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with legs 1L, 3R and 4L. When stotting, however, all 
locomotory legs are swung forward and contact the 
ground simultaneously. The duty factor was lower 
during running (mean – SE: 0.44 – 0.01) and stotting 
(0.49 – 0.03) than bobbing (0.57 – 0.02) and walking 
(0.56 – 0.01) (P < 0.0001; Tables 1 and 2; Supporting 
Information, Fig S1). Stride period showed the same 
pattern: running, 0.24 – 0.01 s; stotting, 0.18 – 0.01 s; 
bobbing, 0.37 – 0.02 s; and walking, 0.44 – 0.02 s 
(P < 0.0001; Table 1; Supporting Information, Fig S1). 
During running and stotting, each leg touched the 

ground for only a short period (see stride period in 
Supporting Information, Fig. S1). In contrast, during 
bobbing and walking, harvestmen left their legs on the 
ground for longer periods of time, resulting in a longer 
stance phase (Fig. 4).

A true aerial phase was observed only in stotting 
animals, with 30 – 4% of the total trial time consisting 
of periods in which no legs were on the ground 
(Fig. 4). The other gaits were characterized by low 
percentages (running, 8 – 2%; bobbing, 3 – 2%; and 
walking, 2 – 1%), suggesting the absence of an aerial 

Figure 3.  Body trajectories for each gait performed by Prionostemma sp. 1 (Opiliones: Sclerosomatidae) harvestmen. 
�Movement� legend and dashed arrows represent the direction the animals moved (from right to left, as in Supporting 
Information, Video S1). A, sample three-dimensional trajectories for each gait. Each red sphere represents the position of 
the centre of mass of the animal in one frame, as tracked by our software. The black dashed line is the trajectory projected 
onto the x�y horizontal plane. See Material and Methods for further descriptions of the gaits. Trajectories were aligned to 
start in x = 0, y = 0, z = 0 for visual purposes, at the right side of the panel. Supporting Information, Video S1 shows the 
video for these trials. B, average two-dimensional (x and z planes) trajectories of a stride for each gait. Trajectories show 
mean (thick line) and primary modes of variation (thin lines) based on a principal components analysis constructed for this 
plot using the period of each reconstructed stride and xyz coordinates. The variation shows combinations of �1.96, 0 and 
1.96 × SEM for each of the first two principal components.
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phase. Of the gaits with no aerial phase, walking 
had the highest percentage of overlap of legs 1 from 
the two tripods in stance phase: 97 – 11%. Bobbing 
had 83 – 12% of overlap, and running 69 – 7% (Fig. 
4). Additionally, we found that that all gaits had 
intermediate levels of synchrony factor between 
the legs of the same tripod. Those values did not 
differ between gaits (running, 0.40 – 0.04; stotting, 
0.40  –  0.03; bobbing, 0.44  –  0.07; and walking, 
0.50 – 0.06; ANOVA: F3,37 = 0.83, P = 0.49).

KINeTIC AND POTeNTIAL eNeRGY eXCHANGe

The kinetic and potential energy of the CoM in 
harvestmen seemed to be mostly in phase in 
running, stotting and bobbing individuals (Fig. 
5A). Average correlation coefficients were positive 
(running, 0.50 – 0.02; stotting, 0.57 – 0.07; walking, 

0.43 – 0.03; bobbing, 0.60 – 0.04; Fig. 5B), suggesting 
that kinetic and potential energy were in phase for 
these gaits. Surprisingly, kinetic and potential energy 
were also in phase when walking (Fig. 5A). Walking 
had the smallest mean coefficient of correlation 
between kinetic and potential energy (Fig. 5B). The 
� regression showed that the correlation coefficients 
between kinetic and potential energy differed only 
between stotting and walking (precision parameter 
phi coefficient = 5.21, P < 0.001; P > 0.05 for all other 
pairwise comparisons).

MORPHOLOGICAL FeATURes

Morphology did not affect the gaits used. Legs were 
longer in males (N = 98, 68.52 – 0.49 mm) than 
in females (N = 79, 65.16 – 0.71 mm; t = �3.89, 
d.f. = 144.31, P = 0.001), although body area was 

Figure 4.  Representative gait diagrams of the gaits performed by Prionostemma sp. 1 harvestmen. Black bars represent 
stance phase. Bar colours mark the legs of the typical tripods used to move (black bars, 1L�3R�4L; grey bars, 1R�3L�4R; R 
= right legs, L = left legs). Light blue and orange shades represent the stance phase of leg 1 left and leg 1 right, respectively. 
The white vertical bands in the stotting panel reflect the true aerial phase, which is found only for that gait.
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larger in females (15.46 – 0.20 mm2) than males 
(7.79 – 0.06 mm2; t = 36.15, d.f. = 93.862, P < 0.001; 
Supporting Information, Fig. S2). Females and 
males performed all gaits with similar frequencies 
(�2

3 = 7.41, P = 0.06; Supporting Information, Fig. 
S2). Finally, the type of gait performed was not 
predicted by body area (F3,172  =  2.31, P  =  0.08) 
or leg length (F3,173 = 1.52, P = 0.21; Supporting 
Information, Fig. S2).

DISCUSSION

LOCOMOTOR GAITs

We found that harvestmen use four distinct gaits: 
running, stotting, bobbing and walking. These gaits 
differed in a combination of postural and performance 
kinematics, the 3D body trajectory, gait diagrams, 
and kinetic and potential energy exchange (Table 3; 
Supporting Information, Video S1). Gaits generally 

Figure 5.  A, kinetic and potential energy exchange over time for the four gaits performed by Prionostemma sp. 1 harvestmen. 
Each panel represents a representative gait from the peak of the probability density of the kinetic and potential energy 
correlation for each gait. Supporting Information, Video S1 shows the video for these trials. B, distribution of the kinetic 
and potential energy correlations.
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differed along some but not all dimensions. For 
example, running and stotting did not differ with 
respect to performance (velocity or acceleration) but 
were different in terms of postural kinematics (i.e. 
sinuosity and stride frequency). The same pattern 
was evident between bobbing and walking. Although 
the linear discriminant analysis classified most gait 
trials according to their a priori assignment, 12% of 
trials were misclassified, particularly stotting gaits. 
This discrepancy was probably attributable to the 
relatively small number of trials and to overlap with 
the kinematics of stotting and running (Fig. 2; Table 2). 
Despite this, our analysis found important differences 
between running and stotting, specifically in the 
higher number of ground contacts and the presence 
of an aerial phase during stotting. These features 
suggest that stotting harvestmen have relatively high 
horizontal acceleration but might have reduced control 
over their movement during the aerial phase and suffer 
energetic losses from ground contacts. Overall, our 
approach highlights the importance of using multiple 
features to examine locomotion.

All our analyses assumed that locomotion followed 
a straight path, although this was not always the 
case. Similar assumptions have been made in work 
on other systems, and it has been noted that standard 
measurements (such as those included in the present 
study) are not affected by this assumption (Jindrich 
& Full, 1999). Future work, however, should test how 
trajectory direction affects kinematic measurements.

An extended repertoire of locomotor gaits, such 
as the ones we described, is unusual for terrestrial 
arthropods. This raises intriguing questions regarding 
the adaptive basis and biomechanical mechanisms 
underlying this variation in locomotion. Harvestmen 
gaits varied with respect to postural kinematics, 
suggesting that adjustments to duty factor, stride 
frequency, body contacts and/or the timing of the 
stance phase changed locomotion (Heglund et al., 
1974, Biewener & Patek, 2018). Similar results have 
been found for mammals (Alexander, 1989; Biewener, 
1990), wolf spiders (Wilshin et al. 2018) and sea 
roaches (Kano et al., 2019). These results suggest 
that seemingly small adjustments in kinematics can 
modulate locomotion.

We did not find evidence that any measured 
intrinsic factors predicted the gaits performed. No 
morphological features (leg length or body area) 
predicted gait type, as has been shown for other 
animals (Heglund et al., 1974; Pontzer, 2007; Grossi 
et al., 2016). Males and females performed gaits 
with similar frequency, providing evidence that sex 
did not influence locomotion. However, it is possible 
that other factors, such as body condition, energetic 
reserves, fatigue or experience, could predict gait use. 
Our experimental design controlled as many factors T
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as possible, including the length of time that animals 
were kept in captivity, their diet, lighting, temperature 
and humidity. Additionally, the release stimulus was 
as similar as possible between individuals. Regardless, 
future work can explore the potential influence of 
other factors in the variation of gait performance.

ADAPTIve vALUe OF GAITs

Our experimental protocol is likely to have mimicked 
a predation attempt on Prionostemma harvestmen. 
We thus interpreted three gaits (running, stotting 
and bobbing) as escape manoeuvres (Wheatley 
et al., 2018). Stotting had high performance (velocity 
and acceleration), similar to running, suggesting 
fast escape. Stotting has also been identified as 
an antipredator behaviour in other animals (i.e. 
Thompson�s gazelles; FitzGibbon, 1993). Bobbing 
by harvestmen had at least two oscillations of their 
body during each stride (Table 3), suggesting that 
this behaviour might disrupt the search image of 
visually oriented predators. An unpredictable escape 
trajectory, such as that observed during bobbing, can 
increase evasion of predators, as suggested for desert 
rodents (Moore et al., 2017). A behaviour similar to 
bobbing has been observed previously in harvestmen 
(Holmberg et al., 1984; Cockerill, 1988; Wade et al., 
2011; Cook et al., 2013), although these descriptions 
did not involve forward body displacement.

In contrast to running, stotting and bobbing gaits, 
walking is unlikely to function as an escape manoeuvre 
given that walking harvestmen had lower speed and 
acceleration and a less sinuous trajectory compared 
with the other gaits. Regardless of the specific function 
of each gait, we suggest that having different gait types 
allows animals to optimize energy use (Alexander, 
1989; Bertram, 2005) and ensure survival in a variety 
of ecological contexts. Additionally, multiple gaits 
might allow harvestmen the opportunity not only to 
escape a variety of predators, but also to lessen the 
likelihood that predators could learn specific strategies 
to catch them (Hughes, 1979; Sih, 1992).

ECOLOGICAL CORReLATes OF GAIT vARIATION

Natural history observations of Prionostemma sp. 1 
harvestmen generate testable hypotheses about the 
contexts in which different gaits would be expected. 
At night-time, when harvestmen move across the 
ground to forage, they are frequently running or 
walking. Walking is common while holding food items, 
whereas running harvestmen seldom carry any items 
(I. Escalante, pers. obs.). These observations suggest 
that walking is performed during foraging and 
navigation, whereas running is not. In the field, we 
have observed harvestmen stotting and jumping from 

foliage or tree trunks after being touched, running to 
the underside of big leaves and retreating to crevices 
in trees or leaf litter. Bobbing has also been observed 
in the field for Prionostemma harvestmen, especially 
at night (Wade et al., 2011) and when animals are 
touched (I. Escalante, pers. obs.). In daytime roosting 
aggregations (of 10�100 individuals), a tactile 
stimulus can elicit bobbing, which can then propagate 
through the group, triggering a wave of bobbing in the 
aggregation (I. Escalante, pers. obs.). This is similar to 
the defensive response of other harvestmen (Machado 
et al. 2002) and the shimmering defensive behaviour 
of the giant honeybee Apis dorsata (Kastberger et al., 
2014). Together, these observations support our 
hypothesis that running, stotting and bobbing function 
as predatory escape responses.

The use of different gaits might also be a response 
to variable energetic demands. Although we found 
that most gaits had kinetic and potential energy in 
phase, the extent of the correlation between these two 
measures varied. Contrary to findings for other animals 
(Full & Tu, 1990; Vogel, 2003), walking harvestmen 
did not show out-of-phase kinetic and potential energy 
exchange, because the correlation coefficient was, 
on average, greater than zero. Deviations from the 
expected kinetic and potential energy exchange have 
been found for other arthropods, such as cockroaches 
and spiders, during walking (Full & Tu, 1991; 
Weihmann, 2013). This suggests that while walking, 
harvestmen are not relying on pendular mechanics, 
and their locomotion does not follow the predictions 
of the inverted pendulum model (Cavagna et al., 1977; 
Full & Koditschek, 1999; Moya-Laraæo et al., 2008), as 
found for the short-tailed opossum (Parchman, 2003). 
Consequently, while walking, harvestmen might be 
expending additional energy with each stride. In 
contrast, fast gaits (running and stotting) had stronger 
correlations, which has been suggested to favour 
energetic efficiency given higher speeds, because 
energy can be stored and recovered via skeletomuscular 
elastic elements in the legs (Sensenig & Shultz, 2006; 
Biewener & Patek, 2018). Additionally, increased body 
impacts during stotting probably absorbed energy 
and led to increased energy requirements. The gait 
types we identified here are only one of many aspects 
that must be considered to gain a full understanding 
of the energetics of locomotion in animals. Further 
work can address this by studying metabolism (for 
instance, oxygen consumption; Schmitz, 2005; Fleming 
& Bateman, 2007; Somjee et al., 2018), measuring 
ground reaction forces of single legs (Jindrich & Full, 
1999; Reinhardt & Blickhan, 2014) and modelling 
energy efficiency across gaits.

Diversity in gaits might also allow animals to navigate 
substrates that differ three-dimensionally in structure, 
complexity and physical properties (Spagna et al., 2007; 
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Sponberg & Full, 2008; Spence et al., 2010). Locomotion 
performance can be substrate specific. For example, 
variation in the surface roughness of trees and liana 
stems was correlated with the running speed of some 
tropical ant species (Yanoviak et al., 2017). Six-lined 
racerunner lizards showed substrate-specific locomotor 
performance, when comparing grass, sand and pebbles 
(Sathe & Husak, 2018). In Prionostemma harvestmen, 
individuals ran faster on soil than on smooth tree bark or 
mossy trees (Domínguez et al., 2016). We did not test for 
substrate-specific gaits, but we expect that harvestmen 
can perform different gaits depending on the variation 
in substrate properties and/or the presence of physical 
obstacles, such as foliage, leaf litter, crevices or rocks.

CONCLUsION

We found that Prionostemma harvestmen use four 
different locomotor gaits: running, stotting, bobbing 
and walking. Gaits differed in their performance and 
postural kinematics, body trajectory, gait diagrams and/
or kinetic and potential energy exchange. These findings 
point out the importance of using multiple kinematic 
features to differentiate gaits. We suggest that multiple 
factors contribute to this variation in gait observed in 
harvestmen during this study. These factors include 
variation in predator pressure, the energetic demands 
of different tasks (escape, foraging, mating, etc.) and the 
biomechanical and energetic requirements of moving 
through different terrain. Collectively, these factors 
might drive the evolution of plasticity in locomotor 
gaits. This plasticity, in turn, provides animals with a 
diverse repertoire of locomotion strategies from which 
they can choose in order to respond to variable and 
changing environmental conditions.
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