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Abstract

Background: Bone fracture frequencies and survival rates are essential parameters in skeleton evolution, but infor-
mation on the functional consequences of naturally healed fractures is scarce. No leg bone fracture healing in the
wild has been reported so far from long-legged Charadriiformes (waders), which depend on bipedal locomotion for

feeding.

Methods: We documented a healed but malaligned tarsometatarsus fracture in a wild Willet (Tringa [Catoptrophorus]
semipalmata), and a malaligned tibiotarsus fracture in a Curlew (Numenius arquata) skeleton from a museum collec-
tion. Functional consequences of the malalignments were evaluated by kinematic analyses of videos (Willet) and in

silico 3D modeling (Curlew).

Results: The Willet's left tarsometatarsus exhibited an angular malalignment of 70°, resulting in a limping gait that
was less pronounced at high than at low walking speed. The bird seemed unable to club the toes of the left foot
together, apparently a secondary effect of the deformity. The Curlew’s tibiotarsus showed an angular and an axial
malalignment, causing the foot to rotate outwards when the intertarsal joint was flexed. Despite the severe effects of
their injuries, the birds had survived at least long enough for the fractures to heal completely.

Conclusions: Somewhat unexpectedly, leg fractures are not necessarily fatal in long-legged waders, even if deformi-
ties occur in the healing process. Bipedal locomotion on vegetated grounds must have been impeded due to the
bone malalignments in both analyzed cases. The birds probably alleviated the impact of their handicaps by shifting a
larger proportion of their activities to vegetation-free habitats.

Keywords: 3D modeling, Bone fracture healing, Tringa (Catoptrophorus) semipalmata, Kinematic gait analysis, Long

bone malalignment, Numenius arquata, Scolopacidae

Background

Vertebrates invest material and energy to build and main-
tain skeletons. From an evolutionary viewpoint, skeletons
should be as economic as possible to minimize these
costs, but weaker skeletal material is more susceptible to
catastrophic failure. Rigorous tests of hypotheses con-
cerning the balance between the resulting selective forces
(Alexander 1984, 1997) have proven difficult, mainly due
to the scarcity of reliable data concerning the natural
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frequencies of bone fractures, survival rates, and the per-
formance of organs after fracture healing.

Goodman and Glynn (1988) detected healed long bone
fractures in 0.8% of 1025 birds of over 240 species col-
lected in Paraguay. A much higher frequency was found
in ducks, gulls, and pigeons in Britain; healed fractures
were detected in 0.4% of the 11,095 long bones (femur,
tibiotarsus, tarsometatarsus, humerus, radius, ulna)
examined, suggesting that 4-5% of the birds had sur-
vived long bone fractures (Brandwood et al. 1986). Even
higher rates have been reported in taxonomically more
restricted studies. In a sample of 17 vultures (Gyps spp.),
three individuals (18%) showed healed fractures of the
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ulna (only wings were examined; Houston 1993), and
9% of 91 urban Blackbirds (Turdus merula) had healed
long bone fractures (Lidauer 1983). The wide variance
of these frequencies (0.8—18%) may be explained partly
by the different habitats from which samples were taken
(Lidauer 1983; Goodman and Glynn 1988). But even in
the best case, the frequency of healed bone fractures in
a population remains an inherently equivocal parameter:
an observed frequency of healed fractures may result
from a similar frequency of fracture events linked with a
high survival rate, or a (much) higher fracture frequency
linked with high lethality.

This impasse could be overcome if a complementary
body of field observations of fracture events and healing
processes were available. There are reports of individual
birds surviving long bone fractures in the ornithological
(Wood 1941; Abbott 1943; Dillon 1961), archaeological
(Parmalee 1977; Serjeantson 2009; Atherton et al. 2012),
and paleontological (Lambrecht 1933; Tasnddi-Kubacska
1962; Mlikovsky and Luka$ 1991) literature. This evi-
dence mostly has anecdotal character, whereas analyses
of the effects of healed fractures on limb performance
are lacking. Pathological deformities of healed leg bones
have been documented repeatedly (Tiemeier 1941; Wood
1941; Atherton et al. 2012). This is not surprising, as the
immobilization of bone fragments by surrounding tis-
sues promotes well-aligned fracture healing (Bennett and
Kuzma 1992; Tully 2002); the long bones of legs lack such
mechanical support. Functional consequences of the
reported malalignments have not been evaluated, which
is regrettable as bone fractures decrease an individual’s
fitness not only if the injury is fatal, but also if the perfor-
mance of the repaired limb is reduced.

Here we describe the first two cases of healed but
malaligned leg bone fractures in long-legged wad-
ers (Charadriiformes: Scolopacidae), which depend on
bipedal locomotion for food acquisition. The types of evi-
dence in the two cases were distinct. One bird was filmed
in the wild but not captured, while the other was a skel-
eton in a museum collection. Nonetheless, biomechanic
consequences of the malalignments for the kinematics of
bipedal locomotion could be characterized in both cases
through appropriate methodologies.

Methods

Willet

Willets (Tringa [Catoptrophorus] semipalmata Gmelin;
Charadriiformes: Scolopacidae) were filmed (30 frames/s)
on Padre Island, Texas, USA (27°26'N, 97°18'W), on 4
September 2011 (Panasonic DMC-FZ30 camera with
DMW-LT55 1.7x teleconverter). Frames were extracted
(QuickTimePro 7; www.apple.com/quicktime) from
sequences showing animals moving perpendicularly to
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the viewing direction. Using objects in the birds’ paths as
reference points, the horizontal trajectories of each foot
(tarsometatarso-phalangeal joint) and of the estimated
center of mass (CM; 2 cm rostral of the center of the
trunk, defined by individual coverts visible in all frames)
were determined manually using Image] v1.45s (imagej.
nih.gov/ij). In the following, we compared slow bipedal
locomotion at <0.5 m/s (‘walking’) with fast locomotion
at >0.9 m/s (‘running’). Vertical displacements were not
estimated since no unambiguous reference points for
elevation above ground were available. CM speed was
calculated numerically as the slope of the CM trajectory.
Angular flexion of the intertarsal joints (IT]) was meas-
ured with Image].

Curlew

3D scans of tibiotarsi (one malaligned) and tarsometa-
tarsi of a Curlew (Numenius arquata L.; Charadrii-
formes: Scolopacidae; collected in Essex, UK, 1985;
specimen SMF 499, Senckenberg Research Institute,
Frankfurt/Main, Germany) were produced with an Artec
Spider scanner and processed with Artec Studio v9.2.3.15
(Artec Group, Luxemburg; compare Reichert et al. 2016).
This portable scanner proved particularly user-friendly
as it does not require external structured light sources
or laser illumination. Each bone was scanned from two
opposite sides and each pair of scans was aligned using
the software’s Rigid Alignment tool. 3D models were
computed by Fine Serial Registration, Global Registra-
tion (min. distance 10, 100 iterations) and Sharp Fusion
(resolution 0.2; fill holes by radius, max. radius 5). For
visualization, models exported as OBJ-files were trans-
ferred to Blender v2.6 (www.blender.org/features/2-73/).
To directly compare the injured and healthy legs, bones
of the handicapped right leg were mirrored over the mid-
sagittal plane. IT] flexion was animated using single bone
armatures and exported as video files.

Results

Willet

A Willet in the adult non-breeding plumage with mala-
ligned left tarsometatarsus was observed on a sandy
beach on Padre Island for 2 h before it took off and was
not seen again (Fig. 1). Other Willets were present but
did not congregate. Except for the limping gait (Addi-
tional file 1: Video S1), the handicapped bird behaved
normally. Short periods of rest (<12 min) on the dry
upper beach alternated with foraging bouts on the lower
beach, where the bird often waded in belly-deep water
(Fig. 1a). The flight distance did not differ from that of its
conspecifics; when walkers approached to about 15 m,
the handicapped bird fled running at a speed similar to
that of other Willets. When the disturbance persisted, the
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Additional file 1:Video S1

Fig. 1 Willet with malaligned left tarsometatarsus foraging in water (@) and running on the beach (b). When the animal stood on both legs (c), the
left toes II, lll, and IV contacted the substrate only partly, and the left intertarsal joint (ITJ) was flexed more strongly than the right one (d). Compare

bird eventually took off, flew a short distance, and landed
without apparent difficulties.

The rather inconspicuous behavior contrasted with the
severity of the morphological abnormalities. The distal
third of the left tarsometatarsus was sharply bent caudally
by 70° (Fig. 1b). The functional length of the malaligned
bone (distance between adjacent joints) was 77% of that
of the healthy tarsometatarsus. Nonetheless, the bird
at rest stood firmly on both feet (Fig. 1c), but the inter-
tarsal joint (IT]) was flexed more strongly in the injured
leg (Fig. 1d). The modified posture affected the three
forward-facing toes. At the joints between their first and
second digits, the third and fourth toes were bent dor-
sally so that only their distal parts contacted the ground
(Fig. 1d). The second toe was held straight, touching the
substrate with its tip only. The posture of the toes did not
change visibly when the foot was in the air (Additional
file 1: Video S1), suggesting restricted toe joint mobility.
In contrast, the toes of the healthy foot clubbed together
and bent backwards during the leg’s swing phase, as in
healthy willets (not shown).

Willets increased walking speed by making longer
strides in faster succession (Fig. 2 shows representative
gait kinematics of a healthy animal at 0.38 and 1.21 m/s).
This was true also for the handicapped Willet, which
moving at 0.25 and 1.20 m/s showed stride lengths (dis-
tance between successive contact points of one foot) of
20.5 and 36.8 cm, respectively, and step cycle frequencies
of 1.2 and 3.2 per second, respectively (Fig. 3a, c). Healthy
Willets decreased the duty factor (proportion of time a
foot has contact with the ground) with increasing speed
(Fig. 2b, d). The healthy right foot of the handicapped
Willet showed this decrease in duty factor at higher
speed as well, while the duty factor of the injured foot
was similar in the two speeds analyzed (Fig. 3b, d).

Right and left step lengths (distance between the initial
contact of one foot and the initial contact of the opposite
foot) were equal in healthy Willets regardless of speed, so
that the step-size ratio was 1 (Fig. 2a, c). The duty fac-
tors were similar in both feet (Fig. 2b, d). The speed of
the estimated center of mass (CM) showed small-ampli-
tude oscillations with maxima occurring when one foot
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Fig. 2 Kinematic gait analysis of a healthy Willet, based on videos taken at 30 frames/s. Representative step cycles are presented for the walking
(0.38 m/s; a, b) and the running animal (1.21 m/s; ¢, d). In (a) and (c), positions of the left and right foot (tarsometatarso-phalangeal joint) are given
as open and closed circles, respectively. A black line indicates the trajectory of the bird's estimated center of mass (CM); for clarity, areas representing
a foot positioned in front of the CM are shaded. CM speed is shown in blue. Average speed, stride length, and the ratio between the lengths of right
and left steps are listed. In (b) and (d), the corresponding intertarsal joint angles (top), the stance phases (bottom) of the right (R; black) and left (L;

entered the swing phase while the other entered the
stance phase (Fig. 2a, ¢). In the walking (0.25 m/s) handi-
capped Willet, right steps were 2.5 times longer than left
steps, and CM speed oscillated strongly with peaks at the
end of the swing phase of the healthy leg only (Fig. 3a). In
the malformed left leg, the duty factor was significantly
lower compared to the healthy right leg (Fig. 3b). The dif-
ferences between the legs were less pronounced when the
animal was running (1.2 m/s), as the duty factors became
similar in both legs (Fig. 3d), right steps were only 30%
longer than left steps, and CM speed showed alternat-
ing large and small maxima that coincided with the start
of the swing phases of the left and right leg, respectively
(Fig. 3c).

Healthy Willets at high speed exhibited an IT] flexion
angle minimum of about 90° during the swing phase and
a less pronounced secondary minimum of 130°-~140° in
the stance phase (Fig. 2d). At lower speed, the second-
ary minimum tended to disappear, and the proportion of
the step cycle during which the IT] was strongly flexed
decreased, as expected since this flexion corresponded

to the swing phase (Fig. 2b). In the handicapped Wil-
let at high speed, the IT] of the injured leg was flexed
more strongly by about 20° than the IT] of the healthy
leg in the corresponding phases (Fig. 3d); otherwise, the
cycles resembled those of healthy birds. At low speed,
the healthy leg showed a relatively shortened IT] flex-
ion phase and no relative minimum in the stance phase
(Fig. 3b), similarly as in healthy birds (Fig. 2b). In con-
trast, the extended and flexed phases were of similar
duration in the injured leg.

Curlew

Motivated by our above observations, we searched the
Senckenberg collection for healed leg bone fractures in
the skeletons of long-legged Scolopacidae. Among 60
skeletons of Tringa, Numenius, and Limosa, we found
one Curlew whose right tibiotarsus showed a malaligned
healed fracture about one-third of the total bone length
from its distal end (Fig. 4a). The rest of the skeleton was
without apparent pathologies. The healed fracture was
thickened but consisted of solid bone material with a
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Fig. 3 Kinematic gait analysis of the handicapped Willet. Step cycles are shown for the walking (0.25 m/s; a, b) and the running bird (1.20 m/s; ¢, d);
other details as in Fig. 2. The injured leg is the left one

smooth surface. The thickened bone portion was pene-
trated by a canal of about 1 mm diameter, which also had
a solid inner surface (Fig. 4a).

Direct measurement indicated a reduction of the func-
tional length of the tibiotarsus by 5% compared to the
unaffected leg. For further analyses, in silico models were
used (Additional file 3: 3D model S1, Additional file 4: 3D
model S2), which enabled manipulations impossible to
perform with actual bones such as mirroring and super-
position (as seen in Fig. 4b—g). The axis of the malaligned
bone was bent medially by about 34° at the fracture site.
The plane of bending (i.e. the plane defined by the three
reference points: knee, IT], and the kink in the bone)
formed an angle of 30° with the sagittal plane. Thus,
the distal parts of the right leg were expected to project
inwards into the plane of movement of the left leg, which
would have made bipedal locomotion practically impos-
sible. This, however, did not occur as the rotation of the
bending plane relative to the sagittal plane was more than
balanced by a ~50° lateral rotation around its long axis
of the distal fragment of the malaligned tibiotarsus with
respect to the proximal fragment. The ultimate conse-
quence of these geometric changes was a lateral rotation

of the plane of IT] flexion in the right leg by some 40°
relative to the mid-sagittal plane (Fig. 4b—g, Additional
file 2: Video S2). Thus, when the IT] was flexed, the right
foot moved lateral, i.e. in an outward direction, from the
plane in which IT] flexion normally occurs.

Discussion

We analyzed malaligned long bones in the legs of two
waders. In the Willet, the behavior of the bird in the wild
was documented, and anatomical information had to be
derived from photographs. In the Curlew, the anatomy of
the malformed bone could be examined and its function
modeled, whereas behavioral consequences could only be
inferred. Nonetheless, the two sets of information sup-
port similar conclusions.

Although the wild Willet’s deformed limb could not
be examined, a fracture is the most plausible explana-
tion for its anatomical aberration. Following a fracture,
the distal bone fragment probably was fixed during the
healing process in the observed position by the pull of
the tendons that connect the toes to more proximally
located muscles. Since these tendons are running mainly
along the caudal side of the tarsometatarsus (Stolpe 1932;
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Fig. 4 Effects of a tibiotarsus malalignment on the kinematics of the
intertarsal joint (ITJ) in the right leg of a Curlew (SMF 499; Sencken-
berg Research Institute). a Tibiotarsi of the handicapped bird; cranial
view of the normal left (L) and caudo-lateral view of the misaligned
right (R) bone that shows the canal through the ossified callus.

b-g 3D models of the left (yellow) and right (blue) tibiotarsus and
tarsometatarsus, with extended (b-d) or flexed (90°%; e-g) ITJ (scale
reduced to 65% of that in a). The bones of the malaligned right leg
are mirrored (turning them into left leg bones geometrically), and
the proximal part of the normal tibiotarsus was superimposed on
the malaligned tibiotarsus to directly visualize the geometric effects
of the deformity. ¢, f Cranial views; b, @ medial views (from the right);
d, g lateral views (from the left). Compare Additional file 2: Video S2,

Additional file 3: 3D model S1 and Additional file 4: 3D model S2

Hudson 1937), they must have exerted asymmetric forces
on the leg distal of the fracture. The smoothly rounded
rather than sharply kinked caudal surface of the limb at
the fracture site supports this idea (Fig. 1b, d). In this
interpretation, the anatomical and functional changes
observed in the toes appear as secondary responses to
the requirements of the modified biomechanic apparatus.

Walking birds accelerate by increasing step cycle fre-
quency and stride length simultaneously (Gatesy and
Biewener 1991; Gatesy 1999; Reilly 2000; Abourachid
2001; Rubenson et al. 2004; Nudds et al. 2010; Nyakatura
et al. 2012). Since birds increase cycle frequency by short-
ening the stance phase at constant swing phase, the duty
factor decreases with increasing speed. These kinematic
characters were evident in healthy Willets, too (Fig. 2a,
). Moreover, the IT] flexing cycles of Willets (Fig. 2b, d)
resembled those reported from other birds (Stoessel and
Fischer 2012; Nyakatura et al. 2012). Thus, Willets exhib-
ited typical kinematics of avian bipedal locomotion, and
the aberrations in the handicapped individual (Fig. 3)
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may represent general responses of the biomechanic sys-
tem ‘bipedal bird’ to injuries of the type described. The
deviations from normal gait kinematics in the handi-
capped bird were more strongly expressed at low (Fig. 3a,
b) than at high (Fig. 3¢, d) velocity. Apparently, the bird’s
momentum at higher speed enabled it to maintain an
almost symmetric gait. It would be interesting if case
studies of other species became available for comparison.

Willets in the region at the time of observation
mostly are winter residents and migrants. Given the
handicapped bird’s inconspicuous foraging and flight
behavior, it appears possible that it was migrating suc-
cessfully. More severe effects may have been caused by
its inability to fold the toes of the handicapped leg dur-
ing the leg’s swing phase. Healthy Willets (not shown)
and other Scolopacidae (Wortmann 1972: 281) club the
toes together and bend them backwards while the foot is
in the air. This appears to prevent entanglements of the
feet with objects on the ground (Wortmann 1972: 335).
If so, the handicapped Willet’s ability to move swiftly on
vegetation-covered surfaces probably was compromised
(compare Bergman 1946: 20), which may have caused
the bird to forage mostly on vegetation-free ground. We
observed the bird foraging only on surfaces without veg-
etation, but, unfortunately, the period of observation was
too short to justify general conclusions concerning for-
aging behavior. On the other hand, spread toes certainly
generate more drag than clubbed ones, and wading in
water must have been more difficult for the handicapped
bird than for its healthy conspecifics—but it did not seem
to avoid wading at all (Fig. 1a).

In the case of the Curlew, conclusions concerning the
functional and behavioral consequences of the healed
injury had to be derived from the structure of the affected
bone. The solid bone material at the fracture site indi-
cated secondary bone healing with completed callus ossi-
fication (Roggemann 1930; Bennett and Kuzma 1992).
Evidently, the bird had lived long enough for the fracture
to heal fully. An intriguing feature was the canal that
extended through the healed fracture (Fig. 4a). Since the
inner surface of this canal consisted of solid bone with-
out opening into the inner bone cavity, we can exclude
that it was generated post mortem. The structure could
be explained by the loss of a non-viable bone fragment, a
frequent result of leg bone trauma in birds (Bennett and
Kuzma 1992; Tully et al. 1996).

To evaluate the functionality of the malaligned tibiotar-
sus, we applied modeling techniques based on optical 3D
scanning, which we had optimized for biological applica-
tions in unrelated contexts (Reichert et al. 2016, 2017).
3D models in silico possess significant analytical advan-
tages. Models can be more easily aligned precisely with
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defined planes and axes than actual bones, and the meas-
urement of distances, surface areas, volumes, and angles
is straightforward. In silico models enable manipulations
that are impossible with real objects, including mirror-
ing over freely defined planes and the superposition of
objects in space (compare Fig. 4). We used 3D models to
visualize the combined results of the two main geometric
features of the deformed tibiotarsus, namely the angular
malalignment characterized by the plane of bending of
the kink in the bone, and the rotational malalignment of
the distal tibiotarsus fragment (Fig. 4; Additional file 2:
Video S2). Our analysis showed that the right foot moved
outward, away from the mid-sagittal plane, every time
the bird flexed its right IT] to make a step. This must have
impeded bipedal locomotion in dense vegetation. How-
ever, in the living Curlew the effect may have been bal-
anced partially by long-axis rotation of the femur and/or
tibiotarsus, a frequently overlooked type of movement
(Kambic et al. 2014). Unfortunately, we lack the necessary
information to evaluate this possibility quantitatively.

Conclusions

The unexpected observations of healed but malaligned
leg bones in two wader species that depend on terres-
trial locomotion for food acquisition demonstrates that
leg fractures are not necessarily fatal in these animals,
even if severe deformities occur. The severe angular
malalignment of the Willet’s tarsometatarsus caused a
limping gait most pronounced at low walking speed and
an inability to club the toes of the affected leg together.
The combined angular and axial malalignment of the
Curlew’s tibiotarsus caused a lateral rotation of the foot
when it was lifted. In both cases, a reduced ability to
move swiftly through dense vegetation was inferred. Both
species utilize vegetated ground, particularly during the
breeding season, but also forage on flat surfaces devoid of
vegetation, such as mud flats and beaches. It seems plau-
sible that the handicapped birds minimized the impact of
their deformities by shifting an even higher proportion of
their activities to vegetation-free habitats.

While the nature of the available evidence was distinct
for the Willet and the Curlew, insights into the effects
of the injuries on locomotory kinematics were gained in
both birds through relatively simple, inexpensive meth-
ods—kinematic analysis of videos taken with stand-
ard digital cameras of animals in the wild, and optical
3D scanning followed by in silico modeling of affected
bones. The routine application of these methods to simi-
lar cases will augment our knowledge base of non-lethal
bone fractures in the wild, which can be expected to pro-
mote our understanding of skeleton evolution (Alexander
1984).
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Additional files

Additional file 1: Video S1. Video-clip (mov format) of a Willet with
malaligned left tarsometatarsus walking and running on a beach on Padre
Island, Texas, USA.

Additional file 2: Video S2. Video-clip (mov format) showing the kin-
ematics of intertarsal joints in the healthy and malaligned leg of a Curlew.

Additional file 3: 3D model S1. 3D models of the tibiotarsus and tar-
sometatarsus of the healthy left and the malaligned right leg of a Curlew
with expanded intertarsal joint. The right leg is mirrored to facilitate direct
comparison of the two legs. The models are in the polygon file format
(ply) and can be displayed by standard software such as the free, open
source MeshLab (meshlab.sourceforge.net/).

Additional file 4: 3D model S2. As 3D model S1, but with flexed inter-
tarsal joint.
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