.120%–
0.274%, respectively), in accordance with the key movements performed during 
flight, that is, the tail depression and elevation. The total muscle masses of Falconinae 
and those of Polyborinae were significantly different (p < 0.05). This difference can 
be related with the different flight behaviour of falcons and caracaras, that is, fast and 
erratic flight, respectively.
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(Baumel et. al., 1993; Zusi & Bentz, 1984). This bulbus rec-
tricium is formed by muscular, connective and adipose tis-
sues. The remaining components of the tail are the free caudal 
vertebrae and the muscles (Baumel et al., 1993; Gordon, 
Blickhan, Dabiri, & Videler, 2017; Videler, 2006). Among 
other functions, the tail performs an aerodynamic function, 
so its external shape is variable according to the aerodynamic 
properties and, in consequence, to the bird's ecology and flight 
behaviour (Felice & O'Connor, 2014; Thomas, 1993). Indeed, 
most studies of the tail in birds focus on its aerodynamic func-
tion (e.g., Thomas, 1993, Thomas, 1996a, 1996ba,b), setting 
aside the study of the internal morphology like the muscula-
ture or the skeleton. As an exception, the study of Felice and 
O'Connor (2014) explored the morphology of the pygostyle 
in underwater foraging birds. The tail of birds is moved by 
the action of a few and poorly studied muscles (Gordon et al., 
2017; Raikow, 1985; Videler, 2006), which are independent of 
the trunk and hindlimb muscles, allowing the specific control 
of the rectrices (Gatesy & Dial, 1993).

Previous studies have only described the muscles (George 
& Berger, 1966; Zusi & Bentz, 1984) or explored the com-
plete morphology of the tail (Baumel, 1988) or the pattern 
of electrical activity of the muscles (Gatesy & Dial, 1993, 
1996). In the past, a few studies have vaguely explored the 
variation in the tail bird musculature in taxa with different 
flight behaviour (Fisher, 1946; Owre, 1967). More recently, 
the work of Moreno and Møller (1996) was the only one 
that provided quantitative information with an ecological 
interpretation in swallows (Hirundinidae, Passeriformes). 
The family Falconidae, which has three recognised subfam-
ilies (Polyborinae, Falconinaeand Herpetotherinae) (Fuchs, 
2015; Fuchs, Johnson, & Mindell, 2012), is a diverse lin-
eage of diurnal raptors that shows diversity in their flight 
behaviour. The Falconinae (falcons) are cosmopolitan aerial 
predators that pursuit their prey at high speeds (Sustaita, 
2008; White et al., 1994); the Polyborinae (caracaras) are 
neotropical generalists that have a slow and erratic flight 
and commonly walk on the ground looking for their prey 
(Fuchs et al., 2012; Sustaita, 2008; White et al., 1994; 
Winkle et al., 2015); and the Herpetotherinae (forest and 
laughing falcons) are neotropical birds that inhabit humid 
forests and little is known about their behaviour (White et 
al., 1994; Winkler, Billerman, & Lovette, 2015). Regarding 
the latter, it has been reported that Micrastur spp., among 
which M. ruficollis is the best‐known species, are agile 
flyers among the foliage (Canevari, Carrizo, & Canevari, 
1991) that hunt insects and small birds and reptiles from 
perchs or on the ground, and that Herpetotheres cachin-
nans hunts mainly snakes (Costa, Lopes, Freitas Marçal, 
& Zorzin, 2014). Previous studies have demonstrated that 
the Falconidae—at least falcons and caracaras—show mor-
phological features in their locomotor system that are re-
lated with the locomotor behaviour. Terrestrial caracaras 

have elongated hindlimbs with predominance of extensor 
musculature (Mosto et al., 2013; Mosto, Picasso, & Biondi, 
2016), whereas falcons are powerful fast‐flying birds, 
whose wings show greater muscle mass than those of cara-
caras (Picasso & Mosto, 2018) and whose legs have a pow-
erful flexor muscle in their digits (Mosto, 2017). Thus, it is 
possible to wonder whether the muscle features of the tail 
of the Falconidae can be linked to their flight behaviour. 
In these raptors, the internal morphology of the tail is al-
most unknown, with only two studies performed more than 
40 years ago: that of Jollie (1977), who presented a brief 
and undetailed description of some muscles of the tail, and 
that of Richarson (1972), who briefly described the pres-
ence of accessory bones present in the pygostyle. Thus, new 
and updated information is necessary to increase the mor-
phological knowledge of these birds. The aim of the present 
study is to provide a complete description of the tail mus-
culature of the Falconidae and to explore whether the mus-
cle mass might be related with the different types of flight 
behaviour of the most terrestrial raptors (Polyborinae) and 
the most aerial ones (Falconinae).

2 |  MATERIALS AND METHODS

2.1 | Specimens
A total of 18 specimens representing the three subfamilies 
of the Falconidae were studied (Supporting Information 
Table S1): eight Polyborinae (Caracara plancus‐crested 
caracara‐, Milvago chimango‐chimango caracara‐, and 
M. chimachima‐yellow headed caracara‐); nine Falconinae 
(Falco peregrinus‐peregrine falcon‐, F. sparverius‐
American kestrel‐, F. femoralis‐ aplomado falcon‐, 
F. subbuteo‐Eurasian hobby‐ and F. tinnunculus‐common 
kestrel‐); and one Herpetotherinae (Micrastur ruficollis‐
barred forest falcon‐).

The origin of the materials is multiple (Supporting 
Information Table S1). Specimens with the acronym IZW be-
long to the Leibniz Institute for Zoo and Wildlife Research in 
Berlin, Germany, an institution that receives carcasses from 
donations or confiscations, which are available for research. 
Specimens with the acronym MLP (Colección anexa de la 
División Paleontología Vertebrados, Museo de La Plata) 
come from La Marcela farm (26°17035″S; 59°06,067″W), 
Pirané, Formosa Province, Argentina, with authorization of 
the Ministerio de la Producción y Ambiente, Dirección de 
Fauna y Parques of Formosa province, Argentina (guía de trán-
sito nº 003384), and from Buenos Aires province, Argentina: 
Programa de Control de Aves en Rellenos Sanitarios y Áreas 
Aledañas (ProCoA).The specimen of Micrastur ruficollis 
was killed accidentally on a road of the Iguazú National Park, 
Misiones Province, Argentina (Administración de Parques 
Nacionales, PNº 1380).
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All birds were unsexed healthy adults, with their muscula-
ture undamaged and in good condition for dissection.

2.2 | Data collection
The body mass of each specimen was weighed with a digital 
scale (0.1‐g precision), and, whenever this was not possible, 
body mass data were taken from Dunning (2007). The tail 
muscles were unilaterally dissected during a 6‐month period 
following storage and only if the muscles were in good con-
dition (not torn or dry). They were defrosted, photographed, 
carefully removed and weighed with a digital scale (0.01‐g 
precision). The percentage of each muscle and the total tail 
muscle mass (defined as the sum of the individual muscles) 
with respect to the body mass was calculated.

2.3 | Muscles and anatomical nomenclature
The following muscles were studied: levator caudae, later-
alis caudae, pubocaudalis externus, pubocaudalis internus, 
caudofemoralis and depressor caudae (Figure 1). The muscle 
bulbi rectricium was described only qualitatively and not con-
sidered in the quantitative analysis due to its complex origins 
and insertions and difficulty in its correct isolation. The mus-
cle adductor rectricium was also not considered because it is 
composed of several small muscles which interconnect the 
bases of the rectrices (Gatesy & Dial, 1996; Raikow, 1985), a 
complexity that prevents its precise identification and extrac-
tion. The muscle caudofemoralis was studied as a tail muscle, 
given the double function that performs: it is active during 
flight and terrestrial locomotion (Gatesy & Dial, 1993). The 
anatomical nomenclature followed Baumel et al. (1993) and 
the abbreviations used in the text are: m. (musculus) and mm. 
(musculi). The muscle descriptions are the same for all spe-
cies and only differences between them are mentioned.

2.4 | Data analysis
The muscle mass is proportional to the maximum muscle 
power output (Biewener & Roberts, 2000; Roberts, 2001) 
and several studies have shown that great muscular masses 
are related with the main role that muscles perform dur-
ing locomotion (e.g., Hartman, 1961; Hutchinson, 2004; 
Mosto, 2016; Picasso, 2015). Thus, we here compared the 
Falconinae and Polyborinae by using the tail muscle mass 
as an indicator of its possible relationship with the type of 
flight. We used a Bayesian approach, with normal and non‐
informative prior distribution, to calculate the 95% Bayesian 
Credible Intervals (95%BCIs) with the mean and the 2.5th 
and 97.5th percentiles of the distribution for each tail muscle 
and the total tail muscles of the Falconinae and Polyborinae. 
Differences were identified when BCIs did not overlap and/
or p‐value was <0.05. The software WinBUGS 1.4.3 (Lunn, 
Thomas, Best, & Spiegelhalter, 2000) (https://www.mrc-bsu.
cam.ac.uk/software/bugs/) was used to generate 100,000 
samples from the posterior distributions for each of the analy-
ses after discarding the initial 10,000 samples as “burn in”. 
The Bayesian statistical approach is progressively being used 
in many fields of science (Ellison, 2004; Silva & Benavidez, 
2001; Wade, 2000), offering an alternative to analyse data 
with small samples (Lee & Song, 2004; Wade, 2000). The 
Bayesian approach is based on the posterior distribution 
where the parameters are random quantities (Stokes, Chen 
& Gunes, 2014) (in classical statistics, the parameters of in-
terest respond to a fixed model of distribution). Thus, in the 
BCIs, the mean of a posterior distribution is the estimate of 
the parameter and its percentiles provide the credible inter-
vals (Stokes et al., 2014). The p‐values for each pair of indi-
vidual muscles and for the total muscle mass were performed 
with the Bayesian Module in the EPIDAT software (https://
www.sergas.es/Saude-publica/EPIDAT-4-2).

F I G U R E  1  Schematic drawings 
showing the approximate position of the 
muscles with respect to the skeleton. In the 
box is the detailed osseous regions of pelvis, 
caudal vertebrae and pygostylus [Colour 
figure can be viewed at wileyonlinelibrary.
com]

https://www.mrc-bsu.cam.ac.uk/software/bugs/
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3 |  RESULTS

3.1 | Muscle description

The m. levator caudae (Figure 2a,b) only had the pars verte-
bralis. It is a fleshy muscle that originates on the dorsal sur-
face of the mid‐posterior part of the postacetabular ilium and 
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synsacrum. Once this muscle is removed, it leaves a well‐
distinguished impression (Figure 3a,b). It inserts into the 
conjunctive tissue of the bulbus rectricium. Also, the muscle 
gives off several small tendons which attach on the proces-
sus spinosus of each vertebra caudalis libera. In Micrastur 
(Figure 2g,h), the muscle has a second small fleshy por-
tion that originates on the dorsal surface of the processus 

transversus of the last three vertebrae caudales liberae and 
inserts into the bulbus rectricium.

The m. lateralis caudae (Figure 2b,e,f,g) originates fleshy 
from the processus transversus of the first three vertebrae 
caudales liberae and on a small area on the caudal margin 
of the ilium (Figure 3b). The muscle inserts fleshy into the 
conjunctive sheet of the external rectrices.

F I G U R E  2  Gross morphology of the tail muscles (a) Dorsal view of Milvago chimango showing the m. levato rcaudae and the posterior 
region of the pelvis, (b) Lateral view of Caracara plancus with the mm. levator caudae and pubocaudalis externus remove, (c) Lateral view of tail 
of Caracara plancus showing two portions of the m. depressor caudae, (d) Detailed view of the m. pubocaudalis internus of Caracara plancus 
showing their raphe, (d) lateral view of the tail muscles of Falco peregrinus, (e) lateral view of the tail muscles of Falco femoralis with the m. 
caudofemoralis removed and showing the m. depressor caudae, (g) and (h) lateral view of the tail muscles of Micrastur ruficollis with the muscles 
removed partially and showing the mm. levator caudae and lateralis caudae (g) and the mm. caudofemoralis (partially removed) and depressor 
caudae (h).The arrow indicates the cranial direction. The (*) indicate the“m. transversus cloacae” (see text for details). Scale bar: 1cm [Colour 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3  Muscular maps showing the muscular origins on the pelvis, using the pelvis of Caracara plancus as example (MLP 719), (a) 
dorsal view and ventral view (box) (b) caudal view, (c) lateral view. The (*) indicate the origin of the “m. transversus cloacae” (see text for details). 
Scale bar: 1 cm [Colour figure can be viewed at wileyonlinelibrary.com]
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The m. pubocaudalis externus (Figure 2e,f) is a flat 
muscle that originates fleshy on the distal third of the pubis 
(Figure 3c) and inserts, also fleshy, into the conjunctive sheet 
of the outermost rectrix feather. It is intimately related with 
the M. pubocaudalis internus.

The m. pubocaudalis internus (Figure 2d) is a flat mus-
cle with a fleshy origin on the internal aspect of the pubis and 
the caudal margin of the ala ischii (Figure 3c). It inserts into 
the ventral surface of the conjunctive sheet of the rectrices 
and into the basis pygostyli. In Caracara plancus, this muscle 
has a tendinous raphe in the middle of the belly.

The m. caudofemoralis (Figure 2b,d,e,h) only has the 
pars caudalis, while the pars pelvica is absent. It is a strap‐
like muscle that originates by a small tendon on the aponeu-
rosis cruciata. The muscle tapers and gives rise to a short 
tendon that inserts into the caudal proximal half of the di-
aphysis of the femur. In Falco and Micrastur, the tendon of 
origin arises from the ventral surface of the accessory bones 
of the pygostylus.

The m. depressor caudae (Figure 2b,c,f,h) is a complex 
muscle with several portions and the largest muscle of the 
tail. In Milvago, Micrastur and Falco, the muscle has two 
portions. In Milvago, both portions originate fleshy on the 
posterior edge of the ilium Figure 3b) and insert into the 
conjunctive sheet of the rectrices. In Micrastur ruficollis, 
the origin of both portions is similar to that of those of 
Milvago, but instead, the sites of insertion are different. The 
superficial portion inserts fleshy into the basis pygostyli, 
whereas the deep one inserts into the accessory bones. In 

Falco species, the superficial portion originates from the 
ventral surface of the processus transversus of the free cau-
dal vertebrae and inserts fleshly into the basis pygostyli. 
The deep portion originates from the caudal margin of the 
ilium (Figure 3a) and from the ventral surface of the proces-
sus transversus of the first two vertebrae caudales liberae. 
The muscle inserts by a tendon into the bulbus rectricium.

In Caracara plancus, the m. depressor caudae has three 
portions. The most superficial one originates fleshy along the 
ventral surface of the processus transversus of the vertebrae 
caudales liberae and inserts into the ventral surface of the 
conjunctive sheet of the rectrices. The intermediate portion 
originates fleshy on the first vertebra caudalis libera and in-
serts into the conjunctive sheet of the rectrices. The deep por-
tion originates fleshy on the caudal margin of the ilium and 
ischium (Figure 3a). The insertion of this belly is by a tendon 
into the bulbus rectricium.

The m. bulbi rectricium (Figure 2b‐e) is a wide and flat 
muscle that envelops the sheet of connective tissue of the 
rectrices. This muscle showed no noticeable differences be-
tween the birds studied.

In Caracara plancus and Falco species, there is a small 
thin band‐like muscle (Figure 2b,e) with a tendinous origin 
on the caudal edge of the ilium, next to the origin of the deep 
portion of the m. depressor caudae, and a fleshy insertion 
into the belly of the m. pubocaudalis externus. This muscle is 
located over the m. caudofemoralis and is visible when the m. 
levator caudae is removed. It could be the dorsal portion of 
the m. transversus cloacae (see Discussion section).

F I G U R E  4  Bar graphic showing the 
percentages of the muscles with respect 
to the body mass, (a) The total tail muscle 
mass in each subfamily, (b) the individual 
muscle mass in each species study. Note 
the high values of mm. levator caudae and 
depressor caudae [Colour figure can be 
viewed at wileyonlinelibrary.com]
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3.2 | Muscle mass
The total muscle mass of the tail with respect to the body 
mass ranged between 0.448% and 0.884% among the sub-
families (Figure 4a). The highest proportions were found in 
Micrastur ruficollis (0.884%) and in the falconines (0.714%), 
whereas the lowest values were found in the polyborines 
(0.448%) (Figure 4a, Supporting Information Table S2).

Regarding individual muscles, the mm. depressor cau-
dae and levator caudae were the ones with the highest 
proportion of body mass, with values that ranged between 
0.028%–0.329% and 0.120%–0.274%, respectively (Figure 
4b, Supporting Information Table S2). Instead, in Falco 
peregrinus and Micrastur ruficollis, the m. levator cau-
dae was the only one with the highest proportion (Figure 
4b, Supporting Information Table S2). The m. pubocauda-
lis internus was the third largest muscle (0.062%–0.133%), 
except in F. femoralis, where the m. pubocaudalis externus 
was heavier than the m. pubocaudalis internus (Figure 4b, 
Supporting Information Table S2). The remaining muscles 
had a lower proportion that ranged from 0.024% to 0.146% 
(Figure 4b, Supporting Information Table S2). The credible 
intervals of the total muscle masses of Falconinae and those 
of Polyborinae were significantly different (p < 0.05, Figure 
5 Supporting Information Table S3). Regarding the analysis 
of the individual muscles, only the mm. levator caudae, pu-
bocaudalis externus and lateralis caudae were different be-
tween the two subfamilies (p < 0.05) (Figure 5, Supporting 
Information Table S3).

4 |  DISCUSSION

The tail myology is a promising field of study that may con-
tribute to detecting the association between morphological 

and ecological characteristics and may help to understand how 
morphology influences bird life (Dial, 2003; Wainwright, 
1996).

In the present study, the gross anatomical features of the 
tail muscles found in Falconidae were very similar to those 
of other birds (Baumel, 1988; Baumel et al., 1993; George 
& Berger, 1966; Raikow, 1985; Zusi, 1985; Zusi & Bentz, 
1984). The tail muscles were characterised by the predom-
inance of fleshy origins and insertions and bellies with a 
fusiform or band‐like aspect. Also, the muscles with single 
bellies were common, except for the m. depressor caudae, 
which showed two or more bellies. The muscle identified as 
“transversus cloacae” remains to be confirmed. The muscle 
most similar to this one is the dorsal part of the m. transversus 
cloacae described for the Trochilidae (hummingbirds) (Zusi 
& Bents, 1984). In these birds, the origin of the dorsal portion 
is similar to those of Caracara plancus and Falco, but the 
insertion is into the wall of the cloaca (Zusi & Bents, 1984). 
Instead, in C. plancus and Falco, the insertion is into the m. 
pubocaudalis externus and would not have direct action in 
the movement of the cloaca.

The pattern of mass values of each tail muscle was simi-
lar in all the species studied, being the m. depressor caudae 
the most well‐developed muscle, followed by the m. levator 
caudae. Their greater masses suggest that the depression and 
elevation of the tail are key movements in tail performance 
and that the remaining muscles with lower mass perform ac-
cessory roles assisting in the movements of depression, ro-
tation or rectricial spread (Raikow, 1985). Comparison with 
other birds is difficult due to the scarcity of similar data. 
However, Moreno and Møller (1996) found a similar pattern 
in the muscle mass in Hirundinidae (swallows) because they 
found that the m. depressor caudae and the m. levator cau-
dae were the muscles with greater mass. These authors con-
cluded that the m. depressor caudae is crucial to counteract 

F I G U R E  5  Box plot showing the BCIs for each muscle and for the total tail muscle mass (TM) in Falconinae and Polyborinae. 
Abbreviations: LEC: m. levator caudae, LAC: m. lateralis caudae, PE: m. pubocaudalis externus, PI: m. pubocaudalis internus, C: m. 
caudofemoralis, DC: m. depressor caudae [Colour figure can be viewed at wileyonlinelibrary.com]
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the upward action of the air on the tail surface (Moreno & 
Møller, 1996), which could be true not only for swallows but 
also for Falconidae.

Several muscles (levator caudae, lateralis caudae, and pu-
bocaudalis externus) showed greater mass in falcons than in 
polyborines. It is possible to infer that, in falcons, this could 
be related with their agile and fast flight, but the absence of 
studies that relate tail movements and muscle activity prevents 
reaching a more detailed conclusion. Interpretations are also 
hampered by the fact that some of these muscles perform other 
functions. As an example, the m. levator caudae is also active 
while walking (Gatesy & Dial, 1993) and both mm. pubocau-
dales are involved in the respiratory movements along with the 
m. caudofemoralis (Baumel, Wilson, & Bergren, 1990).

Falcons and caracaras showed different values in their 
total tail muscle masses, which might be indicative of their 
importance in flight behaviour. The greater proportion of 
tail muscle mass in falcons could be related with their fast 
flight, since this may contribute to improving their agility and 
the role of the tail: as a rudder when the bird is turning or 
for control of pitching movements (Raikow, 1985; Videler, 
2006). Instead, the relatively lower value of tail muscle 
mass of caracaras can be related with their slow and erratic 
flight (Ferguson‐Lees & Christie, 2001; White et al., 1994). 
Although speculative, the great tail muscle mass of Micrastur 
ruficollis may be related with the great manoeuvrability of its 
flights (Canevari et al., 1991), a skill needed to fly in dense 
forest (Thomas & Balmford, 1995).

Integrating this information with previous studies, a dif-
ferent set of morphological features related with the loco-
motor apparatus can be recognised among the Falconidae 
members. Caracaras, which are opportunistic and terrestrial, 
are known by their long legs and great muscle mass useful 
for hind limb extension, which is necessary for an efficient 
walk on the ground (Mosto, 2017; Mosto et al., 2013, 2016). 
Compared with falcons, caracaras have a smaller proportion 
of wing musculature (Picasso & Mosto, 2018) and relatively 
low values of tail muscle mass (this study). In contrast, fal-
cons are powerful flyers with short legs and a relative higher 
mass in several grip‐flexor muscles (Mosto, 2017; Mosto et 
al., 2013, 2016). Compared with caracaras, falcons have a 
great muscle proportion in their wings (Picasso & Mosto, 
2018) and tail (this study). Finally, Micrastur ruficollis is 
an agile flyer in dense forests (Canevari et al., 1991), with 
high values of tail muscle mass similar to those of Falco 
species. It has long hindlimbs (similar to those of the 
Polyborinae) with values of muscle mass higher than those 
of the Polyborinae and Falconinae, which could be related 
to its hunting behaviour (Mosto, 2017; Mosto et al., 2013). 
The results of the present study may hopefully contribute to 
a better understanding of the tail myology in birds and its 
association with the different types of flight behaviour.
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