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Abstract
The Sierra de las Cabras (Lat. 38° 28′ 53″N, Lon. 1° 24′ 52″W) is an exceptional ichnofossil site of late Miocene age, located 
in the Prebetic ranges near the town of Jumilla (Murcia Province, SE Spain). The site contains abundant vertebrate ichno-
fauna preserved in carbonate facies that were deposited in a semi-arid wetland system with shallow ponds and marshes. The 
ichnofauna includes diverse mammal footprints and trackways, which have been recently studied, as well as bird ones, which 
are the target of this paper. We report a total of 51 avian footprints spread over two of the three track-bearing stratigraphic 
surfaces of the site. The detailed study of these ichnites (footprints and trackways) allows their attribution to the ichnogenus 
Fuscinapeda (Sarjeant and Langston, Texas Memorial Museum Bulletin 36:1–86, 1994), as well as to infer diverse patterns 
of bird’s behavior consistent with shallow water wetlands avifauna. Also, we discuss about the possible trackmakers, which 
should correspond to walking birds characterized by long legs, with no hallux or a raised one, which could probably belong 
to the Gruiformes order. The study confirms the presence of Fuscinapeda in the Iberian Peninsula and completes the char-
acterization of the vertebrate ichnofauna of Sierra de las Cabras, a site that joins the nearby Hoya de la Sima ichnofossil site 
to yield the largest and most diverse record of vertebrate ichnites of late Miocene age in southern Iberia.

Keywords Ichnology · Avian footprints · Southeast Iberia · Miocene

Icnofauna aviana del yacimiento de la Sierra de las Cabras (Mioceno superior, Jumilla, SE de 
España)

Resumen
La Sierra de las Cabras es un yacimiento excepcional de icnofósiles de edad Mioceno superior, situado en la zona prebética, 
cerca de la localidad de Jumilla (Provincia de Murcia, SE de España). El yacimiento contiene abundante icnofauna, la cual 
se preserva en facies carbonatadas depositadas en un sistema semiárido de humedales con zonas pantanosas y lagunas poco 
profundas. La icnofauna se asocia a mamíferos diversos, ésta estudiada recientemente, y a aves, la cual es el objetivo de 
este trabajo. Reportamos un total de 51 huellas de aves repartidas en dos de las tres superficies estratigráficas que definen 
al yacimiento. El estudio detallado de estas icnitas (huellas y rastros) permite su atribución al icnogénero Fuscinapeda Sar-
jeant y Langston 1994, así como inferir diversos patrones de comportamiento de las aves, todos consistentes con avifauna 
de humedales someros. Además, se discute sobre los posibles icnopoyetas de las huellas, que deben corresponder con aves 
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zancudas y sin hálux (o con un hálux elevado), probablemente pertenecientes al orden Gruiformes. El estudio confirma la 
presencia de Fuscinapeda en la Península Ibérica y completa la caracterización de la icnofauna de vertebrados de la Sierra 
de las Cabras, un yacimiento que unido al cercano yacimiento de icnofósiles de la Hoya de la Sima proporcionan el mayor 
y más diverso registro de icnitas de vertebrados del Mioceno superior en el sur de Iberia.

Palabras clave Icnología · Huellas de aves · Sureste de Iberia · Mioceno

swamps, and marshes, that could provide the habitat for the 
diverse fauna revealed by the footprints. That ichnofauna 
includes Hippipeda, Rhynoceripeda, Canipeda, Felipeda, 
Ursipeda, Rodentipeda and possible Suipeda, besides the 
Avipeda ichnites studied in this paper. In that environmental 
frame, fresh water was probably yielded by springs located 
at the foot of the carbonate hills. The ichnites were imprinted 
on cohesive, partially consolidated, muddy sediment con-
sisting of marly carbonate, embedded in water at the time 
the animals left their tracks. Due to the physical state of 
the carbonate mud at the time of formation, footprints can 
show evidence of plastic deformation. Vertebrate ichnites 
are reported from the top of three successive limestone beds, 
each 10–20 cm thick, that show a strike of N58°E and a dip 
of 30° SE. For ichnite location reference, the top of the three 
levels were named surface 1, surface 2 and surface 3, from 
base to top. Avian ichnites have been reported from surfaces 
1 and 3, but not from surface 2.

A more detailed description of the fossil site, including its 
stratigraphy and sedimentary facies, as well as a discussion 
about its age, can be found in Herrero et al. (2022).

Fig. 1  Geologic and geographic location (from Herrero et al., 2022)

1 Introduction

This work focuses on the avian ichnites found in the Upper 
Miocene Sierra de las Cabras ichnofossil site (Herrero, 
2008, 2010), and completes a previous paper dedicated to 
the mammal ichnites of that location (Herrero et al., 2022). 
The Sierra de las Cabras site (Lat. 38° 28′ 53″N, Lon. 1° 
24′ 52″W, datum: ETRS89; Fig. 1) is located in the Prebetic 
ranges, near the town of Jumilla (Murcia province), and joins 
the neighbor site of Hoya de la Sima (e.g., Herrero, 1997; 
Perez-Lorente et al. 1997, 1999, 2009; Vilas et al., 2006), 
located about 9 km to the northeast, to form an exceptional 
record of vertebrate ichnites of Late Miocene age in south-
east Spain (Fig. 1).

The sedimentary succession that hosts the ichnites of 
Sierra de las Cabras, which has a latest Tortonian or earliest 
Messinian age (Herrero et al., 2022), consists of carbonates, 
marls and marly limestones, often showing partial dolomiti-
zation. These are stratified in dm- to cm-scale beds that show 
chalky texture and whitish color. Facies include a variety 
of freshwater, palustrine and pedogenic carbonates typical 
of a semi-arid wetland system with shallow ponds, small 
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2  Methods and nomenclature

The working method, referencing of footprints, and general 
terminology and definitions are similar to those described 
in Herrero et al. (2022) and will be herein only briefly sum-
marized. The 60 × 60 cm square grid used in Herrero et al. 
(2022) has been also the basis for this study and is the main 
reference grid to locate the avian ichnites (Fig. 2). The 
longer lines of the grid are horizontal and coincide with 
the strike of the stratification planes, the other lines being 
perpendicular and coincident to the dip. Photographs were 
taken over each square, with the aid of a 60 × 60 cm frame 
with a 5 × 5 cm fine rope mesh. The images were processed 
with Adobe  Photoshop® and translated on a scaled plane 
using  AutoCAD®. We used Adobe  Photoshop®,  Photosynt®, 
 SynthExport®,  MeshLab® and  Paraview® software for image 
3D processing.

We consider a trackway as a sequence of three or more 
tracks left by the same individual during locomotion (Thul-
born, 1990). We use the avian taxobases by de Valais and 
Melchor (2008) and the avian footprint morphometric 
and biomorphic quantification proposed by Brown et al. 
(2003) and García Raguel et al. (2009) (Table 1). Similar 
approaches can be found in recent papers (e.g., Diaz-Mar-
tínez et al. 2011, 2016). We also consider some aspects of 
Xing et al., (2015), despite this paper focuses in Cretaceous 
footprints with emphasis in differentiation between bird and 
small dinosaur footprints.

The reference code given to a footprint consists of the 
site acronym (CBR), followed by the trackway number, a 
dot, and the footprint number of those included in that track-
way. Avian ichnites have the references CBR1 (which a pair 
of footprints, CBR1.1 and CBR1.2) to CBR14 (an isolated 
footprint).

The main elements and features we have used to discrimi-
nate bird tracks, in accordance with Lockley et al. (1992) and 
Brown et al. (2003), are the following:

 (i) Regarding the digits: number of digits (didactyl, tri-
dactyl or tetradactyl); termination (acuminate); posi-
tion; interdigital angle II ^ IV wide open (about 110° 
or more); length (relatively long and thin, III being 
the longest), convergence zone (digits proximally 
joined or not); hallux (printed or not, attached to or 
separated from the foot mark, its location and angle 
with the rest of the digits).

 (ii) Regarding the pes: footprints wider than long (a > l); 
lack of metatarsal mark (in any case, mark of the 
metatarsal-falangian pad); the mark of interdigital 
webs (if exists or not; and in the affirmative case, its 
relative extension, its number, and its position); the 
metatarsal-falangian pad mark (shape, dimension and 
relative depth).

 (iii) Regarding the trackways: avian trackways are very 
narrow.

Characterization and classification of bird tracks is not 
a straightforward task, as there is still strong debate and 
confusion about ichnotaxonomic assignment procedures. 
As pointed by Díaz-Martínez et al., (2011), the lack of a 
normalized methodology is clearly reflected by the large 
number of corrected names in published works, and in the 
abundant clarifications and contradictions, as well as in the 
strong inaccuracies existing in age attributions. Camens 
and Worthy (2019) expose several contradictions relating 
to the relevant avian ichnotaxonomy and propose a method 
for more objectively measuring digit divarication in avian 
footprints, and particularly in those with curved digital 
traces. However they de-emphasize other ichnotaxonomic 
features such as the length and width of the footprints, the 
presence of hallucal impression, the interdigital angle, and 
the termination of the digits (round or acuminate). Rel-
evant to our paper, these authors suggest that the tridactyl 
ichnogenus Fuscinapeda Sarjeant and Langston, (1994) (to 
which we associate the footprints of Sierra de las Cabras, 
see below) could be a junior synonym of the tetradactyl 
ichnogenus Koreanaornis (Kim, 1969; Kim et al., 2012).

Without entering systematic discussions nor formally 
proposing any ichnotaxonomic revisions that would be far 
of the scope of this paper, we must however mention the 
problems that arise when reviewing the literature dealing 
with avian footprint assignation. In fact, it is difficult to 
evaluate if: (1) the features used for ichnotaxonomic deter-
mination are real or mimetic structures produced during 
the formation of the footprint, which can be simple or very 
complex (Boutakiout et al., 2006), or later structures (such 
as the collapse structures produced during the K phase 
(Thulborn & Wade, 1989); (2) there are anatomical foot 
elements, such as digit pads, hallux or claws, that have not 
been marked in the footprints because foot penetration has 
been poor due to the rigidity of the substrate; and (3) the 
marks are simply undertracks that are not reproductions 
indicative of the soles of the feet.

In addition, it must be remembered that Neogene fossil 
birds generally resemble modern taxa, and those that can-
not be attributed to a modern genus or species can usually 
be placed in a modern family with a fair degree of con-
fidence (e.g., James, 2005). In consequence, bird tracks 
should have also changed very little since the Miocene, 
an aspect that points to the need for very accurate charac-
terization of fossil tracks. Tiny morphological variations 
of the ichnotaxonomic characters can be very important 
to understand morphological changes through time and to 
identify the trackmakers.
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Fig. 2  Above, the Sierra de las Cabras site; mesh of the site with the position of the footprint studied. The light of the mesh used is 60 cm. 
Center, the three surfaces with traces. Below, avian footprints, pairs and trackways
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3  Classification adopted for avian footprints

Since the pioneer works of avian footprints by Panin and 
Avram (1962) and Vialov (1965, 1966) different classifica-
tions has been proposed by different authors. In this paper 
we follow the one proposed by Sarjeant and Langston (1994) 
as well as the subsequent modifications by Sarjeant and 

Reynolds (2001), de Valais and Melchor (2008), Lockley 
and Harris (2010), Lockley et al. (2012a), McCrea et al. 
(2014), and Xing et al. (2015).

The first characters to be established for classification 
refer to the interdigital webbing and its extension (Tables 1 
and 2). Sarjeant and Reynolds (2001) compiled the avian 
footprints into three ichnofamilies: Avipedidae, Gruipedidae 

Table 1  Avian ichotaxonomic 
characters, scales and 
nomenclature (from García 
Raguel et al., 2009)

l footprint length, a footprint width, I, II, III, IV, digit length, II^III, III^IV, II^IV divarication or interdigi-
tal angles II-III, III-IV and II-IV

Footprint length Size
 0 to 25 mm Very small
 25 to 50 mm Small
 50 to 75 mm Medium
 75 to 100 mm Large
  < 125 mm Enormous

Pes proportion (l − a)/a
  <  − 0.5 Very wide
  − 0.5 to 0 Wide
 0 to 1 Narrow
  > 1 Very narrow

Digit length/digit width
  > 4 Delicate
 4 to 3 Medium
  < 3 Robust
 General digits size
 I < II < IV < III
 Divarication II^IV
  > 100° Open, high
  < 100° Low

Didactyl Proximally joined digits
Tridactyl Proximally separated digits
Tetradactyl Protruding central pad

hallux: separated//joined (incumbent)
Anisodactyl Three toes forward and one back
Zigodactyl Two toes forward (II,III) and two back (I, IV)
Heterodactyl II, IV pointing forward and I, II pointing back
Syndactyl Two or three toes fused together
Pamprodactyl I and IV can rotate forward and backward
Webb and lobes
 Totipalmate All four toes (1-IV) joined by webbing
 Bipalmate distal (palmate) II-III-IV joined by webbing
 Bipalmate medial (semipalmate) Mesial II-III-IV webbing
 Bipalmate proximal Proximal II-III-IV webbing
 Monopalmate Proximal II-III or III-IV webbing
 Lobate Toes (II-IV) are edged by lobes or skin

Footprint asymmetry
 II ≠ IV Digit length asymmetry
 II^III ≠ III^IV Angular asymmetry
 I, III parallel but separated Asymmetric lateral hallux
 I^III ≠ 180º Asymmetric angular hallux
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and Anatipedidae, the later including the Charadriipedidae 
ichnofamily. In Anatipedidae, the semi-palmate, palmate and 
totipalmate footprints (including Charadriipedidae) can be 
found. Footprints with very small interdigital webbing that 
extend between the three front digits or between two of them 
are not included in this category. Additionally, Lockley et al. 
(2012b) defined Ignotornidae and an indeterminate (webbed) 
ichnofamily that includes the ichnogenus Uhangrichnus 
(Yang et al., 1955). These two later ichnofamilies are pal-
mate or semi-palmate and tetradactyl. Sarjeant and Reynolds 
(2001) grouped the non-webbed tetradactyl ichnites (with 
hallux mark) into the Gruipedidae ichnofamily. However, 
Lockley and Harris (2010) found some limitations in the 
classification of Sarjeant and Reynolds (2001), in which, 
for example, there was no place for the zigodactyl ichnites 
(Li et al., 2005), these with two digits directed forwards and 
two backwards.

Lockley et al., (2012b) also defined the Koreanaornipodi-
dae and Jindongornipodidae ichnofamilies. Currently, there 
are several families included in the tetradactyl group (Grui-
pedidae, Jindongornipedidae, Koreanaornipedidae, and the 
zygodactyl footprints, see Table 2).

The non-webbed tridactyl ichnites (without hallux mark) 
were included in the Avipedidae family, currently divided 
into Avipedidae and Limiavipedidae (as defined by McCrea 
et al., 2014). The Limiavipedidae family arises from the 
modification of Aquatilavipes currei (McCrea & Sarjeant, 
2001), redefined as Limiavipes currei (McCrea et al., 2014). 
Avipedidae and Gruipedidae do not have interdactillary 
webbing, or in any case they are proximal monopalmate. In 
both ichnofamilies the three digits (II-III-IV) are directed 
forward.

Lockley and Harris (2010) highlight the difficulties of ich-
nogenus classification due to the interpretative approaches 

by researchers as well as the extramorphological features 
described in many traces. They conclude that bird ichnology 
must be based on the accurate description of ichnites without 
considering the trackmaker, and always must consider both 
the footprint assemblage and the footprint bearing sedimen-
tary facies.

For the identification and fundamentally for the definition 
of new ichnotaxa, some key aspects should be considered, 
including the recommendations of Peabody (1955) relative 
to the minimum necessary number of footprints of each type; 
and those of Sarjeant (1989), Gatesy (2003) and Romero-
Molina et al. (2003) regarding the variability of ichnotaxo-
nomic features, type of sedimentary surface, and the fidelity 
of the reproduction of the autopodium (stamps). Significant 
variations between footprints of the same trackmaker have 
been described in birds and other tridactyl animals such as 
dinosaurs, even in ichnites of the same animal and site (cf. 
Lallensak et al. 2016; Masrour et al., 2017; Melchor & Val-
ais, 2006; Romero-Molina et al., 2003). There are examples 
of footprints within a single trackway, where the footprints 
can show changes in ichotaxonomic characters large enough 
to be associated with more than one ichnogenus (Romero-
Molina et al., 2003).

All these aspects regarding ichnotaxa determination have 
been considered in our study of Sierra de las Cabras site, 
where the avian ichnites show noticeable variability both in 
shape and dimension. If the above considerations were not 
taken into account, that variability probably would lead to 
erroneous identification of multiple ichnogenera.

De Valais and Melchor (2008) consider that the Gruipe-
didae ichnofamily comprises tetradactyl and tridactyl prints, 
since the same animal can leave footprints of both types in 
the same trackway. In this paper we assume that tridactyl 
footprints cannot be attributed exclusively to the anatomical 
difference of autopodia, but sometimes to abnormalities or 
extramorphological variability. This does not discard the tri-
dactyl or tetradactyl character as an ichnotaxonomic feature. 
We consider that tridactyl footprints associated with tetra-
dactyls in the same trackway (same outcrop and by the same 
trackmaker) may be included in Gruipedidae. This does not 
imply that exclusively tridactyl footprint assemblages belong 
to the Gruipedidae family.

Lockley et al. (2020) assign their Morphotype A (tetra-
dactyl prints) to Avipeda because part of them do not have 
a hallux mark. Thus they do not consider the tridactyl or 
tetradactyl character as an ichnotaxonomic feature, but the 
result of differential preservation, or a problem of real traces 
and undertraces: “… an apparently tridactyl track (without 
hallux trace) on one surface of a thin slab appears tetradactyl 
(with hallux) on the other side of the same slab …” (Lockley 
et al, 2020, p.5). Our criterion in this case is that Morpho-
type A is a tetradactyl imprint.

Table 2  Classification of bird footprints (Morfofamilies) based on 
several authors (see text)

Footprint morphology Morphofamily

Palmate Anatipedidae, Sarjeant and Lanston (1994)
Charadripedidae, Sarjeant and Lanston 

(1994)
Ignotornidae, Kim et al. (2006)
Undetermined, Lockley and Harris (2010), 

includes Uhangrichnus Yang et al. (1995)
Not palmate
 Tetradactyl Gruipedidae, Sarjeant and Langston (1994)

Jindongornipedidae, Lockley and Harris 
(2010)

Koreanaornipedidae, Lockley and Harris 
(2010)

Zigodactyl footprints, Lockley et al. (2007)
 Tridactyl Avipedidae Sarjeant and Langston (1994)

Limiavipedidae, McCrea et al. (2014)
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Lockley et al., (1992, p.123) find that both the proximal 
connection of the digits and the hallux mark are partly a 
function of preservation: “The degree to which individual 
digit impressions are interconnected proximally is also in 
part a function of preservation”. In this paper we consider 
that digits joined or separated proximally are of the same 
ichnogenus when they coexist in footprints of the same 
trackway.

Lockley et al. (1992) considered that the mark of digit 
pads was of interest for the identification of one of the 
tridactyl ichnogenera (Aquatilavipes). However, this char-
acteristic also depends on the substrate and these marks 
are rarely preserved (McCrea & Sarjeant, 2001).

Finally, regarding the size of the avian ichnites, it 
should be noted that some authors consider it as a dis-
criminative ichnogeneric character (Brown et al., 2003), 
despite there are avian ichnogenera that show large size 
variations.

4  Description of avian footprints of Sierra 
de las Cabras

A total of 51 footprints are reported in the Sierra de las 
Cabras site (Table 3). These are distributed as follows: 1 
isolated footprint (CBR14), 4 pairs (CBR1, CBR11, CBR12, 
CBR13; 8 footprints), 8 trackways (CBR2, CBR3, CBR4, 
CBR5, CBR6, CBR7, CBR9, CBR10; 34 footprints), and 
1 group (CBR8; 9 footprints). There are footprints in the 
lower ichnite level or stratigraphic surface 1 (CBR1, CBR2, 
CBR3, CBR4, CBR6, CBR12, CBR13) and in the upper 
ichnite level or stratigraphic surface 3 (CBR7, CBR8, CBR9, 
CBR10, CBR11, CBR14). No avian footprints have been 
found in the intermediate level (surface 2).

The footprints are relatively deep, and the outline is usu-
ally sharp. There are no deformation structures such as base 
breccias (Boutakiout et al., 2006), but there are tensional 
microfractures parallel to the footprint outline, with par-
tial fall of the walls into the hollows of the digits (CBR6.5, 
Fig. 4) as well as a base incision (Boutakiout et al., 2006).

The average pace length (Table 4) is 42 cm and that of 
the stride is 73 cm, almost twice the length of the pace. 
This is consistent with very narrow gauge trackways 
(Ar/a = 0.17 < 0.05) in which the value of the trackway 
deviation is low (3.3 cm).

We attribute to skid marks the striae and grooves behind 
some footprints (for example: CBR2.3, Fig. 3).

It should be noted that most of the ichnites do not show 
pad marks and some of them do not show a mark of the 
proximal interdigital web. We consider these facts as related 

to the imprinting process, as we found in some cases, even 
in ichnites of the same trackway,

The presence of pad, claw and interdigital web marks, 
and syngenetic structures such as microfaults are criteria that 
allow us to confirm they are not underprints but real (true) 
footprints and, perhaps in some cases (Fig. 3), stamps (in the 
sense of photo 1, p. 43 from Brown, 1999).

5  Ichnotaxonomy

Morphofamily Avipedidae
Sarjeant and Lagnston 1984
Diagnosis. Avian footprints showing three digits, all 

directed forward. Digits united or separate proximally. 
Webbing lacking or limited to the most proximal part of 
the interdigital angles.

Ichnogenus Fuscinapeda
Sarjeant and Lagnston 1984
Diagnosis. Avian footprints of small to large size, show-

ing three digits, slim or moderately thick (II to IV). Digit 
III is characteristically more than 25% longer than the lat-
eral digits. Total interdigital span greater than 95° and 
often exceeds 110°. Digits united proximally, frequently 
showing a distinct “heel.” Webbing absent or restricted to 
the most proximal part of the interdigital angles.

Ichospecies Fuscinapeda isp

5.1  Description

The footprints are tridactyl, anisodactyl, and show notice-
able digit length asymmetry (Fig. 3). They are very long 
(l = 11.5 cm in average) and very wide (a = 13 cm; in aver-
age), with pes wider than long ([l − a]/a =  − 0.1). They 
have long digits that join proximally in a wider part that 
is sometimes protruding towards the back. Digit II is the 
smallest (II < IV < III; 6 < 6 < 8.5 cm), III being more 
than 25% longer than any of the lateral digits. The aver-
age length to width ratio for the digits in the trackways 
ranges between 4.5 and 5, so they can be described as 
delicate, almost medium digits (Table 1). In some foot-
prints digit III becomes progressively thinner towards the 
apex (Fig. 3). There are no hallux marks. The divarica-
tion of the digits II^IV is high (> 120°) and the average 
values indicate that the ichnites show angular symmetry 
(II^III = III^IV). The digit pads are barely distinguish-
able as a smooth widening of the footprint outline and 
a slight depression in the sole of the digits (for example 
CBR4.2, CBR7.1, CBR11.1, Fig. 3). There is a prominent 
central (metatarsal) pad that forms a heel (in CBR4.1 the 
area where the three digits meet is bulging). The tip of the 
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Table 3  Measurements and relations of CBR avian footprints and trackways

Footprint (cm) l a Ar Lr P z Ap O II-III-IV II^III^IV^II (l-a)/a Ar/a NE

CBR1.1 N242E
CBR1.2 9 0 6,–,–
CBR2.3 12 12 7-9-5 50,66,116 0 N209E
CBR2.2 4 22 52 105 160 0 ,.., 52
CBR2.1 12 15 54 9-10-6 43,77, 120 −0.2
CBR3.6 N231E
CBR3.5 4 45 88 157
CBR3.4 44 90 164
CBR3.3 47

94
CBR3.1
CBR4.3 N210E
CBR4.2 12 11 53 88 151 5 54,83, 137
CBR4.1 38
CBR5.12 6,7, – N215E
CBR5.8
CBR5.6 N270E

35
CBR5.4
CBR5.3 25 3 53 155  − 24 5,8, – –, 68
CBR5.2 9 4 31 57 146  − 2 –,7,– 90,–
CBR5.1 11 28 5, 9.–
CBR6.7 11 12 7, 8, 6 49, 51, 100 F F N350E
CBR6.6 11 12 6,10,5 58, 65, 123 −0.1
CBR6.5 13 14 7 27 22 43 113 5 6,8,95 55, 69, 124 −0.1 0.5
CBR6.4 11 17  − 1 10 31 67 190 7 6, 8, 6 48, 75, 123 −0.3 −0.06
CBR6.3 11 17 3 21 36 67 156  − 11 –,8, 7 –, 70 −0.3 0.18
CBR6.2 13 4 21 30 59 152  − 4 6, 8, 7 58, 67, 125
CBR6.1 10 32 5, 7, 7 48, 69, 117
CBR7.4 13 12 84 6,11, 6 52, 55, 107 0.1 N7E
CBR7.2 5, 8, 6 67, 67, 134
CBR7.1 13 48 6, 8, 5 55, 51 106
CBR8.9
CBR8.8 10 81
CBR8.7 10
CBR8.6 12 149
CBR8.5 11 111
CBR8.4 9 121
CBR8.3 128
CBR8.2 15
CBR8.1 9 141
CBR9.2 13 –,10, - N320E
CBR9.1 14 55 –,13,–
CBR10.3 13 –,10, 6 –, 66 N53E
CBR10.2 10 13 1,5 20 49 98 154  − 4 6, 7, 3 81, 67, 148  − 0.15 0.1
CBR10.1 12 11 50 5, 9, 6 –, 47
CBR11.2 15 14 6,10,7 64, 72, 136 0.1 N57E
CBR11.1 10 12 56 6,8,7 59, 68, 127 −0.2
CBR12.2 –7, 4
CBR12.1 –,8,–
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digits is acuminate, and the claw mark can be recognized 
in many of the footprints.

Some footprints are monopalmate, with a proximal web 
between digits III-IV (Figs. 3, 4, 5) neighboring the vertex 
of the interdigital angle (for example, CBR6 or CBR10). 
This is a rare feature. Monopalmate footprints have been 
reported in the literature, but between digits II-III (e.g., 
Falk, 2009). Lockley et al. (2020) cite proximal III-IV 
monopalmate footprints, but in tetradactyl tracks.

5.2  Discussion

Because the avian ichnites of Sierra de las Cabras site are 
non-webbed tridactyl footprints, they should correspond to 
Avipedidae or Limiavipedidae ichnofamily (Table 2), but 
Limiavipedidae is restricted to the Cretaceous, and the age 
of Sierra de las Cabras ichnites is Late Miocene.

It should be noted that our procedure to get the length 
of digits (we measure it parallelly to the digit axis, from 
the hipex to the apex) differs from that by McCrea and 
Sarjeant (2001), who measure the digits following straight 
lines from a common point at the back of the footprint 
to the tip of each digit. Application of that method to 
our footprints would result in average digit lengths 
(II//III//IV) longer (7.8//11.7//8.8  cm) than we have 
reported, and also in a larger digit length/width ratio, 
with an average value of 8 instead of 4.5. This is relevant 
because the digit length to width ratio was used by McCrea 
and Sarjeant (2001) to discern between the ichnogenera 
Aquatilavipes (Currie, 1981; McCrea & Sarjeant, 2001) 
(thinner digits: < 15%, > 6.6) and Fuscinapeda (Sarjeant 
& Langston, 1994; McCrea & Sarjeant, 2001) (wider 
digits: > 15%, < 6.6).

Measurements in cm and sexagesimal degrees
l footprint length; a footprint width; Ar trackway deviation; Lr trackway width; P pace length; z stride length; Ap pace angle; O orientation or 
angle between the axis of the print and the adjacent middline; I, II, III, IV digit length; II^III^IV^II divarication or interdigital angles II-III, III-IV 
and II-IV; (l-a)/a variation of pes lengt relative to pes width; Ar/a indicate narrow-wide gauge; NE trackway direction

Table 3  (continued)

Footprint (cm) l a Ar Lr P z Ap O II-III-IV II^III^IV^II (l-a)/a Ar/a NE

CBR13.2 N67E

CBR13.1
CBR14
Average 11 13 3 20 42 73 155  − 4 6–8,5–6 62–62, 122  − 0.1 0.17

Table 4  Average data of 
measurements and relations of 
CBR avian footprints and track

Data in cm and sexagesimal degrees
l footprint length, a footprint width, Ar trackway deviation, Lr trackway width, P pace length, z stride 
length, Ap pace angle, O orientation or angle between the axis of the print and the adjacent middline, II, 
III, IV digit length, II^III^IV^II divarication or interdigital angles II-III, III-IV and II-IV, (l-a)/a variation of 
pes length relative to pes width, Ar/a indicate narrow-wide gauge, direction trackway direction

Footprint l a Ar Lr P z Ap O II-III-IV II^III^IV^II (l−a)/a Ar/a Direction

CBR1 9 50 6, –, – N242E
CBR2 12 14 4 22 53 105 160 0 8, 10, 5 46, 67, 118  − 0.1 N209E
CBR3 4 45 90 160 N231E
CBR4 12 11 40 88 151 5 54, 83, 137 N210E
CBR5 12 3 30 48 150  − 11 5, 8, – 90, 68, – N240E
CBR6 11 15 4 20 30 49 153  − 1 6, 8, 6 54, 68, 119  − 0.2 0.21 N350E
CBR7 13 13 48 84 6, 9, 6 58, 58, 116 0.1 N7E
CBR8 12 –, –, 104
CBR9 13 55 –, 12, – N320E
CBR10 12 12 1,5 20 50 98 154  − 4 6, 9, 5 81, 60, 148  − 0.15 0.1 N53E
CBR11 12 13 56 6, 9, 7 61, 70, 131  − 0.1 N57E
CBR13 67 N67E
CBR14
Average 11 13 3 20 42 73 155  − 4 6–8, 5–6 62, 62, 122  − 0.1 0.17
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Avipedidae includes the ichnogenera Avipeda (Sarjeant 
& Langston, 1994), Aquatilavipes (Currie, 1981), Avia-
dactyla (Sarjeant and Reynolds 2001), Fuscinapeda (Sar-
jeant & Langston, 1994), Ornithotarnocia (Kordos, 1983), 
and Uvaichnites (Díaz-Martínez et al. 2012) [Another two 
ichnogenera, Alaripeda (Sarjeant & Reynolds, 2001) and 
Ludricharadripodiscus (Ellemberger 1980), were also 
included in this ichnofamily in some works, although we 
consider this inclusion disputable because of the tetra-
dactyl character of many of Alaripeda footprints, and the 
semipalmate character of Ludricharadripodiscus]. The 
distinctive features of the five ichnogenera are:

(i) Aviadactila (Sarjeant & Reynolds, 2001) has proxi-
mally separated digits and shows no metatarsal pad 
mark. The middle digit is less than 25% longer than 
digits II and IV and the interdigital divarication II^ IV 
is somewhat greater than 95º.

(ii) Avipeda (Sarjeant & Langston, 1994), consists of small 
footprints and digits of similar length. The middle digit 
is not 25% longer than the lateral ones. The digits are 
partially joined or separated proximally, and the inter-
digital divarication does not exceed 95°.

(iii) Ornithotarnocia (Kordos, 1983) has much thicker dig-
its than the other Avipedidae ichnogenus footprints.

(iv) Uvaichnites (Díaz-Martínez et al., 2012), has the digits 
separated proximally and the metatarsal pad well sepa-
rated.

(v) Aquatilavipes (Currie, 1981; Sarjeant & Langston, 
1994). Defined by tiny to small footprints (< 4.5 cm) 
with delicate digits (l/a > 10) of acuminate termination, 
with visible or deducible metatarsal pad. Currie (1981) 
defined Aquatilavipes from more than 200 very small 
footprints (between 2.0 and 4.4 cm in length) on a sin-
gle stratigraphic surface of Early Cretaceous age. Even 
though the Early Cretaceous age and the very small size 
are for some authors discriminative ichnogenus criteria:

(a) Aquatilavipes specimens have also been cited in 
the Upper Cretaceous (Fiorillo et al., 2011), and 
A. wallacei (Zonneveld et al., 2011), which is 1.5 
to 3 cm long, was defined in the Oligocene.

(b) A. currei (McCrea & Sarjeant, 2001) has a 
medium to large size [l = 9 cm]) with relatively 
thick digits.

The similarity between Limiavipes currei (formerly A. 
currei) and Fuscinapeda (Sarjeant & Langston, 1994) is 
such that McCrea and Sarjeant (2001) concluded that they 

Fig. 3  Significant traces of the CBR site. Outlines (thick) and aux-
iliary lines (thin) showing digital pads (CBR2.1, CBR7.1, CBR7.4, 
CBR11.1). slide marks (CBR2.3) and extramorphological defotma-
tions CBR2.1, CBR6.2, CBR6.4, CBR7.4). Well-marked metatar-
sophalangeal pad in several footprints (CBR4.2, CBR7.1)

Fig. 4  Part of the CBR6 trackway (CBR6.5-CBR6.6-CBR6.7) show-
ing the position of the web and the general shape of the avian foot-
prints. The paces are indicated by black lines. Collapse of the digit 
walls in all three footprints. Marked III-IV interdigital web
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should be distinguished by the relative width of the digits: 
the ichnogenus Aquatilavipes would be defined by a digit 
length to width ratio larger than 6.6; and that lower values 
would correspond to Fuscinapeda. However Azuma et al. 
(2002) found in A. izumiensis (l = 38 mm, Early Cretaceous) 
length to width ratios lower than 5.9 for digit III. Despite 
possible uncertainties associated to different measure-
ment procedures (cf. McCrea & Sarjeant, 2001), and the 
particularities of each imprint determined by the sedimen-
tary material on which it was marked, it was obvious that 
a new combination of characteristics would be necessary 
to clearly separate Aquatilavipes and Fuscinapeda. McCrea 
et al. (2014) revised the A. currei ichnospecies and assigned 
it to the new ichnogenus Limiavipes and ichnofamily Limi-
avipedidae. With this change, the ichnogenus Aquatilavipes 
recovers its original definition in which its individuals are 
small to tiny in size. Limiavipedidae is currently formed 
by Limiavipes (McCrea et al., 2014) and by Wupus (Xing 

et al., 2015) (Fig. 6). According to Xing et al. (2015) Limi-
avipedidae is restricted to the Cretaceous and could occupy 
a similar morphospace that later, in the Cenozoic, would 
occupy the ichnogenera Leptostilostipus, Culcipeda, Grui-
peda and Fuscinapeda.

 (vi) Fuscinapeda (Sarjeant & Langston, 1994) was 
defined as a new ichnogenus (and Fuscinapeda sirin 
Sarjeant & Langston, 1994, as its type ichnospecies) 
from the revision of Avipeda sirin (Vialov, 1965). 
Fuscinapeda (Sarjeant & Langston, 1994) is char-
acterized by narrow termination of digits, pointed 
nails, and digits II and IV inclined towards digit III. 
The angle II^IV can range between 120 and 135°, 
depending on the substrate resistance, and the angle 
II^III is greater than III^IV. Digit pads are often 
observed: three on digit III and two on II and IV. In 
the center of the mark of each digit, a channel paral-
lel to the digit axis can exist, that can be continuous 
or discontinuous. That channel, however, is barely 
observed when the footprints are superficial. The 
orientation is slightly negative (sensu Casamiquela 
et al., 1987), the trackway relatively wide, and the 
pace, although variable, consistently short. Fuscina-
peda is characterized by thick to very thick digits.

The ichnological features of these footprints, including 
size, proximally connected thick digits, asymmetrical digit 
lengths, visible digit pads, and the digit length to width ratio; 
allow to include the avian footprints of Sierra de las Cabras 
within the Fuscinapeda ichnogenus. Lucas et al., (2007); cf 
Abbassi, (2022) doubted the validity of Fuscinapeda as an 
ichnogenus and Abbasssi (2022) say that this ichnogenus 
needs revision because Avipeda sirin (Fuscinapeda sirin) 
“differs from both ichnospecies F. meunieri and F. texana, 
either by size or by morphology”. The large thickness of 
digits in Fuscinapeda varies among their ichnospecies. The 

Fig. 5  Images of CBR6.5: photography, topography and drawing of the visible structures. Total or partial collapse of the walls of the digits. Ten-
sion tracks on both sides of the III marck -near the web-, and behind the footprint—parallel to the heel-digit outline sector. Scale, 10 × 2 cm

Fig. 6  Representation of the holotype of Fuscinapeda texana (Sar-
jeant & Langston, 1994); two Spanish footprints attributable to Fusci-
napeda; Limiavipes currei (McCrea et al., 2014); Wupus (Xing et al., 
2015); and four of the CBR footprints
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thickest are those of F. texana (Sarjeant & Langston, 1994) 
(Fig. 6), followed by F. meunieri (Sarjeant & Langston, 
1994) and then by F. sirin (Sarjeant & Langston, 1994) (cf. 
Krapovickas, 2010), which are notably thinner. Also, F. 
texana is larger than the other two ichnospecies and some-
times is monopalmate III-IV (cf. Sarjeant & Langston, 1994; 
Fig. 6).

According to their characteristics, the avian ichnites of 
Sierra de las Cabras are closer to F. texana than to any of 
the other two ichnospecies, although their specific attribu-
tion to that ichnospecies (or alternatively to a new one) will 
require of further work. Until now, the only ichnites of F. 
texana (Sarjeant & Langston, 1994) reported in the litera-
ture are those of its original definition. It should be noted 
however that paper Sarjeant and Langston (1994) included 
in Fuscinapeda the specimen “Forma F” by Casanovas-
Cladellas and Santafé-Llopis (1982) found in the Oligocene 
of Lérida, Spain (Fig. 7). Shortly after, Prats and López 
(1995) reported another specimen (MG4 -2) of similar size 
and characteristics in the same area, which is similar to F. 
texana in size, morphology of the digits, and the prominent 
shape of the metatarsophalangian pad. However, MG4-2 is 
poorly preserved and does not allow the recognition of a 
possible monopalmate character.

6  Behavior inference

Some aspects of the Sierra de las Cabras trackways allow to 
discuss possible behavior patterns. Among these:

Antarcticnus fuensalidae
Roepichnus grahani
Iranipeda
 Iranipeda millumi

Gruipeda     maxima
Uvaichnites riojana

Charadriipeda
Charadriipeda
Charadriipeda
Leptostilostipus 

Leptostilostipus

Fuscinapeda

   Fuscinapeda
Charadriipeda
Leptostilostipus pirenaicus
Charadriipeda

Limiavipes currei Wupus agilis

Koreanornis

Charadriipeda
Charadriipeda

Fig. 7  Diagram of Spanish avian footprints. The numbers without drawing (11, 16, 23) indicate the position of footprints not drawn because 
there is no image in the references or because the image is not good and does not have a scale

Fig. 8  CBR2. CBR3, CBR4, CBR5. Three parallel trackways with 
incomplete footprints. Possibly the feet are not completely printed 
because the viscosity of the mud did not allow it in this sector
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 (i) CBR6 trackway: It is formed by complete footprints 
and that towards the end turns to the right.

 (ii) CBR3, CBR4, CBR5 trackways (Figs. 4, 8): They are par-
tially or totally formed by incomplete footprints in which 
only the middle digit is marked, are very close to each 
other, and follow the same direction. It is also possible 
that the traces of these three trackways result from partial 
support of the foot, which could be related with walk-
ing accompanied by fluttering. It should be noted that the 
position of the footprints of CBR4 and CBR5 is uncertain 
and is even possible that some of these may not belong to 
the trackway to which they are assigned, because they are 
two almost parallel trackways that intersect each other and 
in which intermediate footprints are missing.

 (iii) Ensemble of CBR7 and CBR9 trackways and CBR8 
group (Fig. 9): The CBR7 and CBR9 trackways inter-
sect in CBR8 and cross it. In this group there are 
pairs of footprints placed laterally in a position which 
is congruent with birds that support both feet on the 
ground (CBR8.3/CBR8.4, and CBR8.6/CBR8.7). 
Despite the crossing of the CBR7 and CBR9 track-
ways takes place in the CBR8 group, the tracks of 
CBR8 do not seem to be related with the birds that 
made CBR7 and CBR9, because the trajectories of 
these pass through the area without any variation.

Such diverse patterns of activity, with trackways in sev-
eral directions, do not suggest a group of birds moving from 
one point to other, nor that the existence of a water line that 
determined movement direction due to separation of water 
from emerged land. Nor is strong variation of depth detected 
depending on the direction of travel, suggesting a flat and 

horizontal walking surface. We assume that the Sierra de las 
Cabras trackways are congruent with two groups of birds (one 
producing the footprints on surface 1 of the site and the other 
on surface 3) and record diverse behaviors, comparable to 
those of the flocks of Calibris studied by Genise et al. (2009).

It is also significant the existence of features in some foot-
prints and trackways that could reveal different response of 
the sediment to the imprint process. Among these are col-
lapse structures (of greater penetration in the mud); incom-
plete (partial) mark of the digits (or lack of impression of 
one or more digits); or, by the contrary, complete mark of 
all three digits and no deformations. These aspects points 
to the possibility that the behavior of the mud was differ-
ent according to sectors, or that the conditions of the mud 
changed through time. However, no trackway seems to cross 
sectors with mud showing very different physical conditions 
(e.g., drier and wetter mud along a pathway). Neither do the 
trajectories cross each other in any case (i.e. birds stepped 
on the same sediment at different times), which prevents 
inferring different behaviors of the sediment through time.

7  Possible trackmakers

The characteristics of footprints produced by a single bird 
are often very variable (e.g., Fiorillo et al., 2011) and thus, 
inference of trackmakers from ichnites can be very difficult 
and problematic, particularly when the number of footprints 
is limited. The size and the morphological similarities may 
not be significant; the later including the number of marks 
of digit pads, the digit divarication, the presence of hallux 
mark, and the nail marks, among others. With these limita-
tions in mind, our aim in this chapter is to comment some 

Fig. 9  CBR7 and CBR9 track-
ways and group CBR8. Possible 
pairs of tracks in stop stance 
(CBR8.2- CBR8.4 y CBR8.6-
CBR8.7). The CBR7 and CBR9 
trackways traverse the sectos 
without changes in trajectory
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persistent features of the Sierra de las Cabras avian foot-
prints that could help to discuss the possible types of birds 
that made them.

The Sierra de las Cabras ichnites show large size, which 
suggests they were probably generated by birds with long 
limbs. This inference is similar to that by McCrea and Sar-
jeant (2001) for Aquatilavipes currei, which was attributed 
to large wading birds. Shortly after, Coria et al. (2002) com-
pared A. currei with footprints by present-day shorebirds.

Another remarkable aspect is the lack of distal interdig-
ital webbing of the Sierra de las Cabras ichnites. This fea-
ture, in large to enormous footprints, is typical of walking 
birds, probably wading ones (Brown et al., 2003). Walking 
birds with footprint size comparable to those of Sierra de 
las Cabras can be Ciconiiformes or Gruiformes (tetra and 
tridactyls), but the tridacyl character of our ichnites dis-
card the Ciconiiformes, which are tetradactyls, and points 
towards Gruiformes, and this order includes both tetra 
and tridactyls. The Gruiformes are characterized by hav-
ing long or short legs, sometimes mesial palmate digits, 
sometimes lobed digits, without hallux or with elevated 
hallux.

In the same way, De Valais and Melchor (2008) assimilate 
non-webbed (or with a very small web) anisodactyl foot-
prints with hallux greatly reduced or absent (incumbent), to 
type 2 bird tracks of Elbroch and Marks (2001).

In summary, the Sierra de las Cabras avian footprints 
were made by walking birds, whose large tridactyl footprints 
are compatible with birds of the Gruiformes order charac-
terized by long legs, sometimes with webbed digits at the 
base, sometimes edged, and with no hallux or a raised one. 
The Gruiformes adapted to semi-arid wetland systems as 
those inferred for the Sierra de las Cabras site (with shallow 
ponds, small swamps, and marshes; Herrero et al., 2022) 
include a diversified group that have developed a series of 
adaptations such as lobed and long digits to move in those 
environments. Cranes, coots, and bustards are among the 
present-day members of this order.

8  Conclusions

A new site of avian ichnites is described from Sierra de las 
Cabras (Jumilla, Murcia), a tracksite that shows an excep-
tional variety of vertebrate footprints. This site provides 
the second description and ichnogenus assignation of avian 
footprints in Messinian sediments of the Iberian Peninsula.

This paper confirms that in Iberia there are footprints of 
Fuscinapeda, an ichnogenus tentatively inferred for certain 
ichnites found in Agramunt (Lérida). It is however the first 
time that the ichnogenus is formally described in the area.

The avian ichnites of the Sierra de las Cabras are the 
largest among those found in Spain, which allows us to 
determine, for now, the maximum size of the Paleogene and 
Neogene fossil birds in the country.

The grouping of avian footprints and their orientation do 
not imply that the trackmaker birds had gregarious behavior, 
although the likelihood is that there were groups that visited 
or inhabited those places. The diversity of trackway direc-
tions both within the trackways of the same ichnotype and 
the total of those found, speak of some animals that roamed 
the area, in principle without a defined direction, but with 
the presence of defined natural conditions (water presence 
of a pond). It is possible but not likely that the prints of birds 
imply family groups because the accumulation of shorebird 
footprints may involve other behavior.

The geological location of the avian tracks of the Sierra 
de Las Cabras in the Southeast of the Iberian Peninsula, reaf-
firms the spatial–temporal distribution model of Paleogene-
Neogene vertebrate ichnites.
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