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Abstract
Background Using Froude numbers (Fr) and relative stride length (stride length: hip height), trackways
have been widely used to determine the speed and gait of an animal. This approach, however, is limited
by the ability to estimate hip height accurately and by the lack of information related to the substrate
properties when the tracks were made, in particular for extinct fauna. By studying the Svalbard ptarmigan
moving on snow, we assessed the accuracy of trackway predictions from a species-speci�c model and
two additional Fr based models by ground truthing data extracted from videos as the tracks were being
made.

Results The species-speci�c model accounted for more than 60% of the variability in speed for walking
and aerial running, but only accounted for 19% when grounded running, likely due to its stabilizing role
while moving faster over a changing substrate. The error in speed estimated was 0-35% for all gaits when
using the species-speci�c model, whereas Fr based estimates produced errors up to 55%. The highest
errors were associated with the walking gait. The transition between pendular to bouncing gaits fell close
to the estimates using relative stride length described for other extant vertebrates. Conversely, the
transition from grounded to aerial running appears to be species speci�c and highly dependent on
posture and substrate.

Conclusion Altogether, this study highlights that using trackways to derive predictions on the locomotor
speed and gait, using stride length as the only predictor, are problematic as accurate predictions require
information from the animal in question.

Background
Understanding what speeds of locomotion animals choose during interactions with conspeci�cs (i.e.
social or reproductive behaviour), other species (i.e. predation or predator avoidance), and when moving
through an often changing environment is paramount to better understanding their biology. Studies of
terrestrial animal locomotion, however, are overwhelmingly conducted under laboratory conditions using
treadmills [1]. Treadmill studies have facilitated great insight into the biomechanics of locomotion and
using this approach the correlation between kinematic parameters like stride length (lstride), stride
frequency (fstride) stance (tstance) and swing (tswing) time with speed (U) has been widely reported in the
literature across a range of species. For example; treadmill kinematic data exists on a wide range of
mammals including polar bears [2]; horses [3]; otters [4]; deer [5] cats [6], rodents [7, 8] and monkeys [9].
However, perhaps the most comprehensive research into animal locomotion has been conducted in birds
[10-17]. The focus on avian biomechanics is likely due to birds evolutionary link to their theropod
ancestors, being bipedal, easy to train, experimentally tractable and exibiting a wide range of adaptations.
For example, the Svalbard rock ptarmigan (Lagopus muta hyperborea) has been extensively studied for
locomotor adaptations related to energy savings upon gait change [18], sexual selection [19], e�cient
load carriage [20] and ontogeny [21].
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Studying the locomotion of wild animals in their natural enviroment can be challenging, many animals
are elusive and �eldwork can be protracted, expensive and prone to a wide range of factors that cannot
be controlled. Trackways are one way to circumvent these issues and may provide insight into the biology
of animals in the absence of the animal themselves. To this end tracks have been used to help
understand aspects of extinct fauna such as their diversity, the description of new ichnotaxa, and to gain
inference into morphological, behavioural, and ecological aspects of the trackmakers [e.g. 22, 23-26].
Trackways have also provided evidence of key evolutionary events such as the transition of tetrapods
from water to land [27, see 28] and the �rst bipedal hominids [e.g. 29, 30, 31]. Outside of the evolutionary
insights, perhaps the most common usage of the information gleaned from trackways relates to gait
selection and speed [e.g. 23, 32-35]. An established concept for extracting speed (and gait) from
trackways uses the Fr [10, 36], de�ned as:

Where U is speed, g is the acceleration due to gravity and h is the functional hip height. Fr is a
dimensionless number that by equalising the centripetal to gravitational force ratio allows the locomotion
of terrestrial animals to be compared equally across all sizes. Geometrically similar animals of different
sizes will move in a dynamically similar way at any given Fr. In practice, not all animals are geometrically
similar, but it was argued that despite this, the ratio of stride length (lstride) to h gave a highly predictable
relationship across a broad size range of mammals and birds [10, 11]. By using this empirically derived
relationship with the Fr concept, it was further suggested [10] that the forward U of a terrestrial animal
can be calculated from:

Fr may also allow the U at which gait transition occurs (e.g. walking to running) to be estimated [36].
Alexander (10) and Thulborn (37) suggest that gaits will shift from walking to a bouncing gait (e.g.
trotting) when lstride/h reaches 2.0, and the transition from trotting to running (or galloping) at an lstride/h
of 2.9. Equation 2 is therefore probably applicable to walking animals only [38]. For highspeed gaits
where lstride/h is greater than 2.9 the following is advocated as being more appropriate for estimating U
[23, 38]:

For trotting U is better estimated by the mean of predictions derived from equations 2 & 3 [23].
Irrespective of the equation used, the reliability of estimates of U may be compromised if there is lack of
certainty on h –in particular in extinct animals where h is not available [39-42]– and the use of lstride
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boundaries that may not be compatible with bipedal gaits [39]. Trackways are therefore restricted in the
information that they can provide as much of the information needed for accurate locomotion analysis,
such as leg morphology and stride frequency, depends on data from the animal itself. It is worth
remembering that anecdotally the vast majority of extant animal movement does not leave evidential
tracks. Aside from seeing occasional footprints in the sand or on muddy ground, overwhelmingly animals
are not moving over substrates where their feet will leave lasting impressions. An exception to this is
locomotion over snow which will, in the vast majority of cases, leave tracks. Regions of the world, like the
Arctic are seasonally covered in snow which provides an opportunity to examine trackways and the
kinematics of locomotion in context of the real-world in�uence of variations in substrate. Svalbard rock
ptarmigan are endemic to the high Arctic Archipelago of Svalbard meaning they spend approximately
half a year locomoting over snow and they are also one of the few species in which a comprehensive
laboratory treadmill dataset exists which can be used for comparison. Recently one of the �rst
comparisons of the kinematics of locomotion under �eld and laboratory treadmill conditions was
undertaken in the Svalbard rock ptarmigan [1]. The kinematics of locomotion were conserved for
ptarmigan moving in the �eld and during laboratory treadmills studies but only for walking and aerial
running gaits. Important differences were found when the birds were grounded running, with the birds
taking faster and shorter steps in the �eld when compared to the movement on the treadmill. These
kinematic differences were attributed to differing substrate when moving over snow compared to a
treadmill belt [1]. Our ptarmigan studies also highlighted the importance of understanding the in�uence
substrate can have on locomotion [1]. Studies in extant animals have demonstrated that substrate can
in�uence the neuromuscular control of locomotion to maintain stability [43-45] and can affect the
energetic cost [46, 47] and the speed [48] of locomotion. Furthermore, despite the obvious links between
trackways and the ground, substrate is rarely considered when inferences into speed and gait are made
from tracks. Not taking any potential effect of substrates into account is surprising as information
derived from tracks depends more on the substrate properties than the anatomy of the foot itself [49].
When substrate is considered it is most often examined in terms of the formation of the physical tracks
themselves [see 49]. Consideration of substrates and tracks has also been used to demonstrate that in
extant species foot morphology can vary with stance and gait [50, 51] and highlighted the interaction of
the feet with different sedimentary substrates [52, 53].

The principle objective of our study was to develop a species-speci�c model to examine gait and speed
predictions directly from lstride of trackways of the Svalbard rock ptarmigan. The accuracy of these
trackway derived speed predictions and gait transitions was determined by ground truthing data
extracted from videos of the birds taken as the tracks were being made. Finally, a comparison between
the predictions obtained using our ptarmigan species-speci�c model and existing Fr based models [10,
23, 38] were made to elucidate the accuracy of each approach. Further, we discuss how reliable
information extracted from trackways is for examining the predicted speed of locomotion in both extant
and extinct animals.

Results
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As expected, U increased linearly with increasing lstride across all gaits (Fig. 1a, 1b), although the amount
of variation in U explained by lstride during grounded running was much lower than that for the other two

gaits (walking: F 1, 46= 86.25, r2 = 0.64, p < 0.001; grounded running: F 1, 54= 14, r2 = 0.19, p < 0.001; aerial

running: F 1, 59= 133.2, r2 = 0.69, p < 0.001). For walking trackways, the corresponding regression model

predicts ptarmigan walking speeds in the range 0.49 ± 0.18 to 0.80 ± 0.18 ms− 1. For the grounded running
trackways, the model predicts birds using speeds that range from 1.07 ± 0.33 to 1.36 ± 0.33 ms− 1. The
predictions of U for aerial running suggest ptarmigan use this gait in a speed range from 1.57 ± 0.34 to
2.74 ± 0.37 ms− 1 (Fig. 1).

Predicted U for each of the 50 birds in this study, were more accurate using our model than those of
Alexander (10) and Thulborn and Wade (23). The error (Eq. 4) associated with predictions derived from
the ptarmigan speci�c model for the 50 birds within all gaits were between 0 and 30% (mean error = 11.8,
SD = ± 8.2), except one that was 35% (Fig. 2). In contrast, the errors related to the predicted U from
Alexander (10) and Thulborn and Wade (23) were 0 to 55% (Alexander: mean error = 14.4, SD = ± 11.0;
Thulborn & Wade: mean error = 17.0, SD = ± 13.8), in both cases (Fig. 2). Within the three gaits, walking
was associated to the largest errors, although they had less variation.

Discussion
The ptarmigan speci�c model for the walking and aerial running gait accounted for a moderate amount
of the variation in U (64 and 69%, respectively), and for the grounded running gait was lower, accounting
for less that 20% of the variation. The inability to predict U for the grounded running gait with any
con�dence is likely due to the in�uence of substrate, which particularly effects this intermediate gait [1].
All terrestrial locomotion involves interaction with a substrate. The slow walking speeds, however, are
thought to negate the in�uence of substrate on locomotion kinematics as they provide greater resistance
to external ground perturbations acting on the centre of mass [54, 55] whilst fast running speeds where
only possibly over hard substrates anyway [1]. The reason there is much more variability in U during the
grounded running gait which reduces the ability to make accurate predictions is that a grounded running
gait is used as a mechanism to move faster while also maintaining stability, by cancelling the effects of
uneven ground and a changing substrate through increased times of contact of the foot to the ground
and a more compliant leg [11, 45, 56]. For ptarmigan moving over snow, modi�cations in lstride during
grounded running are required to prevent falls [1] since shorter steps improve locomotion over slippery
surfaces by keeping the centre of mass above the supporting limbs [57, 58].

The ptarmigan speci�c model represents the best-case scenario in terms of using lstride to predict speed in
that we were able to match these data to accurate morphological measurements of hip height and also to
double check predictions against real speeds calculated from simultaneous video recordings. Despite
these advantages the ability to predict speeds still lacks of accuracy, likely accounted for by the inherent
variation in kinematic parameters within a gait (as demonstrated in Fig. 1a). After comparing the error
estimates between the predicted U of the three models (Alexander (10) and Thulborn and Wade (23) and
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the current study) against the measured U from the 50 video-recordings, the error associated with the
predictions were lower using our model. This result is not surprising, as our models were built upon
previously measured and validated data for the three gaits speci�cally from Svalbard ptarmigan.
Therefore, it deals only with the uncertainty associated with the intraspeci�c variation within the Svalbard
ptarmigan. On the other hand, the equations from Alexander (10) and Thulborn and Wade (23) were
derived from kinematic data of several extant taxa, most of them quadrupedal mammals, that possess
diverse geometries and move in a subtly different ways. Despite the relatively low error for the ptarmigan
speed estimates using the three models (up to 55% in our study compared to up to 200% reported
elsewhere [59–61] they would still lead to inaccurate predictions on the metabolic cost of locomotion, in
particular at walking speed where the predictions would change drastically [18].

Identifying gaits in the absence of the animal solely from footprints is challenging if no other information
is available. However, approximations of the relative lstride and the dimensionless Fr before a gait change
was suggested by Alexander (10) as a means that allowed researchers to infer which gait an animal was
using. Alexander (10), in his paper on dinosaur footprints, proposed that the transition from a walking
gait to trotting or running occurs approximately at Fr of 0.6 and at a relative lstride (i.e. lstride divided by hip
height) of 2.0. His suggestions were based on a comparison of extant mammals under the principle of
dynamic similarity. Our results partially agree with those intervals. By estimating relative lstride using the
mean hip height of 0.1727 m for a male ptarmigan [19], our data suggest that ptarmigan shift from
walking to grounded running at a maximum relative lstride taken by a walking bird of 2.03 (lstride = 0.35 m)

(Fig. 1b). The fastest walking ptarmigan was recorded moving at a Fr of 0.5 (U = 0.92 ms− 1) (Fig. 1b).
These data support the widely accepted idea that animals shift from a pendular to a bouncing gait at
similar relative speeds when moving in a dynamically similar fashion [11, 36]. Consequently, it is not
surprising that our predictions for the walking gaits fall within these proposed boundaries. In a further
attempt to distinguish between trotting and running gaits, Thulborn and Wade (23) extended the scope of
the Alexander (10) method by incorporating the transition from trotting to running at a relative lstride of 2.9
[23]. However, this conclusion was based on records of ungulates shifting from trotting to
galloping/running [39] and therefore they may not be applicable to the bipedal gaits of birds. Indeed,
differences in the leg kinematics of birds and mammals moving at similar Fr were shown by Lees et al.
(62). Our results suggest that ptarmigan shift from grounded to aerial running at a lower relative lstride

ranging from 1.93 to 2.57. Within the existing literature, however, there are con�icting results even among
avian species. For example, a closer look at the relative lstride vs. relative velocity plot in Gatesy and
Biewener (11) shows similar values for ostriches (relative lstride = 2.44) and rhea (relative lstride = 2.37) at
the point of change to aerial running. Abourachid and Renous (13) found that relative lstride at the
transition to aerial running is 2.02 and 1.76 for ostriches and emus, respectively. In contrast, turkeys and
guinea fowls show a higher relative lstride of 3.14 and 3.73 at the transition, respectively [11]. Such
differences suggest that posture needs to be considered if a diagnosis of gait is to be made solely on the
footprints of extant animals and casts doubt on using this approach for extinct animals.

Implication for trackways of extinct animals
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Obtaining accurate information from trackways in relation to speed and gait choice is di�cult even for
extant animals for which morphological measurement, and matched �eld and laboratory treadmill data
exist. However, meaningful data are only possible if researchers are able to measure locomotor
kinematics and gait selection of the animal concomitant with analysis of the trackways. Therefore, in
order to obtain accurate predictions of the biomechanics of locomotion from trackways this requires data
from the animal themselves in order to ground truth the data. Unfortunately, the uncertainty about
morphology of extinct bipeds lead to several assumptions that may compromise speed estimates derived
from hip height when using Alexander (10) and Thulborn and Wade (23) methods, in particular if they are
derived from trackways alone. When using trackways, posture is often estimated by deriving hip height as
approximately four times foot length [e.g. 10, 23, 32–34, 63, 64]. However, such postural estimates can
vary by a factor of 1.5 or more [59, 60], and might be further affected if the trackmakers moved over
compliant substrates, such as sedimentary river banks or mud, creating mismatches between the “real”
foot morphology of the trackmaker compared to the imprinted track that may be relatively smaller [49,
52]. These methodical limitations are often acknowledged in such studies and were recognized by
Alexander himself [60, 61]. Numerous efforts to incorporate biomechanical principles to improve the
predictive models have been done in regards to posture on specimens where fossilized skeletons are
available [10, 40–42, reviewed in 61, 65]. researchers have also recognized the sensitivity to assumptions
on hindlimb anatomy [41, 65], including assumptions on muscular mass and power [66]. Hence,
irrespective of the equation used, the reliability of estimates of speed are compromised by the lack of
certainty in the foot length–hip height ratio of an extinct trackmaker [39–42, 59] and the use of stride
lstride boundaries that may not be compatible with bipedal gaits [39]. Trackways are therefore restricted in
the information that they can provide as much of the information needed for accurate locomotion
analysis, such as leg morphology and stride frequency, depends on data from the animal itself.

The lack of certainty on the morphology of the track maker raises the conundrum that if data from the
animal is required when it is making the tracks to calculate speed and gait choice, why keep trying to get
this information from the trackways alone? There is no doubt that tracks offer an unique record of
behavioural and evolutionary aspects of extinct fauna, including discrete locomotor events like transition
from slow to fast locomotion [34, 35, 67]. The caveat is that the trackways on their own cannot provide a
complete and accurate quanti�cation of the animals’ speed and gait [39, 60, 61]. For the ptarmigan 34%
of tracks would have been unable to be classi�ed into a given gait and speed based on the trackways
lstride alone because of the overlap when the birds were transitioning between either walking to grounded
running or grounded running to aerial running gaits. It should be noted that we are only able to accurately
assess the error in predicting just from tracks for the ptarmigan as it represents a ‘best case scenario’
where we have all possible information. Many birds and other animals use transitional gaits suggesting
this issue is likely widespread in extinct forms as well. Other unknowns, not quanti�ed in the current
study, but likely to further cloud the inferences from tracks in isolation are the in�uence of sex differences
on the kinematics of locomotion [16, 68–70] and ontogenetic in�uences [21] all of which cannot be
quanti�ed in extinct animals. Inferences into the biology of extinct forms commonly suffers from large
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errors [60, 61, 71] and rely on numerous assumptions when extrapolating from extant to extinct forms [65,
72, 73].

Conclusion
Here we calculated the speed of locomotion of the Svalbard rock ptarmigan measured from video
recordings of ptarmigan while moving over snow, and immediately after estimated using lstride from
trackways left by the birds, using one species speci�c model that accounted for body size and two more
general models based on dynamic similarity of locomotion [10, 23]. After ground truthing the measured
speed with estimated speeds with three models giving estimates with 30–35% of error, 55% and 55%
error, for the species speci�c model (our study), and the models of Alexander (10), and Thulborn and
Wade (23), respectively. Similarly, more than one third of the tracks were not able to be assigned to a
speci�c gait due speeds overlapping between gaits. Our results suggest that speed and gait estimates are
not reliable when they are only based on trackways. A better understanding of the interaction between
tracks and locomotion is likely to be useful for future studies, in conjunction with biologging data on
activity budgets, for examining how substrates in�uence the metabolic cost of locomotion. For example,
to improve the predictive power of all models, in particular for transitional gaits, future include a
quantitative analysis of hardness, density and roughness of the substrate immediately after the
impression of trackways are made.

Methods
Animals and data collection.

All data were collected in Adventdalen valley (78°13'18"N, 15°38'30"E) and the surrounding side valleys in
the Svalbard Archipelago, during Spring, 22nd April to 4th May 2017. At this time of year, the ground is
covered by snow and daylight persists for 24 hours per day. Svalbard ptarmigan were already at their
summer weight [74]. Male birds were spotted with binoculars, identi�ed by their distinctive calls and
secondary sexual characteristics; red supraorbital combs and thick black eye stripes. Birds were generally
close to the foothills or near clear patches were food is accessible. Sites where individual bird data were
collected were GPS marked and used only once to minimise, as much as possible, any pseudo
replication.

We recorded videos (25fps, SONY® Handycam, HDR-XR250, SONY® Corporation, Japan) with the
camera parallel and at a �xed height and position relative to the birds (n=50) moving across level ground
covered in snow at self-selected U. After �lming, when the bird had moved out of shot, the camera left
recording, kept in its position and a 1 metre scale bar was then held above each track way so it was
visible on the video recording to determine actual speed for comparison with that calculated from the
trackways. Bird speeds were calculated by analysing the videos using the Tracker® v. 5.0.5 (Open Source
Physics) program to calculate speed as the distance moved for a given time. Only recordings where the
bird was moving steadily were included in the study. To facilitate prediction of self-selected speed (U)
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using stride length (lstride), a photograph of each trackway was taken after �lming from approximately
1.5m directly above the tracks, individual strides were documented corresponding to the exact region of
the track where the video recording was taken. Trackway photos were used for a direct comparison
between speed from the video and trackway stride length (lstride). The mean of lstride was measured from
1–5 strides using Image J v.1.50i. Data from the current study were also previously used to examine the
differences between the kinematics of locomotion for freely moving ptarmigan in the �eld and from
laboratory treadmill studies [see 1].

Data analyses

The relationship between leg kinematic parameters and U differs (i.e., the incremental change of y with x)
depending on the gait used [e.g. 11, 13, 18, 75, 76]. Therefore, here, walking, grounded running and aerial
running gaits were analysed separately. In a previous study [1] the relationship between lstride and U was
determined for free ranging male Svalbard ptarmigan. Here the same data were used, but this time U
became the dependent variable and lstride the independent variable to produce a gait speci�c predictive
relationship (�gure 1a). The sample sizes were n = 48 for walking, n = 56 for grounded running and n= 61
aerial running. Shapiro-Wilks tests were run on the residuals from the three regressions to ensure the data
approximated a normal distribution, which they did in each case. To estimate speed using Alexander [10]
and Thulborn and Wade [23] models, it is necessary to obtain hip height (h) for the ptarmigan.
Unfortunately, we were not able to capture the birds, therefore we took the hip height estimate of 172.7
mm from literature [19]. To assess the accuracy of predictions of U derived from the three regression
models for the 50 birds whose data were collected in this study, we estimated the percentage of error
(Figure 2) using the following:

Where predicted U is the estimate derived from the line of best �t based on the data from Marmol-
Guijarro, Nudds (1) and measured U refers to the speed derived from the 50 new video recordings. All
analyses were done in R v. 3.5.2 “Eggshell Igloo” [77].

Abbreviations
Fr: Froude Number; lstride: Stride Length; fstride: Stride Frequency; tstance: Stance Phase; tswing: Swing
Phase; U: Speed; g: Gravity; h: Functional Hip Height, SD: Standard Deviation
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Figure 1

Trackways of the Svalbard Rock Ptarmigan. (A) length (FL), Stride length (lstride) and Hip Height (h) are
used to estimate speed. h is the distance to the top of the hip perpendicular to ground. This measurement
however, is entirely dependent on accurate joint angles of the leg bones. As illustrated, a small alteration
in joint angle results in different hip height measurements (h < h’). It has been suggested that four times
FL can be used as a proxy of effective hip height however this method is also prone to error when applied
to extinct animals where there is no information on the joint angles. Digits are numbered 1-4 for analysis
as indicated. (B) Speed (U) predictions from stride length (lstride) using the ptarmigan species-speci�c
model. The stars represent the data determined from video recordings and the �lled circles represent the
predicted value for a given lstride for 50 birds calculated from trackways that corresponded to the video
recordings. Red, green and blue represent walking, grounded running and aerial running gaits,
respectively. The coloured area delimited by the dashed lines represents the predictive interval for the
lines of best �t (corresponding to the �lled circles) described by the following equations: U = 3.20 lstride –
0.23 (walking), U = 2.34 lstride + 0.34 (grounded running) and for aerial running is U = 4.29 lstride – 0.03
(aerial running).
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Figure 2

Error estimation for the ptarmigan species-speci�c regression models and the Alexander (1976), and
Thulborn, and Wade (1984) Fr derived equations. Bars to the left of zero represent estimations of U below
the measured U, and vice versa. Note that the error estimates from Alexander (1976) and Thulborn, and
Wade (1984) for walking gaits are identical because they use the same equation for this gait. Errors have
been binned to 10.
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