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ABSTRACT

Living elephants produce seismic waves during vocalizations and locomotion that are potentially de-
tectable at large distances. In the Mesozoic world, seismic waves were probably a very relevant source
of information about the behavior of large dinosaurs. In this work, we study the relationship between
foot shape and the directivity pattern of seismic waves generated during locomotion. For enlarged foot
morphologies (based on a morphological index) of theropod dinosaurs, there is a marked effect of seis-
mic wave directivity at 20 m. This effect is not important in the foot morphologies of other dinosaurs,
including the foot shapes of herbivores and theropods such as therizinosaurids. This directivity produces
a lower intensity in the forward direction that would slightly reduce the probability of detection of an
ambush predator. Even more relevant is the fact that during the approach of a predator, the intensity of
seismic waves detected by potential prey remains constant in the mentioned distance range. This effect
hides the predator’s approach, and we call this “seismic wave camouflage”. We also discuss the potential

relationship of this effect with enlarged fossil footprints assigned to metatarsal support.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Physical models have been used to explore the bioacoustical
capabilities of large dinosaurs in situations for which there are
no good living analogues. Their results were used to speculate
about the use of certain biological structures, such as the tails of
sauropods (Christiansen, 1996; Myhrvold and Currie, 1997) or the
crests of lambeosaurine hadrosaurids (Evans et al., 2009) to pro-
duce sounds used for defense, communication, intraspecific rivalry
and courtship, among other purposes. Following these approaches,
we used a physical model of seismic wave production to speculate
about behavioral implications in predator-prey interactions.

During the Mesozoic period, the largest terrestrial verte-
brates in the history of life thrived. Some representatives of the
clade Sauropodomorpha, such as the titanosaurids, approached
100 tonnes in body mass, which is the biomechanical limit for a
terrestrial vertebrate (Hokkanen, 1986).

Among theropods were the largest terrestrial carnivores that
ever existed, and some reached body masses up to 10 tonnes
(Mazzetta et al., 2004; Seebacher, 2001; Therrien and Hender-
son, 2007). Today, the largest terrestrial vertebrates are elephants.

* Corresponding author at: Facultad de Ciencias, Igua 4225, Montevideo 11400,
Uruguay.
E-mail addresses: ernesto@fisica.edu.uy (R.E. Blanco), wjones@fisica.edu.uy
(W.W. Jones), nbenech@fisica.edu.uy (N. Benech).

https://doi.org/10.1016/j.jtbi.2018.10.010
0022-5193/© 2018 Elsevier Ltd. All rights reserved.

These mammals produce seismic waves during vocalizations and
locomotion that are potentially detectable at distances up to 32 km
(O’Connell-Rodwell et al., 2000). The signals detected at a large
distance appear to predominantly have a low frequency (from ap-
proximately 10Hz to 40 Hz) because absorption of seismic energy
increases with increasing frequency (White, 1965). Airborne signal
detection depends on weather, vegetation structure, height of the
emitter and wind, among other factors (O’Connell-Rodwell et al.,
2000 and references therein). Under certain conditions, signals
through the ground are more reliable than signals through the air
(O’Connell-Rodwell et al., 2000). Although seismic waves may not
carry specific spectral information that air-borne signals contain,
they could provide a general localizing mechanism based on time
or phase differences (Aicher and Tautz, 1990). Seismic wave de-
tection has been reported in arthropods (Aicher and Tautz, 1990;
Cocroft, 1996; Sandeman et al., 1996; DeVries, 1990), amphibians
(Narins, 1990), reptiles (Hartline, 1971; Hetherington, 1992), and
mammals (O’Connell-Rodwell et al., 2000; Shipley et al., 1992; Nar-
ins et al., 1992; Narins et al., 1997), and it was also suggested that
Pleistocene ground sloths used seismic waves for communication
(Blanco and Rinderknecht, 2008,2012). In the Mesozoic world, the
seismic waves were probably a very relevant source of information
about the behavior of predators and prey.

There are several examples of camouflage strategies in the
animal kingdom for both defensive and aggressive purposes
(Stevens and Merilaita, 2011). Although most studies are related to
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visual camouflage, there is evidence for camouflage involving sen-
sory systems other than vision (Ruxton, 2011). There are many ex-
amples for olfaction camouflage, particularly among insects (Cervo
et al., 2008; Martin et al., 2008; Johnson et al., 2008; Kroiss
et al.,, 2009; Silveira et al., 2010). Camouflage strategies based on
the hydrodynamic disturbance generated by swimming speed are
key to many predator-prey interactions in plankton (Munk and
Kigrboe, 1985; Munk, 1992; Kigrboe, 2008; Holzman and Wain-
wright, 2009). There are many examples of organisms that are
adaptively silent at times or in locations when or where preda-
tion risk is higher or in response to the detection of prey (Ryan
et al., 1982; Miller and Surlykke, 2001; Barber and Conner, 2006;
Digweed et al., 2005). Substrate-borne vibratory signals are uti-
lized in a very diverse range of taxa, but this kind of signal and
vibratory camouflage are understudied (Hill, 2008; for a review
Hill, 2009). Motion camouflage is a stealth strategy employed by
animals to achieve prey capture. In one type of motion camou-
flage, the predator approaches the prey such that from the point
of view of the prey, the predator always appears to be at the same
bearing (Srinivasan and Davey, 1995; Mizutani et al., 2003; Justh
and Krishnaprasad, 2006). Several authors have stated that there
is conclusive evidence that very large theropods, such as Tyran-
nosaurus rex or Daspletosaurus sp., were capable of active predation
(Carpenter, 2013; Murphy et al., 2013). Possibly, seismic wave mo-
tion camouflage might have been useful to increase the probability
of successful hunting.

Different suborders of dinosaurs are characterized by foot mor-
phologies observed not only in their foot bones (Farlow et al.,
2013,2014) but also in their ichnites (Lockley, 2009). There are no-
ticeable differences in hind foot morphology, for example, between
theropods and ornithopods (Farlow et al., 2013). In this study, we
explore the length/width ratio of the ichnites assigned to different
group of dinosaurs to look for some peculiarities in the feet of car-
nivorous theropods that could act as a seismic wave source com-
pared to other groups of dinosaurs. We also use theoretical mod-
eling to explore the spatial distribution of energy generated by a
“foot stomp” depending on the overall shape of the footprint. We
propose a possible effect of “seismic wave motion camouflage” in
theropods.

2. Material and methods
2.1. Morphometric analysis

The criteria for sample categories were mainly based on in-
ferred feeding habits, large size and preservation quality. We pro-
pose 5 groups that do not necessarily imply systematic significance
based on previous studies (Lockley, 2009; Ellenberger, 1970; Lock-
ley and Hunt, 1994; Harris et al., 1996; Calvo, 1999; Lockley et al.,
2007; Weems, 2006; Li et al.,, 2008; Castanera et al., 2011; Fio-
rillo and Adams, 2012): Carnivorous theropods (17 ichnites): big-
game-hunting predators with a flesh-eating diet (Paul, 2010), and
this group includes a dromaeosaur footprint; Ornithomimosaurs (4
ichnites): possibly omnivorous with a diet consisting of small an-
imals and insects with plant material (Osborn, 1917; Paul, 2010),
although an in-depth study of the functional anatomy, paleoen-
vironmental and taphonomic evidence suggests that they have a
herbivorous diet (Barrett, 2005); Therizinosaurs (2 ichnites): gener-
ally accepted to be browsing herbivores (Russell and Russell, 1993;
Zhang et al., 2000; Kirkland et al., 2005) that may have picked
up small animals on occasion (Paul, 2010); Ornithopods (24 ich-
nites): probably low- to medium-level browsers (Paul, 2010); and
Sauropods (17 ichnites): a group predominantly composed of her-
bivorous browsers and grazers (Paul, 2010), and this group in-
cludes two prosauropod footprints. We selected hindfoot ichnites
because the categories mentioned above include bipedal dinosaurs.

We chose a relatively well-preserved footprint for ichnites that
represents the total support area. We calculated the L/W ratio
(where L is the maximum footprint length and W is the maximum
footprint width), which is an index previously defined by Lockley
(Lockley, 2009). We performed an ordinary least-squares regression
of footprint length vs L/W ratio (Fig. 1). We then performed a one-
way ANOVA analysis to differentiate the L/W mean ratios of select
groups. The statistical analyses were performed with PAST 2.16 free
software. We calculated the L/W ratio for elongated dinosaur tracks
using a previously described method (Kuban, 1989), but these cal-
culations were not included in the statistical analysis; these results
will be analyzed in the Discussion section.

2.2. Theoretical model of seismic wave propagation

The seismic waves generated by a foot stomp were modeled
using the Green’s function for Lamb’s problem (i.e., the prob-
lem of determining the elastic disturbance resulting from a point
force acting normally to the free surface of an elastic half space).
This Green’s function can be obtained using the Cagniard-de Hoop
method (Johnson, 1974; Aki and Richards, 2002). The final expres-
sion for the vectorial displacement field is given in terms of inte-
grals without an analytical solution, except for some special cases,
e.g., the on-axis displacement and the surface displacement (Graff,
1991; Benech and Negreira, 2005). In this study, we are interested
in the surface displacements for which closed form solutions ex-
ist. The contributions to surface displacement are determined by
the compressional or P-wave, the shear or S-wave and the Rayleigh
(surface) wave. Each of these waves arrives at a particular point of
the surface at a specific time that depends on the compressional
wave speed C, and the shear wave speed C;. The arrival times of
the P and S waves are simply t;=r/C;, where i=p or s and r is the
distance between the source and the observation point. The arrival
time of the Rayleigh wave depends on Cg, which is the surface
wave speed and is given with good approximation by Viktorov’s
formula (Royer and Dieulesaint, 2002)

Cr = Gs[0.718 — (G:/Cp)?]/[0.75 — (G:/Cp)?]

Therefore, the Rayleigh wave speed depends on the ratio Cy/Cp,
which is intimately related to Poisson’s ratio v of the half-space:

v = (1/2)[1-2(G/G)?]/[1 - (G:/Cp)?]

Thus, depending on Poisson’s ratio, the Rayleigh wave speed
varies from 0.87C; (v=0) to 0.96C; (v=1/2).

A detailed analysis of the surface wave reveals that the direc-
tivity pattern, as well as the energy distribution in each type of
wave, depends on Poisson’s ratio of the half-space (Graff, 1991).
In this work, we used a value of v=1/3 to represent the soil
value (Mavko and Nolen-Hoeksema, 1994). The surface displace-
ments generated by the foot stomp at a given position were cal-
culated by numerical integration of the point force over the sur-
face of the foot. Although the Rayleigh surface wave is responsible
for roughly 65% of the propagating energy (Graff, 1991), the inte-
gration takes into account all wave types. It is assumed that the
whole plantar surface of the dinosaur is hitting the ground simul-
taneously. This seems to be a strong assumption that needs to be
argued. In a human-like walking with a heel-sole-toe sequence, the
shape of the ground contact surface is different at each stage of the
support. The details of the process can be observed with high res-
olution plantar pressure distributions (Vereecke et al., 2003). Ini-
tially, at heel contact, the shape is almost circular (L/W=1); at
sole contact it is much more elongated (L/W > 1) and at toe stage
it is wider (L/W <1). In humans the whole sequence takes around
540 ms, the foot is progressively hitting the ground with a contact
speed much slower than the seismic waves. In such case our as-
sumption would be misleading. But the morphology and action of
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Fig. 1. Scatterplot for studied categories and the regression line for carnivore theropod footprints (linear equation and fit coefficient r?) of the L/W index vs footprint length

(L).

the human foot with a grounded heel behind a relatively distal an-
kle joint loaded early in stance and toes pushing off at the end of
the stance (i.e. a heel-sole-toe stance) is very unusual outside the
hominoidea. It is absent in the majority of cursors whether bipedal
(e.g. ostrich, emu) or quadrupedal (Usherwood et al., 2012 and ref-
erences therein). The best living analogues of theropods are large
cursorial birds as ratites. In the case of ostrich the plantar pressure
distribution during walking on solid ground was already studied
(Zhang et al., 2017). Although the area of contact surface increases
after touch down, the shape did not change significantly in the
782 ms of stance. This is enough to support the general conclu-
sions of our model. Moreover, as carnivore theropods had between
ten and hundred times the body mass of ratites, some allomet-
ric effects can be pointed. The peak plantar pressure scaled with
the square root of body mass in a sample of 28 mammals with a
range of mass from 4 to 3000kg (Michilsens et al., 2009). Then
for large vertebrates it is important to avoid hitting the ground
in a way that could increase peak plantar pressure. The dynam-
ics of the contacting components of the foot might determine the
size of the load-bearing surface. Then in large dinosaurs it is even
more important than in ostriches to hit the ground simultaneously
with the whole foot. This gives good support to the assumptions in
our model. Two geometric shapes were chosen for the footprints:
an isosceles triangle with smooth corners to avoid artifacts related
to sharp corners effect and a shape adapted from the ichnite of
a large theropod in our sample. The triangle was modeled with
L/W=2.0 and the ichnite shape was based in Eubrontes giganteus
type (Fig. 2A in Lockley, 2009, with L=39.68 cm) with an L/W=1.7.

3. Results
3.1. Numerical model results

The ratio between the length L and width W of the sources
was chosen to approximately fit the real footprints of carnivore
theropods, i.e., L/W =2, as shown in Fig. 2(A). Fig. 2(B) displays the
directivity pattern of the wave energy in dB scale for the triangular
source at distances between 20 and 100W. The distances are ex-
pressed in terms of the source width W. The figure clearly shows
that at short distances (less than 60 times the W value), the energy
is strongly directed to the sides (90° and 270°) of the triangle, with
0° being the direction of travel. With increasing radial distance, the

pattern tends toward being isotropic. This is an expected behav-
ior since at large distances, the source is viewed as a point one.
An interesting result is the energy dependence on the distance to
the source, which is displayed in Fig. 2(C). The computations show
that the irradiated energy strongly depends on distance in lateral
directions (90° and 270°) of the source but is almost constant for a
wide distance range in the walk direction (0°). Since the variations
in wave amplitude are a key factor for sensing the predator’s ap-
proach, this result suggests that this kind of geometry is suitable
for motion camouflage.

Fig. 3 shows the results for a shape adapted from the ichnite of
Eubrontes giganteus (Lockley, 2009) with an L/W=1.7. We can ob-
serve that the general results highlighted for the triangular source
also apply in this case. The energy of the wave is almost constant
with the distance to the source in the forward direction, which
permits camouflage of the predator’s approach. We also performed
simulations with rectangular shapes with smooth and sharp cor-
ners and with shapes adapted from ichnites of smaller theropods.
The general conclusions do not depend of those details. Thus, the
ratio between the length and width seems to play a key role in the
directivity of energy radiation independent of the particular shape
of the source.

4. Discussion

The intensity of seismic waves generated by locomotion de-
pends on the pressure exerted on the ground (wave amplitude)
and the area of the foot (size of the source). Some estimations
were already made from pressure on the ground and the foot area
of dinosaurs compared to elephants, cattle, rhinoceros and giraffes
(Alexander, 1985). For a sauropod about the size of Apatosaurus (34
tonnes), the total sole area (four feet) was 1.2 m?2, and the stand-
ing pressure was approximately 280 kPa. For a theropod about the
size of Tyrannosaurus (8 tonnes), the total sole area (two feet) was
0.6 m2, and the standing pressure was approximately 130 kPa. For
an ornithopod the size of an Iguanodon (5 tonnes), the total sole
area of the hind feet was 0.6 m?, and the standing pressure was
approximately 120kPa. For elephants (4.5 tonnes), the total sole
area (four feet) was estimated as 0.6 m2, giving a standing pressure
of approximately 80 kPa. Although the actual pressure values with
all the weight supported on one foot during locomotion are prob-
ably higher than the values estimated statically (Falkingham et al.,
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Fig. 2. (A) Triangular source geometry. (B) Directivity pattern of the wave energy at various distances from the source expressed in W units. (C) Energy as a function of
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Fig. 3. (A) Eubrontes giganteus type (taken from Lockley, 2009 Fig. 2(A)) ichnite based geometry of the source. (B) Directivity pattern of the wave energy at various distances
from the source (expressed in W units). (C) Energy as a function of distance to the source (expressed in W units) for 90° (dashed line) and 0° (full line).

2011), the estimation shown above is suitable for our comparative
purposes. The total radiated energy is roughly proportional to the
sole area, and the intensity is proportional to the square of the am-
plitude. If we also assume dynamic similarity, we can roughly es-
timate that the intensity of the seismic waves generated by a large
sauropod were almost 25 times more intense, by a large theropod
were 2.6 times more intense and by a large ornithopod were 2.3
times more intense compared to elephants. Therefore, the Meso-
zoic world was probably full of intense seismic signals generated
by large dinosaurs.

Infrasonic and seismic detection in terrestrial vertebrates has
been studied in a few groups, including amphibians, reptiles, birds
and mammals (Randall, 2014; Narins et al., 2016). The mechanisms

underlying infrasound and seismic wave detection in vertebrates
are still poorly known. For elephants, the distribution, morphology
and tissue density of Pacinian corpuscles, which are specialized
mechanoreceptors, have been studied in the forefoot and hindfoot
of Asian elephants. The results suggested that Pacinian corpuscles
in the dermis of the foot are one possible anatomic mechanism
used by elephants to detect seismic waves (Bouley et al., 2007).
A similar distribution of Pacinian corpuscles is not exceptional
among mammals and has also been described in the digits of hu-
mans, monkeys and raccoons (Bouley et al., 2007 and references
therein). Other mechanisms accessible to other vertebrates, such as
bone conduction, were also proposed (Reuter et al., 1998; Bouley
et al., 2007). In birds, sensitivity to vibrations of low frequencies
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Table 1
L/W means and standard deviations.

Group (N) L/W mean L/W standard deviation
Carnivorous theropods (17)* 194 0.43
Ornithomimosaurs (4)" 0.92 0.25
Therizinosaurs (2)° 1.00 0.14
Ornithopods (24)¢ 0.99 0.15
Sauropods (17)¢ 127 0.13

2 Data from (Lockley, 2009; Lockley and Hunt, 1994; Li et al., 2008).

b Data from (Lockley, 2009),

¢ Data from (Harris et al., 1996; Fiorillo and Adams, 2012).

d Data from (Lockley, 2009).

¢ Data from (Ellenberger, 1970; Calvo, 1999; Weems, 2006; Lockley et al.,
2007; Castanera et al., 2011).

has been documented many times. Herbst corpuscles were widely
distributed in subcutaneous tissues in the legs, and close follicles
of large flight feathers respond physically to small displacements
(Narins et al., 2016 and references therein). Herbst corpuscles are
mechanoreceptor analogs of Pacinian corpuscles and have been
suggested to function as warning devices through detecting vibra-
tory disturbances of the ground or other surfaces (Dorward and
McIntyre, 1971) or as sensors in flight control (Hoerster, 1990).
With the present knowledge, it seems highly plausible that di-
nosaurs could have mechanoreceptor analogs of Herbst or Pacinian
corpuscles in their foot dermis or mechanisms of bone conduction
with the sensitivity required to detect intense seismic waves pro-
duced during locomotion of other individuals. At same time, cor-
relations obtained in living archosaurs have suggested that hearing
in large dinosaurs was restricted to low frequencies with a high-
frequency limit below 3 kHz (Gleich et al., 2005). Therefore, infra-
sound and seismic wave detection in large dinosaurs is plausible.

The ichnites of the hind feet of ornithopods, ornithomimosaurs
and therizinosaurs have an almost equal length and width sensu
(Lockley, 2009). The ichnites of sauropods are slightly longer than
wider (see Table 1), and the ichnites of carnivorous theropods are
almost two times longer than wider. One-way ANOVA shows that
the mean index (L/W) for carnivorous theropods is significantly dif-
ferent compared to other groups (see Table 2). The allometric vari-
ation of this index for theropod tracks suggest a decreasing ten-
dency with ichnite length (see Fig. 1), which implies that body
size would have an influence on the foot morphology. However,
the large index value of carnivorous theropods seems to be inde-
pendent of biomechanical constraints related to body size because
ornithopods and sauropods of similar (or even smaller) size have
smaller index values (see Fig. 1). It is remarkable that the index
values of therizinosaurs and ornithomimosaurs are different from
those of carnivore theropods and almost indistinguishable from
those of ornithopods (see Table 2). The pes of therizinosaurids are
short and broad, and they are clearly different from those of any
other theropod (Clark et al., 2004). Although the ornithomimosaur
pes has a slender morphology, the three functional toes diverge
quite widely (Thulborn, 1990), and this condition results in nearly
equal width and length (Lockley, 2009). It is possible that this dif-
ference could be explained by the relevance of seismic wave cam-
ouflage to dinosaur behavior because the largest index values pro-
duce the largest effects.

The physics of the propagation of seismic waves implies that
depending on the shape of the source, there will be differences in
the energy radiated in different directions. Our results show that
if the source length is larger than the source width, there is less
energy emitted in the length direction. In the case of a typical
theropod (L/W approximately 2), it is expected that surface seismic
wave energy in the forward direction of motion will be lower than
that in the lateral direction (Figs. 2, 3). This result suggests that
a hunting theropod could avoid being detected by potential prey

sensitive to seismic waves. However, there are other results from
our physical model that could imply a more intriguing advantage.
For a source with a relation of L/W=2 (very close to the mean
value for the carnivore theropod ichnites studied here, see Table 1),
the intensity of seismic waves remains almost constant, even when
the source is approaching (see Figs. 2(C), 3(C)). These results are
independent of the source details and are mainly a consequence of
the degree of asymmetry between the length and width (L/W in-
dex). In a paleobiological context, it might be expected that a typ-
ical theropod approaching a prey animal generated seismic waves
that (due to the constant value of wave intensity) would be mis-
interpreted as a stationary or non-approaching source. With the
parameters considered in our model, this masquerade effect would
be relevant at distances between the predator and prey from ap-
proximately 25m (see Figs. 2(C), 3(C)). Then, the theropod foot
shape could be useful for producing seismic wave motion camou-
flage during the last stage of the approach to a prey animal.

There will be situations of low visibility, wind direction, and
sound dispersion from vegetation, among others, in which the sur-
face seismic waves could be the main source of information about
predator behavior and be the stimuli that trigger initiation of prey
flight. There are living analogues in vertebrates of this behavior
such as the very specific response of the red-eyed tree frog to vi-
brations generated by egg-eating snakes (Warkentin, 2005), among
other examples in animals (Randall, 2014 and references therein).
For example, dense and high vegetation environments could con-
ceal visual and acoustic clues that allow prey to detect a poten-
tial predator. Although airborne sound would be intense, high fre-
quencies from the airborne sound would suffer scattering and at-
tenuation in a dense environment. Otherwise, the low frequencies
give not much information about source location making difficult
to choose properly the escape direction. The lower frequency of
sound that can be properly located depends of the distance be-
tween ears (limited by head size) but for seismic waves depends
of the distance between the legs (limited by body size) as in ele-
phants (Bouley et al., 2007; Blanco and Jones, 2014 and references
therein). Even it is possible that hearing in large dinosaurs was
restricted to low frequencies (Gleich et al., 2005) and had a poor
ability to locate sound sources. Then it is possible that in some sit-
uations airborne sound cannot give enough information for initiat-
ing a proper defense. Additionally, wind direction can conceal the
olfactory clues, and in some cases, the prey does not respond to
a predator’s odors (Schaller, 1972). The reduction of seismic wave
intensity in the trail direction is significant only at distances less
than 25m (Figs. 2(C), 3(C)), and predator detection at this distance
is relevant for the outcome of hunting. Field observations suggest
that the distance covered in the final charge is a crucial variable
for success. Several observations of hunting behavior in lions and
leopards suggest that it is generally ineffective to launch attacks
at distances larger than 20m (Schaller 1972; Sunquist and Sun-
quist, 2009). At distances of 25m or less, the seismic wave in-
tensity is probably high enough to be easily detected by a prey.
Then, the camouflage mechanism proposed here probably did not
avoid the seismic wave detection at such distances but concealed
the motion of the predator. In some situations, concealing the mo-
tion could be more relevant than avoiding detection (Griffin, 1992).

According to the economic hypothesis of prey flight distances
(Ydenberg and Dill, 1986), prey may be aware of the predator well
before it decides to flee. There are some features that can delay
the escaping behavior of the prey. If other things are equal, the
probability of prey flight initiation in a given encounter with a
predator should increase with the approach velocity of the preda-
tor and the distance to effective cover, and it was proposed that
it should decrease with the attainable escape velocity of the prey
(Ydenberg and Dill, 1986). Prey flight distances have been shown
to increase with predator approach velocity in a variety of species
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Table 2

One-way ANOVA (post-hoc Tukey’s pairwise comparison) probabilities.
Groups Sauropods Ornithopods ~ Ornithomimosaurs  Therizinosaurids
Carnivorous theropods  0.0007405  0.0001342 0.0001338 0.0001344
Sauropods _ 0.3869 0.1676 0.4243
Ornithopods _ _ 0.9888 1
Ornithomimosaurs 0.9821

Bold numbers significant difference (p < 0.05).

(Hurley and Hartline, 1974; Hutson, 1982). The seismic wave mo-
tion camouflage would be useful to hide actual approach velocity
and could even produce the perception that the predator is not
approaching. Predator size is also likely to be correlated with the
probability of prey flight initiation and does influence flight dis-
tance (e.g., Hurley and Hartline, 1974; Dill, 1974). The reduction of
the seismic wave intensity in the approaching direction can hide
the actual body size of the predator, producing the delay of prey
flight initiation. There are alternative defense tactics, such as cryp-
sis, and defensive devices, such as spikes and armor, among others
(see Ydenberg and Dill, 1986). Seismic camouflage could be use-
ful to avoid these defensive devices. Seismic motion camouflage
could have been a selective pressure for an active hunter adapted
by macro-predaceous theropods, but body weight support and lo-
comotion requirements could have imposed strong restrictions on
the foot proportions.

There are also behavioral features that can improve seis-
mic motion camouflage. For example, to touch the ground with
metatarsals would reduce the seismic wave intensity and increase
the L/W effective value for improving the seismic motion camou-
flage effect. The behavior of theropod dinosaurs that left metatarsal
impressions has been discussed by G.J. Kuban, who suggested that
the trackmakers may have been stalking or crouching as a part of
their hunting behavior (Kuban, 1989; Thulborn and Wade, 1989;
but see Lockley et al., 2003 for other interpretations). Seven of
these elongated tracks show a mean L/W index of 1.6 and a stan-
dard deviation of 0.18. Five of these tracks show L/W values larger
than expected for a theropod carnivore of such a footprint length
(see Fig. 1). At the same time, this crouching locomotory behavior
would produce a lower profile for visual detection.

The seismic wave motion camouflage concept proposed in this
study could be applied to living animals and other fossil vertebrate
groups. The theoretical approach presented in this study could be
useful for understanding hunting strategies and depicting paleobi-
ological scenarios.

Acknowledgments

We wish to thank PEDECIBA and ANII for financial support and
D. Henderson (Royal Tyrrell Museum of Palaeontology) for improv-
ing the English grammar.

References

Aicher, B., Tautz, J., 1990. Vibrational communication in the fiddler crab, Uca pugi-
lator. J. Comp. Physiol. A 166, 345-353. https://doi.org/10.1007/BF00204807.
AKki, K., Richards, P.G., 2002. Quantitative seismology: Theory and Methods, 2nd edi-
tion University Science Books, CA: Sausalito.

Alexander, RMcN., 1985. Mechanics of posture and gait of some large dinosaurs.
Zool. ]. Linn. Soc. 83, 1-25. https://doi.org/10.1111/j.1096-3642.1985.tb00871.x.

Barber, J.R,, Conner, W.E., 2006. Tiger moth responses to a simulated bat attack:
timing and duty cycle. J. Exp. Biol. 209, 2637-2650. https://doi.org/10.1242/jeb.
02295.

Barrett, PM., 2005. The diet of ostrich dinosaurs (Theropoda: Ornithomimosauria).
Palaeontology 48, 347-358. https://doi.org/10.1111/j.1475-4983.2005.00448 x.

Benech, N., Negreira, C.A., 2005. Longitudinal and lateral low frequency head wave
analysis in soft media. ]J. Acoust. Soc. Am. 117, 3424-3431. https://doi.org/10.
1121/1.1920147.

Blanco, R.E., Rinderknecht, A., 2008. Estimation of hearing capabilities of Pleistocene
ground sloths (Mammalia, Xenarthra) from middle-ear anatomy. ]. Vert. Pale-

ontol. 28, 274-276. https://doi.org/10.1671/0272-4634(2008)28[274:EOHCOP]2.0.
CO;2.

Blanco, R.E., Rinderknecht, A., 2012. Fossil evidence of frequency range of hearing
independent of body size in South American Pleistocene ground sloths (Mam-
malia, Xenarthra). C. R. Palevol. 11, 549-554. https://doi.org/10.1016/j.crpv.2012.
07.003.

Blanco, RE., Jones, W.W., 2014. Estimation of hearing capabilities of Early Miocene
sloths (Mammalia, Xenarthra, Folivora) and palaeobiological implications. Hist.
Biol. 28, 1-8. https://doi.org/10.1080/08912963.2014.946415.

Bouley, D.M., Alarcon, C.N., Hildebrandt, T., O’Connell-Rodwell, C.E., 2007. The dis-
tribution, density and three-dimensional histomorphology of Pacinian corpus-
cles in the foot of the Asian elephant (Elephas maximus) and their potential
role in seismic communication. ]. Anat. 211, 428-435. https://doi.org/10.1111/j.
1469-7580.2007.00792.x.

Calvo, J., 1999. Dinosaurs and other vertebrates of the lake Ezequiel Ramos Gomez
Mexia area, Nequén-Patagonia-Argentina. In: Tomida, Y., Rich, T.H., Vicker-
s-Rich, P. (Eds.), Proceedings of the Second Gondwanan Dinosaur Symposium.
National Science Museum Monographs, Tokio, pp. 13-45.

Carpenter, K., 2013. A closer look at the hypothesis of scavenging versus predation
by Tyrannosaurus rex. In: Parrish, ].M., Molnar, R.E., Currie, PJ., Koppelhus, E.B.
(Eds.), Tyrannosaurid Paleobiology. Indiana University Press, Bloomington, IN,
USA, pp. 265-277.

Castanera, D., Barco, J.L., Diaz-Martinez, I., Gascon, ].H., Pérez-Lorente, F., Canudo, ]I,
2011. New evidence of a herd of titanosauriform sauropods from the lower
Berriasian of the Iberian range (Spain). Palaeogeogr. Palaeoclimatol. Palaeoecol.
310, 227-237. https://doi.org/10.1016/j.palae0.2011.07.015.

Cervo, R., Dani, ER., Cotoneschi, C., Scala, C., Lotti, I, Strassmann, J.E., Turillazzi, S.,
2008. Why are larvae of the social parasite wasp Polistes sulcifer not removed
from the host nest? Behav. Ecol. Sociobiol. 62, 1319-1331. https://doi.org/10.
1007/s00265-008-0560-1.

Christiansen, P, 1996. The "whiplash" tail of diplodocid sauropods: was it really a
weapon? In: Morales, M. (Ed.) The Continental Jurassic. Mus. North. Ariz. Bull.,
60, pp. 51-58.

Clark, J.M., Maryanska, T., Barsbold, R., 2004. Therizinosauroidea. In: Weisham-
pel, D.B., Dodson, P., Osmdlska, H. (Eds.), The Dinosauria. University of California
Press, Berkeley and Los Angeles, USA, pp. 151-164.

Cocroft, R.B., 1996. Insect vibrational defense signals. Nature 382, 679-680. https:
//doi.org/10.1038/382679a0.

DeVries, PJ., 1990. Enhancement of symbioses between butterfly caterpillars
and ants by vibrational communication. Science 248, 1104-1106. doi:10.1126/
science.248.4959.1104. https://doi.org/.

Digweed, S.M., Fedigan, LM, Rendall, D. 2005. Variable specificity in the
anti-predator vocalizations and behaviour of the white-faced capuchin,
Cebus capucinus. Behaviour 142, 997-1021. https://doi.org/10.1163/
156853905774405344.

Dill, LM., 1974. The escape response of the zebra danio (Brachydanio rerio) I
The stimulus for escape. Anim. Behav. 22, 711-722. https://doi.org/10.1016/
S0003-3472(74)80022-9.

Dorward, PK., McIntyre, A.K.,, 1971. Responses of vibration-sensitive receptors in the
interosseous region of the duck’s hind limb. J. Physiol. 219, 77-87. https://doi.
org/10.1113/jphysiol.1971.sp009650.

Ellenberger, P., 1970. Les niveaux paleontologiques de premier apparition des Mam-
miferes Primordiaux en Afrique du Sud et leur Ichnologie: Establissement de
zones stratigraphiques detaillees dans le Stormberg du Lesotho (Afique du Sud)
(Trias Superieur a Jurassique). In: Haughton, S.H. (Ed.), I Symposium on Gond-
wana Stratigraphy and Palaeontology. Council for Scientific and Industrial Re-
search, Pretoria, pp. 343-370.

Evans, D.C., Ridgely, R., Witmer, L.M., 2009. Endocranial anatomy of lambeosaurine
hadrosaurids (Dinosauria: Ornithischia): a sensorineural perspective on cranial
crest function. Anat. Rec. 292, 1315-1337. https://doi.org/10.1002/ar.20984.

Falkingham, P.L., Bates, K.T., Margetts, L., Manning, P.L., 2011. The ‘Goldilocks’ effect:
preservation bias in vertebrate track assemblages. J. Royal Soc. Interface 8, 1142-
1154. doi:10.1098/rsif.2010.0634. https://doi.org/.

Farlow, J.0., Holtz Jr.,, TR, Worthy, T.H., Chapman, R.E., 2013. Feet of the fierce (and
not so fierce): pedal proportions in large theropods, other non-avian dinosaurs,
and large ground birds. In: Parrish, ].M., Molnar, R.E., Currie, PJ., Koppelhus, E.B.
(Eds.), Tyrannosaurid Paleobiology. Indiana University Press, Bloomington, IN.,
USA, pp. 88-132.

Farlow, J.0., Schachner, E.R., Sarrazin, ].C., Klein, H., Currie, PJ., 2014. Pedal pro-
portions of Poposaurus gracilis: convergence and divergence in the feet of ar-
chosaurs. Anat. Rec. 297, 1022-1046. https://doi.org/10.1002/ar.22863.


https://doi.org/10.1007/BF00204807
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0002
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0002
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0002
https://doi.org/10.1111/j.1096-3642.1985.tb00871.x
https://doi.org/10.1242/jeb.02295
https://doi.org/10.1111/j.1475-4983.2005.00448.x
https://doi.org/10.1121/1.1920147
https://doi.org/10.1671/0272-4634(2008)28[274:EOHCOP]2.0.CO;2
https://doi.org/10.1016/j.crpv.2012.07.003
https://doi.org/10.1080/08912963.2014.946415
https://doi.org/10.1111/j.1469-7580.2007.00792.x
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0011
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0011
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0012
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0012
https://doi.org/10.1016/j.palaeo.2011.07.015
https://doi.org/10.1007/s00265-008-0560-1
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0015
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0015
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0016
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0016
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0016
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0016
https://doi.org/10.1038/382679a0
https://doi.org/10.1126/science.248.4959.1104
https://doi.org/
https://doi.org/10.1163/156853905774405344
https://doi.org/10.1016/S0003-3472(74)80022-9
https://doi.org/10.1113/jphysiol.1971.sp009650
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0022
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0022
https://doi.org/10.1002/ar.20984
https://doi.org/10.1098/rsif.2010.0634
https://doi.org/
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0025
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0025
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0025
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0025
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0025
https://doi.org/10.1002/ar.22863

160 R.E. Blanco et al./Journal of Theoretical Biology 459 (2018) 154-161

Fiorillo, A.R., Adams, T.L., 2012. A therizinosaur track from the Lower Cantwell For-
mation (Upper Cretaceous) of Denali National Park, Alaska. Palaios 27, 395-400.
https://doi.org/10.2110/palo.2011.p11-083r.

Gleich, O., Dooling, RJ., Manley, G.A., 2005. Audiogram, body mass, and basilar
papilla length: correlations in birds and predictions for extinct archosaurs.
Naturwissenschaften 92, 595-598. https://doi.org/10.1007/s00114-005-0050-5.

Graff, K.F,, 1991. Wave Motion in Elastic Solids. Dover Publications Inc., New York.

Griffin, D.R., 1992. Animal Minds. University of Chicago Press, Chicago.

Harris, J.D., Johnson, K.R., Hicks, ]., Tauxe, L., 1996. Four-toed theropod footprints and
a paleomagnetic age from the Whetstone Falls Member of the Harebell Forma-
tion (Upper Cretaceous: Maastrichtian), northwestern Wyoming. Cretac. Res. 17,
381-401. https://doi.org/10.1006/cres.1996.0024.

Hartline, P.H., 1971. Mid-brain responses of the auditory and somatic vibration sys-
tems in snakes. J. Exp. Biol. 54, 373-390.

Hetherington, T.E. 1992. Behavioural use of seismic cues by the sand swim-
ming lizard Scincus scincus. Ethol. Ecol. Evol. 4, 5-14. https://doi.org/10.1080/
08927014.1992.9525346.

Hill, PS., 2008. Vibrational Communication in Animals. Harvard University Press,
Cambridge, USA.

Hill, PS., 2009. How do animals use substrate-borne vibrations as an infor-
mation source? Naturwissenschaften 96, 1355-1371. https://doi.org/10.1007/
s00114-009-0588-8.

Hokkanen, J.E., 1986. The size of the largest land animal. J. Theor. Biol. 118, 491-499.
https://doi.org/10.1016/S0022-5193(86)80167-9.

Holzman, R., Wainwright, P.C., 2009. How to surprise a copepod: Strike kinematics
reduce hydrodynamic disturbance and increase stealth of suction-feeding fish.
Limnol. Oceanogr. 54, 2201-2212. https://doi.org/10.4319/10.2009.54.6.2201.

Hoerster, W., 1990. Vibrational sensitivity of the wing of the pigeon (columba
livia)—a study using heart rate conditioning. J. Comp. Physiol. A. 167, 545-549.

Hurley, A.C., Hartline, PH., 1974. Escape response in the damselfish Chromis cyanea
(Pisces: Pomacentridae): a quantitative study. Anim. Behav. 22, 430-437. https:
//doi.org/10.1016/S0003-3472(74)80041-2.

Hutson, G.D., 1982. ‘Flight distance’ in Merino sheep. Animal Sci. J. 35, 231-235.
https://doi.org/10.1017/S0003356100027409.

Johnson, LR., 1974. Green's function for Lamb’s problem. Geophys. ]. Int. 37, 99-131.
https://doi.org/10.1111/j.1365- 246X.1974.tb02446.X.

Johnson, C.A., Phelan, P.L., Herbers, J.M., 2008. Stealth and reproductive dominance
in a rare parasitic ant. Anim. Behav. 76, 1965-1976. https://doi.org/10.1016/j.
anbehav.2008.09.003.

Justh, EW., Krishnaprasad, P.S., 2006. Steering laws for motion camouflage. Proc.
Royal Soc. A. 462, 3629-3643. https://doi.org/10.1098/rspa.2006.1742.

Kierboe, T., 2008. A Mechanistic Approach to Plankton Ecology. Princeton University
Press, Princeton, USA.

Kirkland, J.I, Zanno, L.E., Sampson, S.D., Clark, J.M., DeBlieux, D.D., 2005. A primitive
therizinosauroid dinosaur from the Early Cretaceous of Utah. Nature 435, 84-87.
https://doi.org/10.1038/nature03468.

Kroiss, J., Schmitt, T., Strohm, E., 2009. Low level of cuticular hydrocarbons in a
parasitoid of a solitary digger wasp and its potential for concealment. Entomol.
Sci. 12, 9-16. https://doi.org/10.1111/j.1479-8298.2009.00300.x.

Kuban, G.J., 1989. Elongate dinosaur tracks. In: Gillette, D.O., Lockley, M.G. (Eds.),
Dinosaur Tracks and Traces. Cambridge University Press, Cambridge, USA,
pp. 57-72.

Li, R, Lockley, M.G., Makovicky, PJ., Matsukawa, M., Norell, M.A., Harris, ].D.,
Liu, M., 2008. Behavioral and faunal implications of Early Cretaceous deinony-
chosaur trackways from China. Naturwissenschaften 95, 185-191. https://doi.
org/10.1007/s00114-007-0310-7.

Lockley, M.G., 2009. New perspectives on morphological variation in tridactyl foot-
prints: clues to widespread convergence in developmental dynamics. Geol. Q.
53, 415-432.

Lockley, M.G., Hunt, AP, 1994. A track of the giant theropod dinosaur Tyran-
nosaurus from close to the Cretaceous/Tertiary boundary, northern New Mexico.
Ichnos 3, 213-218. https://doi.org/10.1080/10420949409386390.

Lockley, M.G., Matsukawa, M., Jianjun, L., 2003. Crouching theropods in taxo-
nomic jungles: ichnological and ichnotaxonomic investigations of footprints
with metatarsal and ischial impressions. Ichnos 10, 169-177. https://doi.org/10.
1080/10420940390256249.

Lockley, M.G., Lires, ]., Garcia-Ramos, J.C., Pinuela, L., Avanzini, M., 2007. Shrink-
ing the world’s largest dinosaur tracks: observations on the ichnotaxonomy
of Gigantosauropus asturiensis and Hispanosauropus hauboldi from the Up-
per Jurassic of Asturias, Spain. Ichnos 14, 247-255. https://doi.org/10.1080/
10420940601050048.

Martin, SJ., Takahashi, J.I, Ono, M, Drijfthout, EP., 2008. Is the social parasite Vespa
dybowskii using chemical transparency to get her eggs accepted? ]. Insect Phys-
iol. 54, 700-707. https://doi.org/10.1016/j.jinsphys.2008.01.010.

Mavko, G., Nolen-Hoeksema, R., 1994. Estimating seismic velocities at ultrasonic fre-
quencies in partially saturated rocks. Geophysics 59, 252-258. https://doi.org/
10.1190/1.1443587.

Mazzetta, G.V., Christiansen, P, Farifia, R.A., 2004. Giants and bizarres: body size
of some southern South American Cretaceous dinosaurs. Hist. Biol. 16, 71-83.
https://doi.org/10.1080/08912960410001715132.

Michilsens, F, Aerts, P, Van Damme, R., D’Aofit, K., 2009. Scaling of plantar pres-
sures in mammals. J. Zool. 279, 236-242. https://doi.org/10.1111/j.1469-7998.
2009.00611.x.

Miller, L.A., Surlykke, A., 2001. How some insects detect and avoid being eaten by
bats. BioScience 51, 570-581. https://doi.org/10.1641/0006-3568(2001)051[0570:
HSIDAA]2.0.CO;2.

Mizutani, A., Chahl, J.S., Srinivasan, M.V., 2003. Insect behaviour: motion camouflage
in dragonflies. Nature 423, 604. https://doi.org/10.1038/423604a.

Munk, P, 1992. Foraging behaviour and prey size spectra of larval herring Clupea
harengus. Mar. Ecol. Prog. Ser. 80, 149-158.

Munk, P, Kigrboe, T., 1985. Feeding behaviour and swimming activity of larval her-
ring (Clupea harengus L.) in relation to density of copepod nauplii. Mar. Ecol.
Prog. Ser. 24, 15-21.

Murphy, N.L., Carpenter, K., Trexler, D., 2013. New evidence for predation by a
large tyrannosaurid. In: Parrish, J.M., Molnar, R.E., Currie, PJ., Koppelhus, E.B.
(Eds.), Tyrannosaurid Paleobiology. Indiana University Press, Bloomington, IN,
USA, pp. 279-285.

Myhrvold, N.P, Currie, E.B., 1997. Supersonic sauropods? Tail dynamics
in the diplodocids. Paleobiology 23, 393-409. https://doi.org/10.1017/
S0094837300019801.

Narins, P.M., 1990. Seismic communication in anuran amphibians. Bioscience 40,
268-274.

Narins, PM., Reichman, JO., Jarvis, J.U., Lewis, E.R., 1992. Seismic signal transmission
between burrows of the Cape mole-rat, Georychus capensis. J. Comp. Physiol. A.
170, 13-21. https://doi.org/10.1007/BF00190397.

Narins, PM., Lewis, ER,, Jarvis, J.J., O'Riain, J., 1997. The use of seismic signals by
fossorial southern African mammals: a neuroethological gold mine. Brain Res.
Bull. 44, 641-646. https://doi.org/10.1016/S0361-9230(97)00286-4.

Narins, P.M., Stoeger, A.S., O’Connell-Rodwell, C., 2016. Infrasonic and seismic com-
munication in the vertebrates with special emphasis on the afrotheria: an up-
date and future directions. In: Suthers, R.A., Tecumseh Fich, W., Fay, R.R., Pop-
per, AN. (Eds.). In: Vertebrate Sound Production and Acoustic Communica-
tion, 53. Springer International Publishing, pp. 191-227. https://doi.org/10.1007/
978-3-319-27721-9_7.

O’Connell-Rodwell, C.E., Arnason, B.T., Hart, L.A., 2000. Seismic properties of Asian
elephant (Elephas maximus) vocalizations and locomotion. ]J. Acous. Soc. Am.
108, 3066-3072. https://doi.org/10.1121/1.1323460.

Osborn, H.F, 1917. Skeletal adaptations of Ornitholestes, Struthiomimus, Tyran-
nosaurus. Bull. Am. Mus. Nat. Hist. 35, 733-771.

Paul, G.S., 2010. The Princeton Field Guide to Dinosaurs. Princeton University Press,
Princeton, USA.

Randall, J.A., 2014. Vibrational communication. Spiders to kangaroo rats. In:
Witzany, G. (Ed.), Biocommunications of Animals. Springer, Netherlands,
pp. 103-133.

Reuter, T., Nummela, S., Hemilea, S., 1998. Elephant hearing. . Acous. Soc. Am. 104,
1122-1123. https://doi.org/10.1121/1.423341.

Royer, D., Dieulesaint, E., 2002. Elastic Waves in Solids. Springer-Verlag, Berlin.

Russell, D.A., Russell, D.E., 1993. Mammal-dinosaur convergence: evolutionary con-
vergence between a mammalian and dinosaurian clawed herbivore. Nat. Geo-
graph. Res. Expl. 9, 70-79.

Ruxton, G.D., 2011. Evidence for camouflage involving senses other than vision. In:
Stevens, M., Merilaita, S. (Eds.), Animal Camouflage: Mechanisms and Function.
Cambridge University Press, Cambridge, USA, pp. 320-350.

Ryan, M., Tuttle, M.D., Rand, A.S., 1982. Bat predation and sexual advertisement in
a neotropical anuran. Am. Nat. 119, 136-139.

Sandeman, D.C,, Tautz, ]J., Lindauer, M., 1996. Transmission of vibration across hon-
eycombs and its detection by bee leg receptors. J. Exp. Biol. 199, 2585-2594.
Schaller, G.B., 1972. The Serengeti lion: a study of predator-prey relations. Wildlife

Behavior and Ecology Series. University of Chicago Press, Chicago, Illinois, USA.

Seebacher, F, 2001. A new method to calculate allometric length-mass rela-
tionships of dinosaurs. ]J. Vert. Paleontol. 21, 51-60. https://doi.org/10.1671/
0272-4634(2001)021[0051:ANMTCA]2.0.CO;2.

Shipley, C., Stewart, B.S., Bass, J., 1992. Seismic communication in northern elephant
seals. In: Thomas, J.A., Kastelein, R.A., Supin, A.Ya. (Eds.), Marine Mammal Sen-
sory Systems. Springer, New York, pp. 553-562.

Silveira, H.C., Oliveira, P.S., Trigo, J.R., 2010. Attracting predators without falling prey:
chemical camouflage protects honeydew-producing treehoppers from ant pre-
dation. Am. Nat. 175, 261-268. https://doi.org/10.1086/649580.

Srinivasan, M.V., Davey, M., 1995. Strategies for active camouflage of motion. Proc.
Royal Soc. B. 259, 19-25. https://doi.org/10.1098/rspb.1995.0004.

Stevens, M., Merilaita, S., 2011. Animal camouflage: function and mechanisms. In:
Stevens, M., Merilaita, S. (Eds.), Animal Camouflage: Mechanisms and Function.
Cambridge University Press, Cambridge, USA, pp. 1-16.

Sunquist, M.E., Sunquist, F.C., 2009. Family Felidae (cats).. In: Wilson, D.E., Mitter-
meier, R.A. (Eds.). In: Handbook of the Mammals of the World, 1. Lynx Editions,
Barcelona, Spain, pp. 54-168.

Therrien, F,, Henderson, D.M., 2007. My theropod is bigger than yours... or not: esti-
mating body size from skull length in theropods. ]. Vert. Paleontol. 27, 108-115.
https://doi.org/10.1671/0272-4634(2007)27[108:MTIBTY]2.0.CO;2.

Thulborn, T., 1990. Dinosaur Tracks. Chapman and Hall, London.

Thulborn, R.A., Wade, M. 1989. A footprint as a history of movement. In:
Gillette, D.O., Lockley, M.G. (Eds.), Dinosaur Tracks and Traces. Cambridge Uni-
versity Press, Cambridge, USA, pp. 51-56.

Usherwood, J.R., Channon, A.J., Myatt, ].P,, Rankin, J.W., Hubel, T.Y., 2012. The human
foot and heel-sole-toe walking strategy: a mechanism enabling an inverted pen-
dular gait with low isometric muscle force? J. Royal Soc. Interface 9, 2396-2402.
https://doi.org/10.1098/rsif.2012.0179.

Vereecke, E., D'Aotit, K., De Clercq, D., Van Elsacker, L., Aerts, P., 2003. Dynamic plan-
tar pressure distribution during terrestrial locomotion of bonobos (Pan panis-
cus). Am. J. Phys. Anthropol. 120, 373-383. https://doi.org/10.1002/ajpa.10163.


https://doi.org/10.2110/palo.2011.p11-083r
https://doi.org/10.1007/s00114-005-0050-5
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0029
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0029
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0030
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0030
https://doi.org/10.1006/cres.1996.0024
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0032
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0032
https://doi.org/10.1080/08927014.1992.9525346
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0034
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0034
https://doi.org/10.1007/s00114-009-0588-8
https://doi.org/10.1016/S0022-5193(86)80167-9
https://doi.org/10.4319/lo.2009.54.6.2201
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0038
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0038
https://doi.org/10.1016/S0003-3472(74)80041-2
https://doi.org/10.1017/S0003356100027409
https://doi.org/10.1111/j.1365-246X.1974.tb02446.x
https://doi.org/10.1016/j.anbehav.2008.09.003
https://doi.org/10.1098/rspa.2006.1742
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0044
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0044
https://doi.org/10.1038/nature03468
https://doi.org/10.1111/j.1479-8298.2009.00300.x
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0047
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0047
https://doi.org/10.1007/s00114-007-0310-7
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0049
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0049
https://doi.org/10.1080/10420949409386390
https://doi.org/10.1080/10420940390256249
https://doi.org/10.1080/10420940601050048
https://doi.org/10.1016/j.jinsphys.2008.01.010
https://doi.org/10.1190/1.1443587
https://doi.org/10.1080/08912960410001715132
https://doi.org/10.1111/j.1469-7998.2009.00611.x
https://doi.org/10.1641/0006-3568(2001)051[0570:HSIDAA]2.0.CO;2
https://doi.org/10.1038/423604a
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0059
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0059
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0060
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0060
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0060
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0061
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0061
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0061
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0061
https://doi.org/10.1017/S0094837300019801
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0063
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0063
https://doi.org/10.1007/BF00190397
https://doi.org/10.1016/S0361-9230(97)00286-4
https://doi.org/10.1007/978-3-319-27721-9_7
https://doi.org/10.1121/1.1323460
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0068
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0068
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0069
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0069
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0070
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0070
https://doi.org/10.1121/1.423341
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0072
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0072
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0072
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0073
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0073
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0073
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0074
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0074
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0075
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0075
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0075
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0075
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0076
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0076
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0076
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0076
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0077
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0077
https://doi.org/10.1671/0272-4634(2001)021[0051:ANMTCA]2.0.CO;2
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0079
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0079
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0079
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0079
https://doi.org/10.1086/649580
https://doi.org/10.1098/rspb.1995.0004
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0082
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0082
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0082
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0083
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0083
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0083
https://doi.org/10.1671/0272-4634(2007)27[108:MTIBTY]2.0.CO;2
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0085
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0085
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0086
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0086
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0086
https://doi.org/10.1098/rsif.2012.0179
https://doi.org/10.1002/ajpa.10163

R.E. Blanco et al./Journal of Theoretical Biology 459 (2018) 154-161 161

Warkentin, K.M., 2005. How do embryos assess risk? Vibrational cues in predator-
induced hatching of red-eyed treefrogs. Anim. Behav. 70, 59-71. https://doi.org/
10.1016/j.anbehav.2004.09.019.

Weems, R.E., 2006. The manus print of Kayentapus minor; its bearing on the biome-
chanics and ichnotaxonomy of Early Mesozoic saurischian dinosaurs. The Trias-
sic—Jurassic Terres— trial Transition. Bull. N. M. Mus. Nat. Hist. Sci. 37, 369-378.

White, J.E., 1965. Seismic waves: Radiation, transmission, and Attenuation. Mc-
Graw-Hill Inc, New York.

Ydenberg, R.C., Dill, L.M., 1986. The economics of fleeing from predators. Adv. Study
Behav. 16, 229-249. https://doi.org/10.1016/S0065-3454(08)60192-8.

Zhang, X., Xu, X., Zhao, X., Sereno, P, Kuang, X., Tan, L., 2000. A long-necked ther-
izinosauroid dinosaur from the Upper Cretaceous Iren Dabasu Formation of Nei
Mongol, People’s Republic of China. Vertebrata Pal Asiatica 39, 282-290.

Zhang, R., Han, D., Ma, S., Luo, G., Ji, Q., Xue, S., Yang, M., Li, J., 2017. Plantar pressure
distribution of ostrich during locomotion on loose sand and solid ground. Peer]
5, e3613. https://doi.org/10.7717 [peer;j.3613.


https://doi.org/10.1016/j.anbehav.2004.09.019
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0090
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0090
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0091
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0091
https://doi.org/10.1016/S0065-3454(08)60192-8
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0093
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0093
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0093
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0093
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0093
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0093
http://refhub.elsevier.com/S0022-5193(18)30480-6/sbref0093
https://doi.org/10.7717/peerj.3613

	The seismic wave motion camouflage of large carnivorous dinosaurs
	1 Introduction
	2 Material and methods
	2.1 Morphometric analysis
	2.2 Theoretical model of seismic wave propagation

	3 Results
	3.1 Numerical model results

	4 Discussion
	 Acknowledgments
	 References


