Earth and Environmental Science Transactions of the Royal Society of Edinburgh, 106, 257-276, 2017

Hind limb morphometry of terror birds
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ABSTRACT: The hind limbs of birds have long been considered a key feature in the conquest of
different environments. However, the high level of morphological diversity encountered complicates
the foundation of a good theoretical correlation between morphology, locomotor habits and sub-
strate preference and this, in turn, complicates palacobiological interpretations. Phorusrhacids
(Aves, Cariamiformes) are a good example, since they have been unequivocally categorised as
terrestrial birds due to their reduced forelimbs; and as apex predators with the ability to pursue
prey based only on their hind limb morphology. Multivariate techniques (PCA and discriminant
analysis), based on traditional metrics and geomorphometrics of the hind limb and pelvis, were
applied in order to explore terrestriality and cursoriality in phorusrhacids. Although several groups
of birds could be identified, when looking solely at hind limb metrics, some phorusrhacids appear
to be associated with walking birds, while others are associated with cursorial birds. However, the
pelvis separates cursorial birds and phorusrhacids from walking and wading birds. This scenario is
complicated further by a lack of clear definition of the different locomotor modes and substrate
preferences in extant birds, and this makes it difficult to confirm phorusrhacid cursoriality based
solely on morphometrics. However, some qualitative features of the pelvis and foot make the
picture a little clearer. To study limb adaptations in fossil birds, a more holistic study, with an
emphasis on qualitative features of the whole posterior locomotor module, is necessary, since
morphometrics leaves some issues unresolved. A comparison with the wings is also needed, in order

to make a more complete analysis of locomotor behaviour.
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Terror birds (Aves, Phorusrhacidae) comprise the most out-
standing group of South American Cenozoic avifauna, and
have been considered as apex predators in Cenozoic ecosystems
(Ameghino 1895; Andrews 1899; Alvarenga & Hofling 2003;
Blanco & Jones 2005; Bertelli et al. 2007; Degrange et al.
2010; Degrange 2012; Tambussi et al. 2012). Their terrestrial
habits have been well established based on the reduction of
their forelimbs (Alvarenga & Hofling 2003; Degrange 2012),
although it is possible that minor species were able to fly in
a clumsy manner (Degrange 2012). One of the pillars for the
hypothesis of a predatory mode of life for phorusrhacids is
based on the morphology of their hind limbs (Fig. 1), which
seem to be suitable for pursuing prey. However, this assump-
tion has long been based solely on the premise that phorusrhacid
hind limb bones are long, which is a feature that is present in
several extant birds that do not run, but walk or hop. Although
previous studies on the biomechanics of the hind limbs (e.g.,
Tambussi 1997; Blanco & Jones 2005) and muscle recon-
struction (Degrange 2012) pointed out that phorusrhacids
were terrestrial birds with running abilities, a more extensive
approach is needed.

Gatesy & Dial (1996) developed the concept of locomotor
modules to explain the origin and evolution of flight and the
diversification of locomotor styles in modern birds. According

to these authors, a locomotor module is a highly integrated
anatomical subregion of the muscle-skeletal system, acting as
a unit during locomotion due to independent neuromuscular
control. The three locomotor modules recognised by these
authors (wings, tail and hind limbs) are given different priority
according to different lifestyles (Gatesy & Dial 1996). How-
ever, Abourachid & Hofling (2012) recognised that legs have
a multi-purpose potential based on their three-segment configu-
ration. This configuration allows the use of legs as propulsive,
paddling, foraging or grooming tools.

Following on from these concepts, and in order to explore
the relationship between terrestriality, running abilities and
prey pursuit in terror birds, I use the quantitative approaches
of traditional morphometrics and modern geomorphometrics
to study the posterior appendicular module. I will explore
whether morphometrics and/or qualitative features adequately
reflect the different terrestrial locomotor strategies of extant
birds. This type of analysis can be used to recognise skeletal
features that are crucial for terrestrial locomotion in birds,
and also to infer the locomotor styles of phorusrhacids. This
is the first time that geomorphometrics has been applied to
any terror bird, and the results represent a major step forward
in the effort to place our understanding of the ecology of
terror birds on a more quantitative footing.
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Figure 1 Phorusrhacid pelvis and hind limb: (A) Psilopterus bachmanni, YPM-PU 15904; (B) Psilopterus lemoinei,
AMNH 9257 (pelvis) and YPM-PU 15402 (hind limb); (C) Procariama simplex, FM-P 14525; (D) Llallawavis
scagliai, MMP 5050; (E) Mesembriornis milneedwardsi, MACN Pv 5944; (F) Patagornis marshi, NHMUK-A
516 (pelvis and femur) and AMNH 9264 (tibiotarsi and tarsometatarsus). Abbreviation: at = antitrochanter.
Arrow indicates cranial part of the pelvis. Scale bars = 10 cm.

1. Materials and methods

1.1. Anatomical nomenclature

The anatomical nomenclature follows Baumel et al (1993),
except where noted. Latin terminology is used for muscles
and osteological structures, whilst the English equivalent is
also used in the Discussion.

1.2. Traditional morphometrics: measurements
The phorusrhacid femur, tibiotarsus and tarsometatarsus were
measured (Fig. 2; Table 1) and analysed using the classic multi-
variate analysis of morpho-functional and ecomorphological
analyses: PCA and discriminant analysis. The proportion that
each element contributes to the whole hind limb was also ana-
lysed using ternary plots. These approaches were chosen over
geomorphometrics because hind limb elements provide few
homologous points for description using landmarks.

Measurements were taken using a 300 mm digital caliper
with a resolution of 0.01 mm. No osteological reconstruction
methods were used. As much of the material was very fragmen-
tary, average individuals were created for each phorusrhacid
species in order to use as many species as possible in the
analysis. The average individual is made up from the average
of each of the variables analysed (= measurement value/number
of measurements carried out). All measurements are shown in
Supplementary Tables 1-9.

Additionally, 22 ratios were constructed in order to obtain
variables that describe the shape and features with a possible
functional meaning, and to eliminate the arithmetic effect
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introduced by size in calculations. These are: femur, EA/EB,
EC/ED, EC/EE, EF/EG, EI/EH,; tibiotarsus, ZB/ZA, ZD|ZC,
Z1|ZD, ZC|ZE, ZF|ZG, ZH/|ZI; tarsometatarsus, AA/AB,
AAJ/AC, AD/AP, AD/AE, AJ/AK, AF/AG, AH/AI, AL/AM;
whole hind limb, EB/ZB, ZB/AA, EB/AA.

Angular measurements (e.g., AL and AM) were converted to
radians, and all measurements were then converted by applying
a decimal-based logarithm in order to reduce heterocedasticity
(i.e., dispersion associated with high values; Peters 1983).

Principal component analyses (PCA) were carried out using
a variance-covariance matrix. In order to check the contribu-
tion of body mass to the principal component 1 (the com-
ponent that explains the most variation), a regression between
the body mass and the contribution of each specimen to the
component was performed. Dunning (2008) was used as a
reference for extant avian body masses. For the complete
hind limb, a separate analysis of PCA was also performed using
the ratios. A discriminant analysis using a correlation matrix
was also performed on the tarsometatarsus (Campbell & Marcus
1992) and the complete hind limb.

Two non-parametric discriminant analyses of the hind limb
were carried out using a code written by Dr. A. Scarano
(MLP), where the fda function of the mda package (Leisch
et al. 2015) is used (using the MARS algorithm). The non-
parametric method was chosen because the bird collection
studied here is considered small (i.e., less than 250 specimens;
A. Scarano pers. comm. 2011). In both analyses, a total of
67 individuals from different species were used to develop pre-
dictive models. To perform these analyses, three groups were
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Figure 2 Measurements taken in birds’ hind limbs studied herein. (A-D) femur: (A) cranial view; (B) lateral
view; (C) proximal view; (D) distal view. (E-H) tibiotarsus: (E) cranial view; (F) lateral view; (G) proximal view;
(H) distal view. (I-N) tarsometatarsus: (I) cranial view; (J) lateral view; (K) proximal view; (L) caudal view
(hypotarsus measures); (M) cranial view (trochlear divarication); (N) distal view.
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Table 1 Measurements used in this work (see Fig. 2)

Measurement name Description Abbrev.
Femur Minor length Measured between the caput femoris and the condylus EA
medialis
Major length Measured between the crista trochanterica and the con- EB

Proximal latero—medial width

Crista trochanterica cranial extension

Distal latero—medial width

Corpus femoris latero-medial diameter
Corpus femoris cranio—caudal diameter
Condylus medialis cranio—caudal width

Condylus lateralis cranio—caudal width

dylus lateralis

Measured between the caput femoris and the trochanter EC
femoris

Measured between the most cranial extreme of the crista  ED
trochanterica and its opposite point

Measured between the condyli EE

Measured at half of EB EF

Measured at half of EB EG
EH
EI

Tibiotarsus Major length Measured between the crista cnemialis cranealis and the ~— ZA
condylus medialis
Minor length Measured between the area interarticularis and the space  ZB
between the condyli
Proximal latero—medial width Measured between the facies articularis zC
Latero—medial width of the crista cnemialis lateralis Measured between the facies articularis medialis and the ~ ZD
crista cnemialis lateralis
Distal latero—medial width Measured between the epicondyli ZE
Latero—medial diameter Measured at half of ZB ZF
Cranio—caudal diameter Measured at half of ZB 7G
Cranio—caudal width of the condylus lateralis ZH
Cranio—caudal width of the condylus medialis Z1
Cranial extension of the crista cnemialis cranialis Measured between the crista cnemialis cranialis and the VAl
most caudal point of the caput tibiae
Tarsometatarsus ~ Major length Measured between the eminentia intercotylaris and the AA

Extension of the trochlea metatarsi 11

Extension of the trochlea metatarsi IV

Proximal latero—medial width

Distal latero—medial width

Latero—medial diameter

Cranio—caudal diameter

Maximum constriction latero-medial diameter
Maximum cranio—caudal diameter
Latero—medial hypotarsus width

Hypotarsus length

Divarication angle 1

Divarication angle 2

Proximal cranio—caudal width

trochlea metatarsi 111

Measured between the eminentia intercotylaris and the AB
trochlea metatarsi 11

Measured between the eminentia intercotylaris and the AC
trochlea metatarsi IV

Measured between the cotylae AD
Measured between the trochlea metatarsi II and IV AE
Measured at half of AA AF
Measured at half of AA AG
Measured at the most thin part of the shaft AH
Measured perpendicularly to AH Al
AJ
AK
Measured between the trochlea metatarsi I and 111 AL
Measured between the trochlea metatarsi III and VI AM

Measured between the hypotarsus and the cranial edge AN
of the tarsometatarsus

E = estilopod; Z = zeugopod; A = autopod

distinguished: ‘waders’ (W) or wading birds; ‘ground birds’
(G) or land birds (including birds capable of walking, running,
jumping or hopping); and ‘others’ (X), essentially a group
including flying, arboreal, predatory and swimming birds. The
assignment of each species to a group was carried out according
to Zeffer et al. (2003). This approach was used in order to
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explore the possibility that some phorusrhacids may have had
wading habits.

The hind limb morphospace (a theoretical space that includes
all morphological possibilities) of the phorusrhacids and other
birds was also visualised using a ternary plot, in which the
percentage contribution of each segment to the total length is
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Figure 3 Landmarks used in the study of birds’ pelvis: (A) dorsal view; (B) lateral view.

Table 2 Pelvic landmarks used in the geomorphometric analysis (see Fig. 3)

Pelvic Landmark
view Number Landmark definition
Dorsal 1 Most cranial point of the crista iliaca dorsalis
2 Most lateral point of the ala preacetabularis ilii edge
3 Most medial point and of maximum inflexion of the ala preacetabularis ilii
4 Most cranial point of the foramen acetabuli
5 Most lateral point of the crista supratrochanterica (or analog structure)
6 Point located on the half of the pelvis width, medially to landmark 5
7 Maximum inflexion point behind the antitrochanter
8 Most caudal point of the spina dorsolateralis ilii
9 Most caudal point of the synsacrum
Lateral 1 Most cranial point of the crista iliaca dorsalis
2 Most ventral point of the ala preacetabularis ilii
3-6 Semi-landmarks over the ventral margin of the ala preacetabularis ilii
7 Most cranial point of the tuberculum preacetabulare
8 Most cranial point of the foramen obturatum
9 Most caudal point of the foramen obturatum
10 Most caudal point of the processus terminalis ischii
11-14 Semi-landmarks over the caudal margin, between landmarks 10 and 15
15 Maximum inflexion point between the processus terminalis ischii and the spina dorsolateralis ilii
16-17 Semi-landmarks over the caudal margin, between landmarks 15 and 18
18 Most caudal point of the spina dorsolateralis ilii
19 Most caudal point of the foramen acetabuli
20 Point located on the dorsal margin, vertically landmark 19
21-24 Semi-landmarks over the dorsal margin of the ala postacetabularis ilii, located between landmarks 20 and 18
25-28 Semi-landmarks over the dorsal margin of the ala preacetabularis ilii, located between landmarks 20 and 1
29 Most cranial point of the foramen ilioischiadicum
30 Most cranial point of the foramen ilioischiadicum
31 Most caudal point of the antitrochanter

https://doi.org/10.1017/51755691016000256 Published online by Cambridge University Press


https://doi.org/10.1017/S1755691016000256

262

FEDERICO J. DEGRANGE

/+ Anseriformes

. Cariamidae

Ciconiiformes
Columbiformes
Coraciiformes
Cuculiformes

A Falconiformes
Galliformes

X Gaviiformes
“Gruiformes”

~

Phoenicopteriformes

K Pelecaniformes

v Charadriiformes ' Phorusrhacidae

Piciformes
. Podicipediformes
v Procellariiformes
Psittaciformes
* Sphenisciformes
Strigiformes
O Struthioniformes
A Tinamiformes

\D Passeriformes

Tbt

4 o
A Cariamidae

A\ otididae
A Psophiidae

. Struthioniformes

. Others

* Mesembriornithinae
Patagornithinae

Psilopterinae

0.1

Tbt

0.8

Figure 4 Neornithes” hind limb proportions: (A) graph showing the area occupied by phorusrhacids; (B) simplified
graphic with phorusrhacids subfamilies discriminated. Abbreviations: F = femur; Tbt = tibiotarsus; Tmt =

tarsometatarsus.

plotted in one of the three axes that define a triangle. Measure-
ments used were EB, ZB and AA, which were added (using
raw data) to obtain the total length of the posterior member.
The percentages were obtained by dividing each segment’s
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length by the total hind limb length and multiplying the result
by 100. Theoretically, any appendicular design can be plotted
in this way, as long as none of its segments measure 0, thus
avoiding the perimeter of the triangle (Gatesy & Middleton
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Table 3 Principal component analysis of the phorusrhacids and extant
birds, analysed using femur, tibiotarsus, tarsometatarsus, complete hind
limb and hind limb ratios measurements. Only the first five components
are shown. For more details, see Supplementary Tables

Cumulative %
Component Eigenvalue % Variance Variance

Femur 1 0.841961  98.48884 98.4888
2 0.005015 0.58660 99.0754
3 0.003353 0.39217 99.4676
4 0.001421 0.16627 99.6339
5 0.001130 0.13220 99.7661
Tibiotarsus 1 0.856116  97.08505 97.0851
2 0.011359 1.28818 98.3732
3 0.006753 0.76577 99.1390
4 0.002727 0.30929 99.4483
5 0.001555 0.17639 99.6247
Tarsometatarsus 1 1.264172  88.01315 88.0131
2 0.112203 7.81172 95.8249
3 0.018022 1.25472 97.0796
4 0.015659 1.09017 98.1698
5 0.008243 0.57389 98.7436
Hind limb 1 2.681229  92.44654 92.4465
2 0.118536 4.08701 96.5336
3 0.019340 0.66684 97.2004
4 0.017614 0.60732 97.8077
5 0.012625 0.43531 98.2430
Hind limb ratios 1 0.530733  51.21692 51.2169
2 0.128818  12.43124 63.6482
3 0.099694 9.62069 73.2689
4 0.064833 6.25655 79.5254
5 0.053793 5.19118 84.7166

1997; Middleton & Gatesy 2000). In the analyses performed
here, the objective was to explore possible morphological simi-
larities and discuss their functional and ecological implications.

All analyses were performed with Statistica v.6.0 and R
v.2.13.1.

1.3. Geomorphometrics

It should be noted that classical morphometry has several
problems: linear measurements are strongly correlated with
size (Bookstein et al. 1985) but, meanwhile, geomorphogeo-
metric approaches have a clear protocol to remove the arith-
metic effect of dimension (centroid size), whilst an analogue
method using linear measurements is not so well-established.
In addition, the homology of linear measurements is usually
difficult to establish; the same measurements may represent
very different forms and, finally, it is difficult to generate graphs
representing the studied shape based on the linear measurements
taken (Adams et al. 2004). In addition, geomorphometric
approaches are found to be very effective at the moment of
capturing information about the shape of an organism (Zelditch
et al. 2004).

Keeping these issues in mind, and also considering that the
pelvis is a very complex structure (i.e., hard to represent
through linear measurements), the terror birds’ pelvises were
analysed using 2D landmarks (homologous points), photo-
graphed from a dorsal and lateral view (Fig. 3; Table 2). X
and y coordinates for each landmark were digitised using
TpsDig 1.41 software (Rohlf 2005). The resulting coordinates
were subjected to a generalised procrustes analysis (GPA) to
remove any information unrelated to shape (Rohlf & Slice
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1990; Zelditch et al. 2004). Localised shape changes were
estimated using the partial warp scores (Bookstein 1991), and
once these values were obtained, a relative warps analysis
(RWA) (Rohlf 1993) was performed to examine the changes
in shape of the pelvis using TpsRelw 1.35 (Rohlf 2003) and
Morphol v. 1.03¢ (Klingenberg 2011) software.

The relative warps obtained were used to examine whether
the morphological groups were consistent with the locomotor
habit of the extant species.

1.4. Institutional abbreviations

AMNH, American Museum of Natural History, New York,
USA; FM, Field Museum of Natural History, Chicago, USA;
MACN, Museo Argentino de Ciencias Naturales “Bernardino
Rivadavia”, Buenos Aires, Argentina; MLP, Museo de La
Plata, Buenos Aires, Argentina; MMP, Museo Municipal de
Ciencias Naturales Lorenzo Scaglia, Buenos Aires, Argentina;
NHMUK, The Natural History Museum, London, UK; YPM,
Yale Peabody Museum, New Haven, Connecticut, USA.

2. Results

2.1. Hind limb diversity: ternary plot

The studied group of birds includes 75 individuals of different
species that occupy only 9 % of the total area of triangular
space, distributed in an area equivalent with that of Gatesy &
Middleton (1997) (Fig. 4). No species are known to have
femurs proportionally smaller than 27 % or bigger than 56 %.
Tibiotarsus length varies between 37 % and 55 %, while the
tarsometatarsus length is between 14 % and 45 %. In accor-
dance with the proposal of Gatesy & Middleton (1997), the
tarsometatarsus is the largest contributor to the variation
(31%), followed by the femur (29 %) and finally the tibiotarsus
(18 %), which is the most conservative in its length. When
plotted (Fig. 4A), the phorusrhacids are located next to the
Otididae, Passeriformes, Polyborus plancus (Falconiformes),
Tyto alba (Strigiformes) and Rheidae, and away from the
Cariamidae and Sagittarius, to which they have traditionally
been compared (e.g., Andrews 1899).

The contribution of the femur, tibiotarsus and tarsometa-
tarsus to the total length of the hind limb is identical in Psilop-
terinae and Patagornithinae, whilst in the Mesembriornithinae
the tarsometatarsus is longer and the tibiotarsus is shorter.
The femur of the Mesembriornithinae can be as long as in
Psilopterinae—Patagornithinae, as in Mesembriornis or Llalla-
wavis. In the latter, the tarsometatarsus is even longer, with a
similar proportion to Rheidae (Fig. 4B).

2.2. Principal component analyses (PCA)

2.2.1. Femur. 74 individuals from different species were
included in the analysis. The first two components account
for 99 % of the total variation. PC1 explains 98.5 % (Table 3;
Supplementary Tables 10-11). Whilst all variables have a
strong contribution to this component, the cranial extension
of the crista trochanterica (ED) and the cranio—caudal width
of the condylus medialis (EH) have a slightly higher contribution.
PC2 explains 0.5 % of the total variation in relation to femur
length measurements (EA and EB) and the cranio—caudal diam-
eter of corpus femoris (EG). In accordance with Campbell &
Marcus (1992), birds are not separated by their locomotor habits,
but rather by body size, represented here by body mass.

PC1 is strongly influenced by body mass (R = 0.96; R*> =
0.93; P = 0.0000), and of the 98.5 % explained by this compo-
nent, 93 % is explained by the mass of the animals analysed.
It can be seen in Figure 5 that smaller birds are located to
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Figure 5 Principal component analysis of the femur: distribution of taxa in the morphospace defined by CP1

and CP2.

the right of the graph, whilst the largest are on the left. Phor-
usrhacids have negative values for PC1 and positive values for
PC2. When plotted in a PC1-PC2 graph, phorusrhacids are
separated into two groups (Fig. 5): Llallawavis, Mesembriornis
and Patagornis are associated with terrestrial birds with cursor
capacity such as Pterocnemia and Rhea; whilst the Psilopterinae
Psilopterus lemoinei, P. bachmanni and Procariama simplex are
grouped with flying birds, but with some connection to the
terrestrial environment, whether waders or walkers (Grus,
Ciconia, Aramus, Ardea and Penelope). Particularly striking
is the membership to this group of the raptor Geranoaetus.
PC1 distinguishes between the medium-sized phorusrhacids
(Llallawavis, Mesembriornis and Patagornis) and the smallest
ones (Psilopterinae).

PC2 distinguishes the birds with stouter and shorter femurs
(with negative values) from those with more slender and elon-
gated femora (indicated by positive values). The Psilopterinae
belong to this second group, whilst the medium-sized phorusr-
hacids have PC2 values closer to 0, thus indicating more robust
femora. Emeus (Struthioniformes), traditionally considered as
‘graviportal” (see Tambussi ez al. 2010 for a discussion on the
incorrect application of this term in birds), has negative values
for both components.

2.2.2. Tibiotarsus. The analysis included 72 individuals from
different species. The first two components account for 98.3 %
of the total variation. PCl explains 97 % of the variation
(Table 3; Supplementary Tables 12—-13), mainly in relation to
the latero-medial diameter of the corpus tibiotarsi (ZF), the
cranio—caudal width of both condyli (ZH and ZI) and the
cranial extension of the crista cnemialis cranialis (ZJ). Mean-
while, PC2 explains 1.3 % in relation to the tibiotarsi length
measurements (ZA and ZB).
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In the PC1-PC2 scatterplot (Fig. 6), a group formed of
Patagornis, Llallawavis and terrestrial birds with cursor capaci-
ties (Pterocnemia, Rhea and Dromaius) can be separated from
the group made up of Psilopterinae (P. lemoinei and P. simplex)
and other terrestrial birds such as the Otididae Ardeotis kori,
Ardeotis arabs and Otis tarda, and the Anseriformes Chauna
torquata. These were all birds capable of flying (some are even
migratory species from long distances), but that preferred to
walk.

As with the femur, PC1 is strongly influenced by body mass
(R = 0.96; R = 0.92; P = 0.0000): of the 97 % explained by
PCI1, 92 % is correlated with mass. The larger forms are
located to the left of the graph, while the smaller are located
to the right. In PCI, birds can also be distinguished according
to their shaft and crista cnemialis cranialis: negative values
correspond to birds with robust shafts and extended crista
cnemialis cranialis.

PC2 allows the identification of birds according to the
length of their tibiotarsus. Wading birds such as Phoenicopterus,
Ciconia, Leptoptilos, Mycteria, Ardea and Aramus, and walkers
such as Grus (which can also wade occasionally) and Sagittarius,
have very long tibiotarsi (high positive values). Runners such
as Cariamidae have positive values close to 0, indicating longer
tibiotarsi than those of Phorusrhacidae. The smaller phorusr-
hacids have negative values close to 0, indicating the presence
of longer tibiotarsi than those of the medium-sized terror birds.

2.2.3. Tarsometatarsus. 76 individuals from different species
were included in the analysis. The first two components account
for 95.8 % of the total variation (Table 3; Supplementary Tables
14-15). PC1 explains 88 % of the variation in tarsometatarsus
length measurements (AA, AB and AC), whilst PC2 explains
7.8 % of length measurements (AA, AB and AC), latero—medial
diameters (AF and AH) and divarication angles (AL, AM).


https://doi.org/10.1017/S1755691016000256

THE HIND LIMB MORPHOMETRY OF TERROR BIRDS

265
PC 2

PC 1

’\}.

O
4
ot

@)

+ Anseriformes Cuculiformes

. Cariamidae

v Charadriiformes Galliformes
Ciconiiformes X Gaviiformes
Columbiformes “Gruiformes”

Coraciiformes

A Falconiformes

X Pelecaniformes Psittaciformes
Phoenicopteriformes

‘ Phorusrhacidae
Piciformes

. Podicipediformes

Sphenisciformes

* Strigiformes

O Struthioniformes
A Tinamiformes

D Passeriformes v Procellariiformes

Figure 6 Principal component analysis of the tibiotarsus: distribution of taxa in the morphospace defined by

CP1 and CP2.

As in the case of tibiotarsus, in the PC1-PC2 plot (Fig. 7),
a group composed of Patagornis, Llallawavis and terrestrial
birds with cursor capacities (Pterocnemia, Rhea and Dromaius)
can be observed, whereas P. lemoinei, P. bachmanni and P.
simplex are grouped with land birds that prefer to walk, but
have the ability to run, such as the Otididae Ardeotis kori,
Ardeotis arabs and Otis tarda; although there are also other
terrestrial wading birds associated, such as Chauna, Grus,
Leptoptilos crumeniferus and L. dubius, and terrestrial walkers
such as Sagittarius. The phorusrhacid Paraphysornis is asso-
ciated with the Anseriformes Brontornis and the Struthioni-
formes Emeus. Phorusrhacos longissimus is not associated with
any group, and is in between runners and ‘graviportal’ birds.

Although PC1 is strongly influenced by body mass (R =
0.95; RZ = 0.90; P = 0.0000), it is less so than for the femur
and tibiotarsus. Of the 95.8 % explained by PCl1, 90 % is
correlated with body mass. These results are consistent with
Campbell & Marcus (1992), who stated that the tarsometatarsus
is the bone that better reflects a bird’s habit, since it is less influ-
enced by mass. The more voluminous birds are located to the
right, while the smaller are on the left of Figure 7.

With respect to PC2, positive values indicate long, slender
tarsometatarsi with low angle divarication, whilst negative
values indicate short, more robust tarsometatarsi shapes and
a high divarication angle. In the case of phorusrhacid, the
Psilopterinae, Llallawavis and Patagornis correspond to birds
with long tarsometatarsi and with divarication angles which
are lower than those of Paraphysornis, which has short tarso-
metatarsi with high divarication angles. Phorusrhacos has an
intermediate length between Paraphysornis and Psilopterinae,
but has a high divarication angle.

https://doi.org/10.1017/51755691016000256 Published online by Cambridge University Press

2.2.4. Complete hind limb. 72 individuals from different
species were analysed using a total of 33 measurements of
the femur, tibiotarsus and tarsometatarsus. The first two com-
ponents account for 96.5 % of the total variation (Table 3;
Supplementary Tables 16-17). PC1 explains 92.5 % of the
variation related to the cranial extension of the crista trochan-
terica (ED), the cranio—caudal width of condyli (EH and EI),
the latero-medial diameter of the corpus tibiotarsi (ZF), the
cranial extension of the crista cnemialis cranialis (ZJ) and the
tarsometatarsus length (AA, AB and AC). Meanwhile, PC2
explains 4 % of the variation of the tarsometatarsus length
(AA, AB and AC) and divarication angles (AL and AM).

The PC1-PC2 plot (Fig. 8) shows that Patagornis marshi
and Llallawavis scagliai are clearly grouped with landbirds
with cursor capacities such as Dromaius, Rhea and Pterocnemia.
P. simplex and P. lemoinei are associated with walker birds like
the Otididae Ardeotis kori, Ardeotis arabs and Otis tarda, the
Falconiformes Sagittarius, the Gruidae Grus, and the Ciconiidae
Leptoptilos crumeniferus and L. dubius.

PC1 is strongly influenced by body mass (R = 0.96; R*> =
0.92; P = 0.0000): of the 92.5 % explained by PC1, 92 % is
correlated to body mass, whilst only 0.5 % is from shape.
However, it should be noted that positive PC1 values indicate
birds with projected femur condyli, cranially extended crista
trochanterica, tibiotarsi with robust diaphysis, developed
crista cnemialis cranealis and long tarsometatarsi.

As in the tarsometatarsus analysis, positive PC2 values in-
dicate long, slender tarsometatarsi with a low divarication
angle of the trochleae metatarsi. Phorusrhacids have values
close to 0.
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defined by CP1 and CP2; (B) detail of the principal area of taxa distribution in the morphospace.

2.2.5. Hind limb ratios. Only by using the first seven
components did the variation explained reach 90 % (Table 3;
Supplementary Tables 18-19). Due to the removal of the
arithmetical effect of dimensions by using ratios, the first two
components account only for 63.6 % of the total variation.
PC1 explains 51.2 % of the variation in the ratios related to
limb proportions (EB/AA and ZB/AA) and the robustness of
the tarsometatarsus (AF/AG and AH/AI). PC2 explains 12.4 %
of the variation related to hypotarsus development (AJ/AK),
and PC3 explains 9.6 % in relation to the cranial development
of the crista trochanterica (EC/ED), the relative development
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of the cristae cnemialis (ZJ|ZD) and the robustness of the
tarsometatarsus (AJ/AK).

Phorusrhacids have values close to 0.4 for PC1 and PC2
(Fig. 9), and they appear to be associated with a very hetero-
geneous group consisting of birds such as Cariamidae, Grus,
Sagittarius, Pitangus, Phoenicopterus, Podiceps and Ardeotis
arabs, amongst others.

PC1 separates birds with a shorter femora and a longer,
slender tarsometatarsus. A positive PC2 value indicates a wider
hypotarsus (high AJ/AK ratio), whilst negative values indicate
a narrow hypotarsus (low AJ/AK ratio).
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Table 4 The probability of correct classification (CC) of each group
based on the discriminant analysis performed on the tarsometatarsus

Table 7 Phorusrhacids’ probabilities of belonging to the groups used
here based on the discriminant analysis made on the hind limb

G w X CC G A X
G 11 4 7 50 % Psilopterus lemoinei 0.938 3.87E-02 0.061
W 2 10 7 71.4 % Procariama simplex 0.985 6.95E-01 0.014
X 5 1 25 80.6 % Patagornis marshi 0.998 1.17E-02 0.001
Llallawavis scagliai 0.995 5.34E-01 0.004

Abbreviations: G = ground birds; W = wading birds; X = “other
birds”. Assignments according to Zeffer ez al. (2003)

Table 5 Phorusrhacids’ probabilities of belonging to the groups used
here based on the discriminant analysis made on the tarsometatarsus

G w X
Psilopterus lemoinei 0.737 5.09E-04 0.211
Psilopterus bachmanni 0.533 1.71E-05 0.294
Procariama simplex 0.846 5.90E-04 0.094
Paraphysornis brasiliensis 0.977 6.63E-02 0.022
Patagornis marshi 0.873 9.45E-03 0.117
Phorusrhacos longissimus 0.993 1.90E-00 0.006
Llallawavis scagliai 0.928 3.71E-04 0.034
Brontornis burmeisteri 0.872 4.93E-04 0.127

Abbreviations: G = ground birds; W = wading birds; X = “other
birds”

Table 6 The probability of correct classification (CC) of each group
based on the discriminant analysis made on the hindlimb

G w X CcC
G 10 1 11 45.50 %
A 3 9 2 64.30 %
X 8 1 22 71.00 %

Abbreviations: G = ground birds; W = wading birds; X = “other
birds”. Assignments according to Zeffer ez al. (2003)

2.3. Discriminant analyses

2.3.1. Tarsometatarsus. The discriminant model using only
the tarsometatarsus has an average probability of a correct
classification of 67.3 % (model error: 0.20896; N = 67). The
probability of a correct classification (CC) of each group is
shown in Table 4. Probabilities that phorusrhacids belong to
the groups used here are shown in Table 5.

According to the tarsometatarsus measurements, phorusr-
hacids are more likely to belong to group G (ground birds;
Fig. 10A) than to either of the other two groups, with a prob-
ability of 53 % (P. bachmanni) to 99 % (Phorusrhacos longissi-
mus). Procariama, Patagornis, Llallawavis, Phorusrhacos and
Paraphysornis have the highest probability of belonging to
this group. The case of the Psilopterus species is not so cate-
gorical. Although the chances of this species being waders are
very low, the likelihood of P. lemoinei belonging to the group
made up of all other birds is not so low (21 %), and in the case
of P. bachmanni it is almost 30 %. Furthermore, in an estimate
of the probability of Brontornis belonging to any of the three
groups, it is shown to have an 87 % chance of being a ground
bird and a 12 % chance of belonging to group X.

2.3.2. Hind limb. The complete hind limb model has an
average probability of a correct classification of 60.26% (model
error: 0.1791; N = 67). The probability of a correct classifica-
tion (CC) for each group can be seen in Table 6, whilst the
probability of phorusrhacids belonging to the groups studied
here is shown in Table 7.
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Abbreviations: G = ground birds; W = wading birds; X = “other
birds”

Table 8 Principal component analysis of the pelvis in dorsal and
lateral view. Only the first five components are shown. For more
details, see Supplementary Tables

Cumulative %
Component Eigenvalue % Variance Variance
P g

Dorsal view 1 1.23315 65.98 65.98
2 0.57298 14.24 80.22
3 0.38892 6.56 86.78
4 0.32193 4.50 91.28
5 0.2876 3.59 94.87
Lateral view 1 0.80533 41.83 41.83
2 0.55563 19.91 61.74
3 0.39779 10.20 71.94
4 0.3277 6.93 78.87
5 0.297 5.69 84.56

Phorusrhacids should therefore belong to group G (Fig. 10B)
of Zefter et al. (2003), with a 93 % probability for P. lemoinei
and a 99 % probability for Patagornis and Llallawavis.

2.4. Pelvis geomorphometrics

2.4.1. Dorsal shape. 69 individuals (including five phorusr-
hacids) were analysed using nine landmarks (Fig. 3A). The first
three components account for 86.7 % of the total variation. PCI
explains 65.9 %, PC2 explains 14.2 % and PC3 explains 6.5 %
(Table 8; Supplementary Table 20). Phorusrhacids are grouped
with the birds which have a narrow, elongated pelvis, which in-
cludes terrestrial birds with cursor capacities such as Dromaius
and Rhea. However, they are separated from other runners
(Cariamidae) and from the walker birds (e.g., Otididae and
Psophiidae) due to their longer pelvis, and from the aquatic
birds Podiceps and Gavia, which have an even longer pelvis
(Fig. 11). The exception is Andalgalornis, which has a pelvis
which is similar in length to that of diving birds, but can be
distinguished from them by the pelvis width (Fig. 12). The
two morphotypes described by Degrange (2012) are not sepa-
rated.

PC1 is related to postacetabular length and pelvis width:
negative values correspond to a narrow pelvis with a long
postacetabular region, whereas positive values indicate a wide
pelvis with a short postacetabular region. With some excep-
tions, this component distinguishes terrestrial birds with cursor
capabilities (and swimming birds also) from non-cursorial terres-
trial birds, and the non-cursorial terrestrial birds from waders.
Cursorial birds have a very long postacetabular region, whilst
the walking birds (Otididae and Psophiidae) have a shorter
pelvis and a shorter postacetabular region, although to a lesser
extent than the waders.

PC2 is dominated by pelvis width and preacetabular length:
positive values indicate a wide pelvis with a short preacetabular
region, whilst negative values indicate a narrow pelvis with a
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}. Andalgalornis

Figure 12 Deformation grid showing shape change of the pelvis
(dorsal view) in different species.

long preacetabular region. In this sense, phorusrhacids have a
narrow pelvis with a relatively short preacetabular region.

2.4.2. Lateral shape. 69 subjects (including five phorusrha-
cids) were analysed using 13 landmarks and 18 semi-landmarks
(Fig. 3B). The first three components account for 71.94 % of the
variation. PCI1 explains 41.8 %, PC2 19.9 % and PC3 10.2 %
(Table 8; Supplementary Table 21). Phorusrhacids share mor-
phospace with Dromaius, Chunga, Cariama, Gavia, Podiceps,
Phalacrocorax and Ramphastos, which are all birds with different
locomotor habits, but with the peculiarity of having very long
postacetabular regions (Figs 13, 14). No pelvic morphotypes
were discerned.

PC1 is related to the proportion between the extension of
the postacetabular and preacetabular regions: negative values
indicate a long preacetabular region and a short postacetabular
region, whereas positive values indicate a short preacetabular
region and a long postacetabular region. Phorusrhacids have a
pelvis with a very long postacetabular region and a very short
preacetabular region. This component separates phorusrhacids
from terrestrial runners (Cariamidae) and walkers (Otididae)
and from the waders, whose pelvis is even shorter.
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PC2 is primarily related to the height of the postacetabular
region, essentially through the extension of the processus ter-
minalis ischii: positive values indicate a pelvis which is poorly
extended ventrally, while negative values indicate a pelvis
which is highly extended ventrally. Phorusrhacids have a high
pelvis, but the processus terminalis ischii is poorly extended
ventrally.

3. Discussion and conclusions

3.1. Locomotor habits and substrate preferences

The development of the anterior locomotor module of birds
relaxed the pressures on the evolution of the posterior appen-
dicular module, thus allowing a diversification of lifestyle habits
(Gatesy & Middleton 1997), from those of the hyper-aerial birds
(e.g., Apodidae) to those of the exclusively terrestrial birds (e.g.,
Rheidae). Although the basic functions of bird legs are always
landing, taking-off and walking (Habib & Ruff 2008; Aboura-
chid & Hofling 2012), between these extremes all birds have a
wide variety of locomotor habits and occupy a wide variety of
environments. Locomotor behaviour can also change according
to the animal’s activity. Flying birds are capable of walking,
running, hopping, jumping, wading, swimming or diving. In
his book on primates, Oxnard (1984) claimed that a fixed loco-
motor categorisation is impossible, since each animal uses a
wide spectrum of locomotor modes. In extant birds, a simple
direct observation can identify whether a bird is able to fly or
not, although the ability to fly does not necessarily mean that it
will be classified as a flying bird. Some birds are ubiquitous,
while others are selective in choosing the environment they fre-
quent. Examples are the Tinamidae, the Otididae, the Psophiidae
and the Cariamidae, which, although they are able to fly, are
considered terrestrial or land birds because most of their time
is spent on the ground. Similarly, the Anatidae and Podicipe-
didae are also able to fly, but they are considered swimmers
because they spend much of their time in the water. Complexity
of animal behaviour is so broad that it becomes almost impossible
to define unique locomotor habits. Moreover, as more is learned
about animal ethology, the boundaries between behavioural
categories are dissolved, thus defining a continuum of possible
locomotor habits (Carrano 1999), precluding their strict classi-
fication. This scenario complicates the assumptions that can
be made from appendicular morphology, since this does not
necessarily have a straightforward relationship with locomotor
diversity or a particular habit.

There is also confusion within published literature about
what a locomotor habit is, and also about the substrate type
and use. This is not exclusive to birds, and affects other verte-
brates such as mammals (Toledo et al. 2012). For example,
the term ‘arboreal’ (i.e., lives in trees) is often referred to as a
locomotor habit in certain species of Passeriformes capable of
flying, when the correct locomotor term is ‘climber’. Arboreal,
in fact, refers to the preferred substrate. To explore an arboreal
environment, birds use several types of locomotor abilities, such
as walking on perches (e.g., psittaciforms), climbing branches
for foraging (e.g., woodpeckers) and hopping on perches
(passerines and toucans) (Abourachid & Hofling 2012). Even
the term ‘predatory’ or ‘birds of prey’ is used as a mode of
locomotion (e.g., Zeffer et al. 2003) for birds such as the Falco-
nidae and Accipitridae, when in fact these birds travel through
flight.

Despite this obscure scenario, some generalisations are
possible; for example, a well developed posterior locomotor
module is strongly linked to a terrestrial environment (Dial
2003). This is the case in phorusrhacids, whose very well
developed posterior locomotor module is accompanied by a
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reduction of the forelimbs, thus indicating that most of the
phorusrhacids were obligate terrestrial birds, since they were
unable to fly.

Terrestrial birds, or ‘ground birds’, as described by Zeffer
et al. (2003), are those that predominantly use their hind limbs
for locomotion on the ground (i.e., the substrate), whether
they hop, jump, walk or run (i.e., the locomotor mode).
Birds move on the ground by walking, running and hopping
(Hutchinson & Gatesy 2001; Alexander 2004), depending on
their speed; at low speeds they walk, while at intermediate or
faster speeds they can run or hop (Hayes & Alexander 1983;
Verstappen et al. 2000; Verstappen & Aerts 2000). Wading
birds (or waders), defined as those that feed while walking in
waterlogged soils (i.e., wading), are technically terrestrial birds
because their mode of locomotion is walking (Storer 1971;
Raikow 1985). However, within the literature published on
this subject, they are commonly separated from terrestrial
birds (e.g., Zeffer et al. 2003).

With this in mind, it is evident that there is a mismatch
between the assignments of a habitat through the observation
of the anterior and posterior locomotor modules. As the loco-
motor habit or style and the substrate on which a bird lives are
not easy to identify, many ecomorphological studies use the
birds’ ‘preferred’ locomotor habit and mode of locomotion.

The recognition of some locomotor patterns in recent species
has also been attributed to extinct taxa based on qualitative
comparisons of skeletal features (e.g., Hini¢-Frlog & Motani
2009). As previously stated, forelimb reduction in some species,
associated with high body mass, indicates that most phorusrha-
cids were unable to fly (Ameghino 1895; Andrews 1899; Sinclair
& Farr 1932; Alvarenga & Hofling 2003; Chiappe & Bertelli
2006). Several authors have stated that, beyond any doubt,
phorusrhacids were cursorial birds (Alvarenga & Hofling
2003; Blanco & Jones 2005; Chiappe & Bertelli 2006) which
were unable to fly (Alvarenga & Hofling 2003), or that the
smaller species were able to fly for very short distances in a
clumsy manner (Tonni 1977; Tonni & Tambussi 1988; Tambussi
& Noriega 1996; Mourer-Chauviré et al. 2011; Degrange 2012;
Degrange et al. 2015). This indicates that they were obligate
terrestrial birds (Degrange 2012). However, phorusrhacid
terrestriality may include different non-exclusive styles such
as jumping or hopping, walking, running or even wading.
Although it has been established that the hind limb length
defines the cursorial ability of phorusrhacids (e.g., Tambussi
& Noriega 1996; Alvarenga & Hofling 2003; Blanco & Jones
2005), the fact that a very long tarsometatarsus is shared by
cursorial, walking and wading birds means that we must ques-
tion the sole use of hind limb metrics to reflect phorusrhacid’s
cursoriality.

3.2. Hind limb proportions

Limb proportions represent a key feature in the design of any
limb (Gatesy & Middleton 1997; Middleton & Gatesy 2000;
Gatesy et al. 2009; Abourachid & Hoéfling 2012), and they
have been used to categorise mammals specialised in racing,
digging or weight support (Gregory 1912; Osborn 1929; Smith
& Savage 1956; Garland & Janis 1993; Gebo & Rose 1993;
Carrano 1997, 1999), and also as an indicator of cursoriality
in dinosaurs (e.g., Osborn 1916; Holtz 1994; Ostrom 1976;
Coombs 1978; Sereno et al. 1996) and even in birds (Gatesy
& Middleton 1997; Zefter et al. 2003). However, the actual in-
formation on locomotor habits that this can provide has been
seriously questioned, particularly in the case of Neornithes.
Several studies indicate that the ratios between the leg ele-
ments, or the hind limb total length, are not in themselves
indicative of the type of locomotion (Gatesy & Middleton 1997;
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Zefter et al. 2003; Habib & Ruff 2008). Hind limb proportions
differ between bird species: the lengths of the femur, tibiotarsus
and tarsometatarsus are proportionally different (Abourachid &
Hofling 2012). It is also not new that birds with long legs can
live in very different habitats. For example, the group LL
(long-legged) (Campbell & Marcus 1992) includes a very heter-
ogeneous group of birds that share ‘only’ the great length of
their legs; for example, Ciconiidae, Gruidae and Rheidae.

The critical analysis of the correlation between limb segment
proportions and habitat use is also important (Abourachid &
Hofling 2012). A running bird such as the greater rhea (Rhea
americana) has a tarsometatarsus and a tibiotarsus equally as
long as those of the secretary bird Sagittarius, which is not cur-
sorial and therefore frequents grasslands, and of the flamingo
Phoenicopterus, which is clearly a wading bird.

Patagornithinae and Psilopterinae hind limb proportions
resemble those of terrestrial birds that walked like Otis
(Otididae), whilst at the other end of the size range is the
Passeriformes Turdus (Turdidae). By contrast, Mesembriorni-
thinae proportions are similar to those of terrestrial cursorial
birds, such as Rheidae. Interestingly, the seriemas Chunga and
Cariama have different proportions to phorusrhacids (Fig. 4).

In a hypothetical Psilopterus—Rhea—Cariama series, there
is a progressive increase in the relative length of the distal
segments of the leg (tibiotarsus and tarsometatarsus), involving
a progressive reduction in the relative length of the proximal
segment (femur). Seriemas (Cariamidae), which can reach high
speeds (40 km/h) and are considered agile runners (Gonzaga
1996), have a longer tibiotarsus than tarsometatarsus, short II
and IV toes, and a longer third toe. Both Psophia (Psophiidae)
and Otis (Otididae) have a similar hind limb proportion to that
of Psilopterus, and can run and fly, although they more often
walk (Collar 1996; Sherman 1996).

To sum up, based solely on the proportions of hind limb
elements, it is not possible to establish unequivocally that all
phorusrhacids were birds with cursorial capacities.

3.3. PCA and discriminant analysis

In all of the PC analyses performed using linear and angular
measurements (femur, tibiotarsus, tarsometatarsus and com-
plete hind limb), PCI1 is strongly influenced by body mass,
and it can be seen that the larger birds appear in one extreme
of the graphs (Figs 5-8). However, it is clear that a correlation
between body mass and terrestriality exists, since larger birds
with greater body mass tend to spend more time on the
ground than in the air (e.g., Collar 1996; Alexander 1998).
There is a threshold value of body mass above which a bird
cannot take off. This value is between 12—-14 kg (Pennycuick
1989) and 16 kg (Pennycuick 2007). This is reflected in the
graphs which match the distribution of larger size birds with
those that are more associated with a terrestrial environment
(whether they walk, run or wade).

In all analyses performed here, the Psilopterinae shared
morphospace with more walker terrestrial birds such as Otididae
(Otis and Ardeotis), but they are also associated with Leptoptilos
crumeniferus, which is a wading bird according Zeffer et al.
(2003). Meanwhile, Patagornithinae and Mesembriornithinae
are associated with Rheidae and Casuariidae, which are terres-
trial birds with clearly cursorial capacities (e.g., Picasso 2010).

Concerning the femur, it is clear that body mass has a high
influence on its morphology (Campbell & Marcus 1992; Zeffer
et al. 2003). However, PC2 sorts birds according to the shape
of their femurs: from long and slender to short and robust.
Patagornithinae and Mesembriornithinae have a similar mor-
phology to Rheidae, whilst the Psilopterinae — which are similar
in size to Otididade (PC1) — have longer and more slender
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femurs. Wading birds have more robust and shorter femurs
(e.g., Phoenicopterus) or, on the contrary, more slender and
thinner femurs (e.g., Ardea and Ciconia) than phorusrhacids.

Psilopterinae’s tibiotarsus metrics are identical to those of
the walkers Otididae, and quite different from those of runners
such as Cariamidae, whilst the metrics for Patagornithinae
and Mesembriornithinae are similar to those of Rheidae and
Casuariidae. Psilopterinae have a cranial extension of the cristae
cnemialis and a robustness of the shaft similar to typically
wading birds, but the tibiotarsus is shorter. Mesembriornithinae
and Patagornithinae have a greater cranial extension of the
cristae cnemialis cranialis, and more robust and shorter tibio-
tarsi than wading birds.

Tarsometatarsus morphology is strongly influenced by the
habits of an animal (Campbell & Marcus 1992). However, it
is evident in Figure 7 that waders, walkers and some runners
(e.g., Cariamidae) have a very similar morphology; Psilopterinae
are included in this association. Some waders, such as the
flamingo, have a markedly longer tarsometatarsus than phorusr-
hacids, with less divergent trochleae metatarsi, whilst others such
as Leptoptilos or Grus, have a very similar length and trochlear
divarication. Mesembriornithinae and Patagornithinae have
tarsometatarsi with similar morphometry to that of the cursorial
Rheidae and Casuariidae. Paraphysornis and the Anseriformes
Brontornis are associated with the moa Emeus, which is a fossil
Palaeognathae considered ‘graviportal’, due to its short and
robust tarsometatarsi with divergent trochleae. Phorusrhacos has
shorter and more robust tarsometatarsi than Patagornithinae
(Alvarenga & Hofling 2003).

When analysing the complete hind limb, it is observed that
Mesembriornithinae and Patagornithinae are associated with
cursorial birds, but Psilopterinae are associated with walkers
and waders. Even the extant Cariamidae appears to be asso-
ciated with Mycteria and Ciconia, which are considered to be
wading birds. This PCA, in particular, shows that the distinc-
tion between wading birds and terrestrial birds using hind
limb metric variables is extremely difficult, and quite arbitrary.
This is more evident when using rates, in which the segrega-
tion of the groups is not so clear. In other words, from a mor-
phometric viewpoint, a wading bird can be a terrestrial bird
and a terrestrial bird can be a wader (Fig. 10B). This makes
more sense when we take into account the fact that terrestrial
and wading birds differ in the environment or substrate that
they frequent, but not in the locomotor habit or style, since
both walk. This finding is reinforced by the reclassifications
made in the discriminant analysis carried out here. For example,
in Figure 10 it can be appreciated that there is no clear separa-
tion between wading birds and terrestrial birds. However, both
analyses predicted that phorusrhacids correspond to the terres-
trial bird group. The prediction probabilities are generally
higher for membership to group G (‘ground birds’) and lower
for group W (‘wading birds’). However, the discriminant
analysis performed on the tarsometatarsus predicted that P.
bachmanni was a ground bird with a probability of 53 %, but
it has a probability of about 30 % of belonging to the heteroge-
neous group X (consisting of climbing birds, splatterers, divers
and raptors), which may indicate that the hind limb of P. bach-
manni is morphometrically generalist.

3.4. Pelvis morphometrics

The geomorphometric analysis performed showed that the
pelvis, and particularly the postacetabular length, is a better
indicator than the hind limb for discerning locomotor habits.
With some exceptions (e.g., Ramphastidae), it can be stated
that a long postacetabular region belongs to walking, running
or diving birds. The seriemas (considered as runners) have a
higher pelvis and a longer postacetabular region than Psophiidae
and Otididae (considered as walking birds). In turn, these last
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examples have a much longer pelvis than the wading birds
(with a very short postacetabular region). Phorusrhacids have
a long, high pelvis with a very long postacetabular region.
This combination is unique to these birds and clearly separates
them from aquatic birds (such as Podicipedidae and Gaviidae),
which also have a long postacetabular region. Postacetabular
extension in phorusrhacids is related to a greater development
of the hip extensor muscles (Degrange 2012), which is a feature
of birds with cursorial capabilities (Picasso 2010).

4. Concluding remarks

Interpreting limb function represents a step forward in eluci-
dating the palaeobiology of vertebrates (Vizcaino et al. 2008,
2010).

It is evident that appendicular morphometry is not 100 %
reliable when distinguishing the different locomotor habits of
birds. If hind limb morphology of a ground bird is in many
cases metrically indistinguishable from that of a wading bird
(and vice-versa), then why could not at least some of the
phorusrhacids have been waders?

Undoubtedly, qualitative morphology remains the key when
morphometry leads to ambiguous answers. Birds fly with
forelimbs and move on land only with their hind limbs. In
fact, in general, they can exhibit excellent performance and
ground mobility regardless of their flight capabilities (Paul
2002). If the hind limb of the Otididae (bustards) is analysed
on its own, it can be incorrectly assumed that it is a terrestrial
bird unable to fly; whilst, on the contrary, bustards are flying
birds, and some species even migrate (Collar 1996). However,
it is true that cursoriality is associated with forelimb reduction
(Coombs 1978; Kubo & Kubo 2012). Ratites with cursorial
capabilites have an elongated, narrow pelvis, which is a feature
shared with diving birds, but they also have elongated tibiotarsi
and tarsometatarsi, which is a characteristic shared with wading
birds (that don’t have an elongated pelvis), but not with divers.
The preacetabular region is short compared with the post-
acetabular, and the height of the pelvis is higher in cursorial
Ratites. In conclusion, the shape of the pelvis and hind limbs,
coupled with the development of the cristae cnemialis and the
shape and proportions of the toes, also gives us an idea of
the mode of locomotion. Obviously, it is the joint study of the
whole posterior locomotor module (pelvis + hind limb) and the
anterior locomotor module which truly reveals the preferential
mode of locomotion used by a bird.

The hind limbs act together with the pelvis, and it is pre-
cisely this whole structure (i.e., the posterior locomotor module)
which better reflects the phorusrhacid’s locomotor habit. The
long, high pelvis, the caudally extended postacetabular region
and the highly developed, laterally extended antitrochanter (a
unique structure to birds related to body support and balance
maintenance during biped locomotion; Hertel & Campbell
2007) are indicators of terrestrial habit with cursorial capacities.
In walking birds, the antitrochanter is also very well developed,
but the pelvis is lower and less elongated. Wading birds have a
low pelvis, with a very short postacetabular region and a poorly
developed antitrochanter. Particularly in phorusrhacids, the
lateral development of this structure reveals its relationship
with the huge body mass of some of these animals; whilst its
degree of verticalisation limits lateral movement of the femur,
thus preventing abduction and maximising the cranio—caudal
movements of the femur during locomotion.

A bird’s feet are also indicative of its locomotor habit. It
has been generalised that large birds associated with the terres-
trial environment often have shorter digits and fewer toes (at
least in the more specialised birds), thus minimising contact
with the ground (Raikow 1985). Wading birds in turn, are
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(B)

Figure 15 Phorusrhacid feet: (A) Psilopterus colzecus, MLP 76-VI-12-2, left foot; (B) Procariama simplex,
MACN Pv 8225, right foot; (C) Procariama simplex, FM-P 14525, left foot; (D) Mesembriornis incertus, FM-P
14422, right foot; (E) Patagornis marshi, AMNH 9264, right foot. Shaded areas represent missing bones or parts
of bones. Roman numerals indicate finger number. Scale bars = 1 cm.
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characterised by long toes, leading to an increase in surface
contact with the swampy ground (Storer 1971; Raikow 1985).
Some waders have interdigital membranes between toes 11, III
and IV (e.g., flamingos and ducks), whilst others have a very
elongated toe I, which is not elevated and is in contact with
the substrate (e.g., herons). Phorusrhacids have three relatively
short toes II-IV (Jones 2010; Degrange 2012) and a small, ele-
vated toe I (Fig. 15), which is a feature related with terrestrial
habits (Raikow 1985; del Hoyo et al. 1996). They are therefore
considered tridactyl, in the sense described by Raikow (1985).
This type of foot minimises friction with the ground during a
race and is not suitable for mobility in waterlogged soils.

In conclusion, phorusrhacids possess morphological attributes
in the posterior appendicular complex that are associated with
cursorial locomotion: the high pelvis and elongated post-
acetabular region; a very developed antitrochanter; elongated
tibiotarsi and tarsometatarsi; the high development of the
cristae cnemialis of the tibiotarsus; three relatively short digits
pointing forward; and the elevated position of digit I, which
does not touch the ground. This is consistent with the findings
of Tambussi (1997), who demonstrated through an analysis of
athletic capacity rates that some phorusrhacids had the same
cursorial capacities as an ostrich. Cursoriality in large-sized
birds is achieved with long strides through more elongated
hind limbs, whilst smaller sized cursorial birds have shorter
hind limbs, but a higher stride frequency (Storer 1971; Gatesy
& Biewener 1991; Abourachid & Renous 2000; Picasso 2010).
This shows that there is a limitation between size and, second-
arily, leg length. The large sizes attained by some phorusrhacids,
together with their elongated hind limbs, allowed them to
develop long strides and thus succeed in a race.

Finally, to study limb adaptations in fossil birds, a more
holistic study of the whole posterior locomotor module is
necessary, with an emphasis on qualitative features, since mor-
phometrics leaves some issues unresolved. A comparison with
the wings is also needed, in order to make a more complete
analysis of locomotor behaviour.

5. Acknowledgements

My warmest acknowledgment belongs to C.P. Tambussi for
her constant support and advice during my PhD Thesis. A.
Scarano helped selflessly in statistical subjects. My thanks to
the following for allowing and facilitating the consultation of
the collections under their management: L. Chiappe and K.
Johnson from the Natural History Museum of Los Angeles
County (Los Angeles); W. Simpson, J. Holstein and K. Lawson
from the Field Museum of Natural History (Chicago); C.
Norris, D. Brinkman and M. Fox from Yale Peabody Museum
(New Haven); C. Mehling from the American Museum of
Natural History (New York); A. Kramarz from the Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia”
(Buenos Aires); M. Reguero from the Museo de La Plata (La
Plata); and A. Dondas from the Museo Tradicional Lorenzo
Scaglia (Mar del Plata). S. Chapman (The Natural History
Museum, London) provided photos of the Phorusrhacidae
deposited in the NHM. J. Noriega, C. Morgan and J. Desojo
provided very useful comments and corrections. N. Toledo
provided very enlightening discussions on locomotor habits
and substrate preferences in different vertebrates. Gabrielle
McLellan made substantial improvements to the English. This
paper is part of my doctoral dissertation (National University
of La Plata) realised at the Division Paleontologia Vertebrados
(Museo de La Plata) and funded by a CONICET doctoral
scholarship.

https://doi.org/10.1017/51755691016000256 Published online by Cambridge University Press

6. References

Abourachid, A. & Hofling, E. 2012. The legs: a key to bird evolutionary
success. Journal of Ornithology 153, 193-98.

Abourachid, A. & Renous, S. 2000. Bipedal locomotion in ratites
(Paleognatiform): examples of cursorial birds. Ibis 142, 538—49.

Adams, D. C., Rohlf, F. J. & Slice, D. E. 2004. Geometric morpho-
metrics: ten years of progress following the ‘revolution’. Italian
Journal of Zoology 71, 5-16.

Alexander, R. M. 1998. All-time giants: the largest animals and their
problems. Palacontology 41, 1231-45.

Alexander, R. M. 2004. Bipedal animals and their differences from
humans. Journal of Anatomy 204, 321-30.

Alvarenga, H. M. F. & Hofling, E. 2003. Systematic revision of the
Phorusrhacidae (Aves: Ralliformes). Papeis Avulsos de Zoologia
43, 55-91.

Ameghino, F. 1895. Sobre las aves fosiles de Patagonia. Boletin del
Instituto Geografico de Argentina 15, 501-602.

Andrews, C. 1899. On the extinct birds of Patagonia, I, the Skull and
skeleton of Phororhacos inflatus Ameghino. Transactions of the
Zoological Society of London 15, 55-86.

Baumel, J. J., King, A. S., Breazile, J. E., Evans, H. E. & Vanden
Berge, J. C. 1993. Handbook of Avian Anatomy: Nomina Anatomica
Avium, 2™ Edition. Cambridge, Massachusetts: Nuttall Ornitho-
logical Club.

Bertelli, S., Chiappe, L. M. & Tambussi, C. P. 2007. A new phorusr-
hacid (Aves, Cariamae) from the middle Miocene of Patagonia,
Argentina. Journal of Vertebrate Paleontology 27, 409—19.

Blanco, R. E. & Jones, W. W. 2005. Terror birds on the run: A
mechanical model to estimate its maximum running speed. Pro-
ceedings of the Royal Society B 272, 1769-73.

Bookstein, F. L. 1991. Morphometric tools for landmark data: geometry
and biology. New York: Cambridge University Press.

Bookstein, F. L., Chernofft, B., Elder, R. L., Humphries, J. M. Jr.,
Smith, G. R. & Strauss, R. E. 1985. Morphometrics in evolu-
tionary biology. Philadelphia: Academy of Natural Sciences Press.

Campbell, K. E Jr. & Marcus, L. 1992. The relationship of hindlimb
bone dimensions to body weight in birds. Natural History Museum
of Los Angeles County, Science Series 36, 395-412.

Carrano, M. T. 1997. Morphological indicators of foot posture in
mammals: a statistical and biomechanical analysis. Zoological
Journal of the Linnean Society 121, 77-104.

Carrano, M. T. 1999. What, if anything, is a cursor? Categories versus
continua for determining locomotor habit in mammals and dino-
saurs. Journal of Zoology, London 247, 29-42.

Chiappe, L. M & Bertelli, S. 2006. Skull morphology of giant terror
birds. Nature 443, 929.

Collar, J. 1996. Family Otididae (Bustards). In del Hoyo, J., Elliot, A.
& Sargatal, J. (eds) Handbook of Birds of the world, Volume 3:
Hoatzin to Auks, 240-73. Barcelona: Lynx.

Coombs, W. P. 1978. Theoretical aspects of cursorial adaptations in
Dinosaurs. The Quarterly Review of Biology 53, 393-418.

Degrange, F. J. 2012. Morfologia del craneo y complejo apendicular en
aves fororracoideas: implicancias en la dieta y modo de vida. Un-
published PhD Thesis, La Plata University, La Plata, Argentina.
390 pp.

Degrange, F. J., Tambussi, C. P., Moreno, K., Witmer, L. W. and
Wroe, S. 2010. Mechanical Analysis of Feeding Behavior in
the Extinct “Terror Bird” Andalgalornis steulleti (Gruiformes:
Phorusrhacidae). PLoS ONE 5, ¢11856.

Degrange, F. J., Noriega, J. I. & Vizcaino, S. F. 2015. Morphology
of the forelimb of Psilopterus bachmanni (Aves, Cariamiformes)
(Early Miocene of Patagonia). Paldontologische Zeitschrift 89,
1087-96.

del Hoyo, J., Elliot, A. & Sargatal, J. 1996. Handbook of Birds of the
world, Volume 3: Hoatzin to Auks. Barcelona: Lynx.

Dial, K. P. 2003. Evolution of avian locomotion: correlates of flight
style, locomotor modules, nesting biology, body size, develop-
ment and the origin of flapping flight. The Auk 120, 941-52.

Dunning, J. B. 2008. CRC Handbook of Avian Body Masses. London:
Taylor & Francis Group.

Garland T. Jr. & Janis, C. M.1993. Does metatarsal/femur ratio pre-
dict maximal running speed in cursorial mammals? Journal of
Zoology 229, 133-51.

Gatesy, S. M., Biker, M. & Hutchinson, J. R. 2009. Constraint-based
exclusion of limb poses for reconstructing theropod dinosaur
locomotion. Journal of Vertebrate Paleontology 29, 535-44.

Gatesy, S. M & Biewener, A. A. 1991. Bipedal locomotion: effects
of speed, size and limb posture in birds and humans. Journal of
Zoology of London 224, 127-47.


https://doi.org/10.1017/S1755691016000256

276 FEDERICO J. DEGRANGE

Gatesy, S. M. & Dial, K. P. 1996. Locomotor modules and the evolu-
tion of avian flight. Evolution 50, 331-40.

Gatesy, S. M & Middleton, K. M. 1997. Bipedalism, and the evolu-
tion of theropod diversity. Journal of Vertebrate Paleontology 17,
308-29.

Gebo, D. L & Rose, K. D. 1993. Skeletal morphology and locomotor
adaptation in Prolimnocyon atavus, an early Eocene hyaenodontid
creodont. Journal of Vertebrate Paleontology 13, 125-44.

Gonzaga, L. P. 1996. Family Cariamidae (Seriemas). /n del Hoyo, J.,
Elliot, A. & Sargatal, J. (eds) Handbook of Birds of the world,
Volume 3: Hoatzin to Auks, 234-39. Barcelona: Lynx.

Gregory, W. K. 1912. Notes on the principles of quadrupedal locomo-
tion and on the mechanism of the limbs in hoofed animals.
Annals of the New York Academy of Sciences 22, 267-94.

Habib, M. B. & Ruff, C. B. 2008. The effects of locomotion on the
structural characteristics of avian limb bones. Zoological Journal
of the Linnean Society 153, 601-24.

Hayes, G. & Alexander, R. McN. 1983. The hopping gaits of crows
(Corvidae) and other bipeds. Journal of Zoology 200, 205-13.
Hertel, F. & Campbell, K. E. Jr. 2007. The antitrochanter of birds:

form and function in balance. The Auk 124, 789-805.

Hini¢-Frlog, S. & Motani, R. 2009. Relationship between osteology
and aquatic locomotion in birds: determining modes of locomo-
tion in extinct Ornithurae. Journal of Evolutionary Biology 23,
372-85.

Holtz, T. R. 1994. The phylogenetic position of the Tyrannosauridae:
implications for theropod systematics. Journal of Paleontology
68, 1100-17.

Hutchinson, J. R. & Gatesy, S. M. 2001. Bipedalism. In Enyclopedia
of the Life Sciences, 1-6. London: Macmillan.

Jones, W. W. 2010. Nuevos aportes sobre la paleobiologia de los fororra-
cidos (Aves: Phorusrhacidae) basados en el andlisis de estructuras
biologicas. Unpublished PhD Thesis, Universidad de Ciencias,
Uruguay. 213 pp.

Klingenberg, C. P. 2011. MorpholJ: an integrated software package
for geometric morphometrics. Molecular Ecology Resources 11,
353-57.

Kubo, T. & Kubo, M. O. 2012. Associated evolution of bipedality and
cursoriality among Triassic archosaurs: a phylogenetically controlled
evaluation. Paleobiology 38, 474-85.

Leisch, F., Hornik, K. & Ripley, B. D. 2015. mda: mixture and flexible
discriminant analysis. R package version 0.4-8. https://CRAN.R-
project.org/package=mda

Middleton, K. M. & Gatesy, S. M. 2000. Theropod forelimb design
and evolution. Zoological Journal of the Linnean Society 28,
149-87.

Mourer-Chauviré, C., Tabuce, R., Mahboubi, M., Adaci, M. &
Bensalah, M. 2011. A Phororhacoid bird from the Eocene of
Africa. Naturwissenschaften 98(10), 815-23.

Osborn, H. F. 1916. Skeletal adaptations of Ornitholestes, Struthiomimus,
Tyrannosaurus. Bulletin of the American Museum of Natural History
35, 733-71.

Osborn, H. F. 1929. The Titanotheres of ancient Wyoming, Dakota,
and Nebraska. US Geological Survey, Monograph 55, 1-953.
Ostrom, J. H. 1976. Archaeopteryx and the origin of birds. Biological

Journal of the Linnean Society 8, 91-182.

Oxnard, C. 1984. The Order of Man. Hong Kong: Hong Kong Uni-
versity Press.

Paul, G. S. 2002. Dinosaurs of the air: the evolution and loss of flight in
dinosaurs and birds. Baltimore: Johns Hopkins Press.

Pennycuick, C. J. 1989. Bird Flight Performance. Oxford: Oxford Uni-
versity Press.

Pennycuick, C. J. 2007. Modelling the flying bird. London: Academic
Press.

Peters, R. H. 1983. The ecological implications of Body Size. Cambridge:
Cambridge University Press.

Picasso, M. B. J. 2010. The hindlimb muscles of Rhea americana
(Aves, Palacognathae, Rheidae). Anatomia, Histologia, Embryolgia
39, 462-72.

Raikow, R. J. 1985. Locomotor system. /n King, A. S. & McLelland,
J. (eds) Form and Function in birds, 57-147. London: Academic
Press.

Rohlf, F. J. 1993. Relative warp analysis and an example of its appli-
cation to mosquito wings. In Marcus, L. F., Bello, E. & Garcia-

Valdecasas, A. (eds) Contributions to Morphometrics, 131-58.
Madrid: Museo Nacional de Ciencias Naturales.

Rohlf, F. J. 2003. TpsRelw, version 1.35. Department of Ecology and
Evolution, State University of New York, Stony Brook, New
York.

Rohlf, F. J. 2005. TpsDig, version 2.04. Department of Ecology and
Evolution, State University of New York, Stony Brook, New
York.

Rohlf, F. J. & Slice, D. 1990. Extensions of the Procrustes method for
the optimal superimposition of landmarks. Systematic Zoology
39, 40-59.

Sereno, P. C, Dutheil, D. B., larochene, M., Larsson, H. C. E., Lyon,
G. H., Magwene, P. M., Sidor, C. A., Varricchio, D. J. & Wilson,
J. A. 1996. Predatory dinosaurs from the Sahara and Late Creta-
ceous faunal differentiation. Science 272, 986-91.

Sherman, P. T. 1996. Family Psophiidae (Trumpeters). /n del Hoyo,
J., Elliot, A. & Sargatal, J. (eds) Handbook of Birds of the world,
Volume 3. Hoatzin to Auks, 96—107. Barcelona: Lynx.

Sinclair, W. & Farr, M. 1932. Aves of the Santa Cruz beds. In Scott,
W. (ed.) Reports of the Princeton University expeditions to Pata-
gonia (1896-1899).Volume 7, 157-91. New Jersey: Princeton
University.

Smith, J. M. & Savage, R. J. G. 1956. Some locomotory adaptations
in mammals. Journal of the Linnean Society (Zoology) 42, 603—
22.

Storer, R. W. 1971. Adaptative radiation of birds. In Farner, D. S. &
King, J. R. (eds) Avian Biology, 149-88. New York: Academic
Press.

Tambussi, C. P. 1997. Algunos aspectos biomecanicos de la locomo-
cion de los fororracos (Aves, Gruiformes). Ameghiniana 34, 541.

Tambussi, C. P., Picasso, M. B. J. & Mosto, M. C. 2010. Graviporta-
lidad en aves si 0 no? In Ballent, S., Artabe, A. E. & Tortello, M.
F. (eds) Resumenes del X Congreso Argentino de Paleontologia y
Bioestratigrafia y VII Congreso Latinoamericano de Paleontologia,
214. La Plata, Argentina: Museo de La Plata.

Tambussi, C. P., de Mendoza, R., Degrange, F. J. & Picasso, M. B. J.
2012. Flexibility along the Neck of the Neogene Terror Bird
Andalgalornis steulleti (Aves, Phorusrhacidae). PLoS ONE 7,
e37701.

Tambussi, C. P. & Noriega, J. I. 1996. Summary of the Avian Fossil
Record from Southern South America. In Arratia, G. (ed.) Contri-
butions of the southern south America to vertebrate paleontology,
245-64. Minchen: Miincher Geowissenschaftliche Abhandlungen.

Toledo, N., Bargo, M. S., Cassini, G. H. & Vizcaino, S. F. 2012. The
forelimb of early Miocene Sloths (Mammalia, Xenarthra, Foli-
vora): Morphometrics and functional implications for substrate
preferences. Journal of Mammalian Evolution 19, 185-98.

Tonni, E. P. 1977. El rol ecologico de algunas aves fororracoideas.
Ameghiniana 14, 316.

Tonni, E. P. & Tambussi, C. P. 1988. Un nuevo Psilopterinae (Aves:
Ralliformes) del Mioceno tardio de la provincia de Buenos Aires,
Republica Argentina. Ameghiniana 25, 155-60.

Verstappen, M., Aerts, P. & van Damme, R. 2000. Terrestrial locomo-
tion in the Black-Billed Magpie: kinematic analysis of walking,
running and out-of-phase hopping. The Journal of Experimental
Biology 203, 2159-70.

Verstappen, M. & Aerts, P. 2000. Terrestrial locomotion in the Black-
Billed Magpie. 1. Spatiotemporal gait characteristics. Motor Control
4, 150-64.

Vizcaino, S. F., Bargo, M. S. & Farifia, R. A. 2008. Form, function
and paleobiology in xenarthrans. /n Vizcaino, S. F. & Loughry,
W. J. (eds). The Biology of the Xenarthra, 86-99. Gainesville:
University Press of Florida.

Vizcaino, S. F., Bargo, M. S., Kay, R. F., Farina, R. A., Di Giacomo,
M., Perry, M. G., Prevosti, F. J., Toledo, N., Cassini, G. H. &
Fernicola, J. C. 2010. A baseline paleoecological study for the
Santa Cruz Formation (late early Miocene) at the Atlantic coast
of Patagonia, Argentina. Palacogeography, Palaeoclimatology,
Palaeoecology 292, 507-19.

Zeffer, A., Johansson, L. C. & Marmebro, A. 2003. Functional corre-
lation between habitat use and leg morphology in birds (Aves).
Biological Journal of the Linnean Society 79, 461-84.

Zelditch, M. L., Swiderski, D. L., Sheets, H. D. & Fink, W. L. 2004.
Geometric Morphometrics for Biologists: A Primer. San Diego:
Elsevier Academic Press.

MS received 11 May 2015. Accepted for publication 25 August 2016.

https://doi.org/10.1017/51755691016000256 Published online by Cambridge University Press


https://CRAN.R-project.org/package=mda
https://CRAN.R-project.org/package=mda
https://doi.org/10.1017/S1755691016000256


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


