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a b s t r a c t

It has been proposed that humans' exceptional locomotor endurance evolved partly with foraging in hot
open habitats and subsequently about 2 million years ago with persistence hunting, for which endurance
running was instrumental. However, persistence hunting by walking, if successful, could select for lo-
comotor endurance even before the emergence of any running-related traits in human evolution. Using a
heat exchange model validated here in 73 humans and 55 ungulates, we simulated persistence hunts for
prey of three sizes (100, 250, and 400 kg) and three sweating capacities (nonsweating, low, high) at 6237
combinations of hunter's velocity (1e5 m s�1, intermittent), air temperature (25e45 �C), relative hu-
midity (30e90%), and start time (8:00e16:00). Our simulations predicted that walking would be suc-
cessful in persistence hunting of low- and nonsweating prey, especially under hot and humid conditions.
However, simulated persistence hunts by walking yielded a 30e74% lower success rate than hunts by
running or intermittent running. In addition, despite requiring 10e30% less energy, successful simulated
persistence hunts by walking were twice as long and resulted in greater exhaustion of the hunter than
hunts by running and intermittent running. These shortcomings of pursuit by walking compared to
running identified in our simulations could explain why there is only a single direct description of
persistence hunting by walking among modern hunter-gatherers. Nevertheless, walking down prey
could be a viable option for hominins who did not possess the endurance-running phenotype of the
proposed first persistence hunter, Homo erectus. Our simulation results suggest that persistence hunting
could select for both long-distance walking and endurance running and contribute to the evolution of
locomotor endurance seen in modern humans.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Humans have exceptional locomotor endurance among mam-
mals (Carrier, 1984; Bramble and Lieberman, 2004; Pontzer, 2017;
Raichlen et al., 2019). Our body seems to be tuned to perform
prolonged moderate to vigorous physical activity, such as walking
and running, to the extent that the absence of physical activity
increases vulnerability to poor physical and mental health and
contributes to diseases such as heart disease, osteoporosis, obesity,
and Alzheimer's disease (Morris et al., 1953; Paffenbarger et al.,
1986; Donnelly et al., 2009; Guadalupe-Grau et al., 2009;
Mattson, 2012; Lieberman, 2020). Human locomotor endurance has
been explained as resulting from selection for long-distance
walking and running (Bramble and Lieberman, 2004). Initially,
foraging by walking in hot open habitats with sparsely distributed
resources might have selected for locomotor endurance (e.g., Brace
and Montagu, 1965; Lieberman, 2015; Pontzer, 2017). Further in-
crease in locomotor endurance may have stemmed from selection
for endurance running used in scavenging and persistence hunting
(Carrier, 1984; Bramble and Lieberman, 2004; Pontzer, 2017). The
importance of endurance running in these evolutionary scenarios
was based largely on observations of modern hunter-gatherer
populations, some of which use running or intermittent running
(alternation of running and walking) to drive their prey to
exhaustion, heatstroke, or otherwise into traps or other means by
which they can be killed by hunters (Liebenberg, 2006; Lieberman
et al., 2020). However, other research has suggested that walking
without running could also result in successful persistence hunting
(Pickering and Bunn, 2007). If so, persistence hunting would not
have required endurance running as a prerequisite (Nickels, 1984;
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Pickering and Bunn, 2007), and could have been used by hominins
before the emergence of the running-related traits in Homo erectus
(Nickels, 1984). Nevertheless, the records of persistence hunting by
walking in modern hunter-gatherers are limited to the report of
Pickering and Bunn (2007; and perhaps Bartram et al., 1991 see
Discussion section), which may suggest a lower success rate
compared to running. However, the relative success rates of
walking and running in persistence hunting remain unclear.

Owing to differences in mechanics and energetical and ther-
moregulatory demands between walking and running, different
aspects of locomotor endurance might be favored by selection for
each gait. Locomotor endurance, defined as the maximum duration
of locomotion sustainable at a given velocity (Pontzer, 2017), is
determined by several factors including aerobic capacity, volume of
mitochondria in muscles, locomotor economy, and heat loss ca-
pacity (for amore complex discussion of endurance see, e.g., Bassett
and Howley, 2000; Hutchinson, 2018). Aerobic capacity (VO2max)
determines how much oxygen can be delivered to and used by
muscles active during locomotion and since one cannot operate
above VO2max for extended periods, it sets the upper limit for
endurance performance (Bassett and Howley, 2000). Aerobic ca-
pacity is affected by, among other factors, cardiorespiratory ca-
pacity and volume of mitochondria in active muscles, which itself is
primarily a function of muscle volume, muscle fiber type (Weibel
et al., 2004), and mitochondrial volume density (Hoppeler et al.,
1973). Volume of mitochondria in muscles also positively affects
endurance at submaximal aerobic velocities by allowing to perform
at higher percentage of aerobic capacity because of slower accu-
mulation of metabolites, lower rates of glycogen depletion, and
increase of fat oxidation (Holloszy and Coyle, 1984). The need for
higher aerobic capacity and mitochondrial volume would rise with
intensity of the locomotion, e.g., due to challenging terrain, carried
loads, and velocity. As modern hunter-gatherers usually walk
relatively slowly (e.g., about 1.1 m s�1 in Hadza; Pontzer et al.,
2015), foraging might not require high aerobic capacity. Similarly,
persistence hunting by walking would not be expected to select for
higher aerobic capacity unless it benefited from faster velocities
which require higher oxygen uptake (e.g., Ralston, 1958). More
intensive running-based scavenging or persistence hunting would
put stronger selection pressure for increased aerobic capacity in
hominins compared to walking (Bramble and Lieberman, 2004;
Pontzer, 2017).

The locomotor economy is defined as the mass-specific distance
traveled per unit of energy (and thus oxygen) expended (Pontzer,
2017). Keeping aerobic capacity constant, individuals with better
locomotor economy would travel at lower percentage of their
aerobic capacity and hence have greater endurance (Conley and
Krahenbuhl, 1980; Daniels and Daniels, 1992). Although some
morphological characteristics improve the economy of both
walking and running (e.g., long lower limbs; Steudel-Numbers and
Tilkens, 2004; Pontzer, 2005; Steudel-Numbers et al., 2007), others
are relevant for only a single gait (e.g., energy storage in a long
Achilles tendon and a plantar arch during running; Bramble and
Lieberman, 2004). Thus, we suggest that selection for walking
economy, whether due to persistence hunting or other long-
distance walking foraging behaviors, could act on some of the
same traits (e.g., long lower limbs) as those selected for running
economy.

In hot, open environments, hyperthermia and dehydration
become the key limits of locomotor endurance (Adolph, 1947;
Carrier, 1984; Steudel-Numbers et al., 2007; Ruxton andWilkinson,
2011a, b; Lieberman, 2015; Rathkey and Wall-Scheffler, 2017;
Longman et al., 2019, 2021; Hora et al., 2020). Modern humans are
characterized by several traits that facilitate heat loss such as high
sweating capacity and loss of functional hair cover (Lieberman,
2

2015). It has been argued that heat loss capacity might have been
under selection in hominins foraging in open habitats (Wheeler,
1992; Ruxton and Wilkinson, 2011a), especially in the middle of
the day to avoid predators (Brace and Montagu, 1965; Lieberman,
2015). Persistence hunting by walking was reported in a hot open
environment (Pickering and Bunn, 2007) so it would also benefit
from the derived heat loss capacity. As high-intensity locomotion is
more thermogenic, heat loss capacity would be more important for
persistence hunting if performed at faster walking velocities and
would be essential with the adoption of persistence hunting by
running (Montagu, 1964; Carrier, 1984; Bramble and Lieberman,
2004; Lieberman, 2015).

There are several factors that could contribute to the optimal
gait and velocity for a successful persistence hunt, including the
prey sweating capacity, body size of the prey, and preferred velocity
of the prey, as well as environmental factors such as air tempera-
ture and relative humidity. Although terrestrial ungulates (the
typical prey in persistence hunting; Liebenberg, 2006; Lieberman
et al., 2020) dissipate heat primarily by panting and many rely on
panting exclusively (e.g., wildebeest, wild boar, mule deer; Taylor
et al., 1969a; Ingram, 1965; Parker and Robbins, 1984), some wild
ungulate species also have heat-induced sweating capacity
(Robertshaw and Taylor, 1969a; Bullard et al., 1970; Robertshaw and
Dmi'el, 1983; Parker and Robbins, 1984), which would provide
them with an additional route to lose heat while fleeing from the
hunter. In contrast to human eccrine glands which produce sweat
through exocytosis of secretory granules of specific content, in
ungulates, sweat is produced by apocrine glands through dis-
charging a portion of the cell, including cell membrane, cell cyto-
plasm, and intracellular fragments (Farka�s, 2015). The resulting
sweat ranges from highly concentrated to watery (Weiner and
Hellmann, 1960). As such, the evaporative capacity of the
apocrine sweat might be lower than that of the eccrine sweat.
However, experiments show that cutaneous evaporation can sur-
pass the evaporation from respiratory tract in some sweating un-
gulate species (Knapp and Robinson, 1954; McLean, 1963; Taylor,
1969; Taylor et al., 1969b; Finch, 1972; Robertshaw and Dmi'el,
1983) and other animals (Dawson et al., 1974) and account for up
to 95% of overall evaporation (McLean, 1963), although most data
come from resting animals. More data are needed from animals
during physical activity when ventilation is increased and so would
be the evaporation from the respiratory tract. On the other hand,
cutaneous evaporation would also be enhanced during locomotion
due to airflow over the body surface. Nonequid ungulates seem to
lack the direct humoral control of sweating through circulating
catecholamines (studied in cattle and black bedouin goat;
Robertshaw and Whittow, 1966; Dmi'el et al., 1979) that can
contribute to sweating during physical activity (in addition to
neural control) in equids (Evans et al., 1956; Robertshaw and Taylor,
1969b) and primates (Wada, 1950; Robertshaw et al., 1973).
Nevertheless, because of increased metabolic heat production,
sweating should be induced by heat during physical activity also in
nonequid ungulates, which is illustrated, e.g., in eland whose
cutaneous evaporation “increased by 4- to 10-fold during a run and
the sweat literally dripped off them after they stopped” as reported
by Taylor and Lyman (1972: 116). The observed increase of body
core temperature in eland during running was below 1 �C
compared to the up to 4.5 �C increase in gazelle, who increased
cutaneous evaporation by only 40%, which suggests that sweating
is an effective route for heat dissipation in eland (Taylor and Lyman,
1972). As such, the sweating capacity of the prey could have a
negative effect on the success of the persistence hunt.

Larger animals have lower body surface area to bodymass ratios
that limit their relative heat dissipation capacity (Bergmann, 1848;
Ruff, 1994). This characteristic should make larger animals prone to
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overheating at lower levels of physical activity (i.e., at lower ve-
locities). Thus, walking might be better suited for the persistence
hunting of large prey. On the other hand, larger animals might have
adaptations to moderate the size-induced limits of thermoregula-
tion. Among African ungulates, larger species have been reported to
have greater sweating capacity (Robertshaw and Taylor, 1969a),
lower pelage depth, and lower thermal conductance of the pelage
(Hofmeyr, 1985). All these characteristics would enhance heat
dissipation in larger animals. Although larger-bodied animals have
relatively more muscle mass compared with smaller-bodied ani-
mals (Alexander et al., 1981), their mass-specific cost of locomotion
is lower (Taylor et al., 1970, 1982) and thus they should generate
relatively less heat when moving.

Quadrupeds use narrow ranges of energetically optimal veloc-
ities within each gait (Hoyt and Taylor, 1981). The hunter might
thus benefit from selecting velocities just above those preferred
ranges to force prey to switch to a faster gait and hasten the rate of
heat accumulation (Carrier, 1984). As hunting by walking would
elicit lower heat production in the prey compared to running (Hoyt
and Taylor, 1981), it might require a higher air temperature (which
increases heat gain from the environment and limits heat loss) or
higher relative humidity (which limits evaporative heat loss) to
push the game to overheat. Owing to the circadian oscillation of air
temperature and humidity, the success of walking in persistence
hunting could also be affected by the time of day.

In this study, we simulated the success of walking and running
in persistence hunting using a heat exchange model. We adjusted
and validated (in humans, horses, sheep, cattle, and elands) a
previously published heat exchange model (Hora et al., 2020) to
simulate persistence hunts for prey of three sizes and three levels of
sweating capacity by a modern human hunter at combinations of
the hunter's aerobic velocity, air temperature, relative humidity,
and start time. The heat exchangemodel was used to estimate body
core temperature and water loss of the hunter and prey. The prey
was modeled as fleeing from the hunter at its preferred velocity
(equal or faster than the actual velocity of the hunter), stopping
after reaching a certain distance from the hunter and resting in the
shade until the hunter gets closer again. We identified successful
simulated hunts as those in which the hunter had greater loco-
motor endurance (limited by hyperthermia, dehydration, and
sunset) than the prey. We calculated the success rate of simulated
persistence hunts by dividing the number of successful simulated
hunts under given conditions by the number of simulated hunts
under the given conditions, thus assuming that the hunter can track
the prey at a given velocity and never loses the trail. We tested two
hypotheses: 1) walking is as successful as running in persistence
hunting of medium to very large prey and 2) the success of walking
is greater in larger prey, in animals with low sweating capacity, at
velocities that force the prey to trot, and under hot and humid
ambient conditions.

2. Methods

2.1. Heat exchange model

We used a previously published heat exchange model (Hora
et al., 2020), described in detail in Supplementary Online Material
(SOM S1), to estimate the body core temperature and water loss as
the primary factors that delineate the endurance capacity of the
hunter and prey moving within their aerobic velocities in a hot,
open environment. The heat exchange model is a set of equations
that model the metabolic heat production, heat flow between the
body core and skin and between the skin and hair, and convective,
radiative, and evaporative routes of heat exchange between the
body surface and ambient environment (Fig. 1). The input variables
3

of the model included body mass, stature, gait, velocity, air tem-
perature, relative humidity, and sun elevation, and the output
variables estimated at each second of simulation were the body
core temperature and water loss due to respiratory and cutaneous
evaporation (Fig. 1).

The heat exchange model was adjusted (SOM S1) and validated
(SOM S2) using newly collected data (three experiments on outdoor
running and walking humans: n ¼ 12, air temperature ¼ 22e35 �C,
relative humidity ¼ 31e61%; SOM Table S1) and previously pub-
lished data in humans (SOM Table S1; 18 experiments: n ¼ 61, air
temperature ¼ 30e45 �C, relative humidity ¼ 23e85%; Mitchell
et al., 1976; Shvartz, 1976; Marino et al., 2004; Jack, 2010;
Maughan et al., 2012;Moyen et al., 2014; CheMuhamed et al., 2016),
horses (SOM Table S2; 17 experiments: n ¼ 38, air
temperature ¼ 19e35 �C, relative humidity ¼ 40e85%; Hodgson
et al., 1993; Geor et al., 1995, 2000; Marlin et al., 1996, 1999;
McCutcheon and Geor, 1996; Kingston et al., 1997), sheep (SOM
Table S2; 10 experiments: n ¼ 12, air temperature ¼ 18e33 �C,
relative humidity¼ 22e50%; Bell et al.,1983; Ueno et al.,1989; Entin
et al., 1998, 1999), cattle (SOM Table S2; six experiments: n ¼ 3, air
temperature ¼ 18e40 �C, relative humidity ¼ 48e88%; Hales and
Findlay, 1968; Ueno et al., 2001), and eland (SOM Table S2; four
experiments: n ¼ 2, air temperature ¼ 27.5 �C, relative
humidity¼ 23.5%; Taylor and Lyman,1972). Each humanparticipant
provided written informed consent before participation in our
validation study, and the protocol was approved by the Institutional
Review Board of Charles University, Faculty of Science (approval
number 2019/21).

Simulated and reported body core temperatures were compared
using the mean error and root mean square error (RMSE) following
previous validation studies for human heat exchange models
(Haslam and Parsons, 1994; Fiala et al., 2001; Martínez et al., 2016)
as:

Mean core temperature error¼
Pq

1ðTcSimulated � TcObservedÞ
q

[1]

Core temperature RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPq

1ðTcSimulated � TcObservedÞ2
q

q
[2]

where q is the number of reported body core temperatures for a
given experiment excluding the temperature at the beginning of
the experiment, TcSimulated is the simulated body core temperature
(�C), and TcObserved is the observed body core temperature (�C).
Water loss difference was calculated as:

Water loss difference¼ WLSimulated �WLObserved [3]

where WLSimulated is the simulated water loss at the end of the
experiment (kg), and WLObserved is the observed water loss at the
end of the experiment (kg). In addition, water loss difference was
also adjusted to the initial body mass at the beginning of the
experiment.

Comparisons of observed and estimated body core tempera-
tures and human water loss are provided in SOM Tables S1 and S2
and Figure 2. Body core temperature was estimated with a mean
error (positive values represent overestimation) of �0.25 �C in
humans, 0.26 �C in horses, and �0.06 �C in low-sweating species
(i.e.,�0.14 �C in sheep,�0.05 �C in cows, and 0.12 �C in elands), and
with an RMSE of 0.41 �C in humans, 0.75 �C in horses, and 0.30 �C in
low-sweating species (i.e., 0.29 �C in sheep, 0.34 �C in cows, and
0.26 �C in elands). In heat exchange modeling studies, models are
usually considered acceptable when the RMSE is within the



Figure 1. Heat exchange model and simulation.
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standard deviation of the experimental data (Haslam and Parsons,
1994; Fiala et al., 2001; Psikuta et al., 2012; Martínez et al., 2016).
Both the mean error and RMSE were lower than the average
standard deviation of the body core temperatures measured at the
end of the experiments in humans (0.46 �C) and low-sweating
species (0.44 �C; data available only for sheep), but not in horses
(0.46 �C) where only the mean error was lower. The high RMSE in
horses was particularly driven by four experiments in hot (�30 �C)
and humid (�80%) conditions with body core temperature RMSE
�1.0 �C (Fig. 2A, B). Water loss was estimated with the mean error
at the end of the experiment to be �0.54% of the body mass in
humans (SOM Tables S1). Estimation of water loss was not vali-
dated in prey because of lack of appropriate data, but the prey's
endurance was not limited by dehydration in any of the hunts
simulated in the present study.

To evaluate the effect of ambient conditions on estimates of
body core temperature and water loss, we analyzed relationships of
mean error and RMSE with air temperature and relative humidity
using productemoment correlation (four tests in which data con-
formed to a bivariate normal distribution) and Spearman rank or-
der correlation (remaining 12 tests) with Holm-Bonferroni
correction for multiple comparisons. We identified two significant
relationships. In horses, body core temperature RMSE was signifi-
cantly correlated with air temperature (rs ¼ 0.697; p ¼ 0.002;
n¼ 17; Fig. 2A) and relative humidity (rs¼ 0.737; p¼ 0.001; n¼ 17;
Fig. 2B), which suggests that our model estimated body core tem-
perature in horses with greater error in hot and humid conditions.
However, this error was nondirectional (i.e., not biased to more
positive or negative values in hot humid compared to cold dry
conditions) as evidenced by the absence of significant relationship
of mean error with either air temperature (rs ¼ 0.323; p ¼ 0.206;
n ¼ 17; Fig. 2C) or relative humidity (rs ¼ 0.390; p ¼ 0.122; n ¼ 17;
Fig. 2D) in horses. Our model estimates of body core temperature in
humans and low-sweating species and of water loss in humans
were not affected by either air temperature or relative humidity.

2.2. Simulated hunts

We simulated a total of 56,133 persistence hunts which were all
possible combinations of 11 velocities of the hunter, three prey sizes,
4

three prey sweating capacities, nine air temperatures, seven relative
humidities, and nine starting times (Table 1). The hunter was
modeled as a modern human with the body size and shape of
H. erectus (adult projection of KNM-WT15000: bodymass¼ 76.7 kg,
stature¼ 178 cm, relative body surface area¼ 254 kg cm�2; Ruff and
Burgess, 2015; Ruff et al., 2018). To determine the sensitivity of our
results to the body size and shape of thehunter,wealsomodeled the
hunteras having a bodymass of 50kg, stature of 160 cm, and relative
body surface area of 300 kg cm�2, which corresponds to an average
male in modern hunter-gatherers such as !Kung San (Kirchengast,
2000) or Hadza (Hiernaux and Hartono, 1980).

We simulated that the hunter followed the prey at three variants
of constant walking velocities, six variants of constant running
velocities, and two variants of intermittent running/walking ve-
locities. Walking hunts were simulated at 1.0, 1.5, and 2.0 m s�1. All
these walking velocities were below the reported walk-to-run
transition (Hreljac, 1993) and metabolic heat production esti-
mated by our model at all these walking velocities was lower than
at any running velocity. Running hunts were simulated as slow at
2.5 and 3.0 m s�1, medium at 3.5 and 4.0 m s�1, and fast at 4.5 and
5.0 m s�1. Slow intermittent running was simulated as alternating
running at 3 m s�1 and walking at 1 m s�1, which corresponds to
running speeds in ethnographic records (Liebenberg, 2006;
Lieberman et al., 2020). Fast intermittent running was simulated as
alternating running at 4.5 m s�1 and walking at 1.5 m s�1, which
corresponds to the theoretical model of Carrier (1984) that the
hunter should force the prey to gallop. Alternations of running and
walking were determined according to the activity of the prey: the
hunter ranwhen the preywas moving (we assumed that the prey is
in sight or that its trail can be predicted so that the hunter canmove
quickly), whereas the hunter walked when the prey was resting
(we assumed the hunter had to slow down to track the prey; see
below how we modeled when the prey was moving and resting).
For intermittent running, duration of the running period was
determined by preferred velocity of the prey, which varies with
prey size in our model (see below). As a result, duration of the
running period varied with prey size. During slow intermittent
running, the hunter ran for 282 min after a 100 kg prey (fleeing at
3.06 m s�1), for 95 min after a 250 kg prey (fleeing at 3.18 m s�1),
and for 61 min after a 400 kg prey (fleeing at 3.28 m s�1), before



Figure 2. Core temperature root mean square error (RMSE) (A, B) and mean core temperature error (C, D) estimated by our model in relation to air temperature (A, C) and relative
humidity (B, D) for human (black circle), horse (blue triangle), sheep (orange square), cattle (orange diamond), and eland (orange cross). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Variables characterizing the simulated hunts.

Variable Number of variants Variants

Hunter
Velocity (m s�1) 11 Constant: 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5; Intermittent: 3/1, 4.5/1.5
Prey
Body mass (kg) 3 100, 250, 400
Sweating capacity 3 High, low, nonsweating
Ambient conditions
Air temperature (�C) 9 25, 27.5, 30, 32.5, 35, 37.5, 40, 42.5, 45
Relative humidity (%) 7 30, 40, 50, 60, 70, 80, 90
Starting time 9 8:00, 9:00, 10:00, 11:00, 12:00, 13:00, 14:00, 15:00, 16:00
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switching to walking which took 17 min (regardless of the prey
size) and was followed by another running period. During fast
intermittent running, hunter ran for 51 min after a 100 kg prey
(fleeing at 4.83 m s�1), for 14 min after a 250 kg prey (fleeing at
5.72 m s�1), and for 11 min after a 400 kg prey (fleeing at
5.99 m s�1) before switching towalking which took 11 min for prey
of all sizes. Our intermittent running simulations might over-
emphasize time spent running versus walking since real hunters
might walkmore because of tracking difficulties (Liebenberg, 2006;
Lieberman et al., 2020).
5

We modeled prey of three sizes: 100, 250, and 400 kg, which
represent respectively size classes 2 (medium), 3 (large), and 4
(very large; Bunn and Kroll, 1986). For each prey size, we modeled
three variants of prey sweating capacity: high-sweating model
based on a horse to represent prey such as zebra (maximum wet-
tedness i.e., maximum proportion of body surface area that can be
covered by sweat ¼ 1.0), low-sweating model based on African
bovids with heat-induced sweating capacity to represent sweating
antelopes (maximum wettedness varied with body size: 0.06 for a
100-kg prey, 0.2 for a 250-kg prey, and 0.3 for a 400-kg prey), and
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nonsweating model to represent nonsweating prey like a wilde-
beest or mule deer (maximum wettedness ¼ 0.02 to allow for
diffusion). All variants could increase ventilation >7-fold over the
normothermic resting value due to the thermal drive alone to ac-
count for panting. The high-, low-, and nonsweating prey models
lost on average (±SD) 90 ± 5.0%, 69 ± 18.1%, and 30.3 ± 18.8%, of
evaporated heat, respectively, by cutaneous evaporation during the
hunts simulated here, which corresponds well to the reported
71e94% for cattle (McLean, 1963), 81% for goat (Robertshaw and
Dmi'el, 1983), 80% for eland (Finch, 1972), 61e77% for sheep
(Knapp and Robinson, 1954), 75% for oryx (Taylor, 1969), 63% for
waterbuck (Taylor et al., 1969b), and 35% for hartebeest (Finch,
1972). The average sweat rate of the high-sweating prey during
our simulations (640 g h�1 m�2) was lower than the reported 2000
g h�1 m�2 in a running horse (Hodgson et al., 1993). Our simula-
tions yielded similar sweating rates in our low-sweating prey as
reported in the literature: 94 g h�1 m�2 for a 100-kg prey compared
to the reported 100 g h�1 m�2 in the 100-kg waterbuck and 110-kg
oryx during resting (Robertshaw and Taylor, 1969a), 254 g h�1 m�2

for a 250-kg prey compared to the reported 266 g h�1 m�2 in the
200-kg running eland (Taylor and Lyman, 1972), and 344 g h�1 m�2

for a 400-kg prey compared to the reported 500 g h�1 m�2 in the
400-kg resting eland (Finch, 1972). The simulated rate of cutaneous
water loss in our nonsweating prey was on average lower
(34 g h�1 m�2) but had a maximum rate (72 g h�1 m�2) comparable
to values reported for a 150-kg resting wildebeest (60 g h�1 m�2;
Robertshaw and Taylor, 1969a) or a 15-kg resting (56 g h�1 m�2)
and running (78 g h�1 m�2) Thompson's gazelle (Taylor and Lyman,
1972). In addition, to test if our model can predict the outcome of
the reported successful persistence hunt by walking (Pickering and
Bunn, 2007), we simulated the prey as a 20-kg duiker with
maximum wettedness of 0.02, body surface area of 0.74 m2

(Schmidt-Nielsen, 1984), hair conductance of 4.5 W m�2 �C�1

(estimated for ungulate of such body mass from data of Hofmeyr,
1985), metabolic heat production estimated as Body
mass � [3.36543 � Velocity þ 3.20885] (based on data for 23-kg
gazelle; Taylor et al., 1974), and relative minute volume estimated
as 1.0513 � Core temperature � 40 (based on data for 52-kg sheep;
Entin, 1997). Owing to the duiker's reported “nervous disposition”
(Keymer and Garnham, 1969:52), we simulated that it would never
walk from the hunter but instead use trot or gallop. All other pa-
rameters and equations were same as in the low-sweating and
nonsweating model. As Pickering and Bunn (2007) have not re-
ported any details about velocity of the hunter or ambient condi-
tions, we simulated the hunt of the duiker across all the above-
listed velocities and below-listed ambient conditions. The average
cutaneous water loss in our simulations (32 g h�1 m�2) was similar
as reported for a resting duiker exposed to 40 �C (Robertshaw and
Taylor, 1969a).

Simulations were performed for nine daily maximum air tem-
peratures (25.0, 27.5, 30.0, 32.5, 35.0, 37.5, 40.0, 42.5, and 45.0 �C;
Fig. 3A) and seven daily average relative humidities (30%, 40%, 50%,
60%, 70%, 80%, and 90%; Fig. 3B). Both the air temperature and
relative humidity varied with time of the day as a sine wave (Fig.
3A, B) determined by our Ambient model (SOM S3). Hunts were
simulated as starting at each hour from 8:00 to 16:00. Sun elevation
profile reflected a representative day (August 15) in the Turkana
Basin (4.13 N, 35.9 E; Fig. 3C; SOM S3). We simulated that both the
hunter and prey were exposed to direct solar radiation at all times
except for the prey during resting.

2.3. Endurance limits

Each simulations provided estimates of endurance of the hunter
and prey which were compared to determine if the hunt could be
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successful at the given conditions. A successful simulated persis-
tence hunt was defined here as a hunt in which the prey had a
lower endurance than the hunter. Endurance was delimited by
reaching hyperthermia, dehydration, or sunset.

The hyperthermia threshold was defined here as the body core
temperature of 41 �C for the hunter (Ely et al., 2009) and 42 �C for
the prey (Lindinger, 1999). Body core temperatures up to 40.9 �C
were reported in humans during running races (Lee et al., 2010) and
experiments (Ely et al., 2009), and 40.5 �C was reached by one of
the participants of our validation study which makes our hyper-
thermia threshold of 41 �C a reasonable choice. Nevertheless, to
determine the sensitivity of our results to setting the hyperthermia
threshold of the hunter, we also modeled the hunter's hyperther-
mia threshold at 40 �C.

The dehydration threshold was defined here as water loss
equivalent to 10% body mass for the hunter (Hora et al., 2020) and
30% body mass for the prey (Schmidt-Nielsen, 1964). Water loss
equivalent to 10% of body mass was reported for marathonwinners
(Beis et al., 2012) and even 25% of body mass loss was anecdotally
reported in the literature (Noakes, 2012). Nevertheless, to deter-
mine the sensitivity of our results to setting of the dehydration
threshold, we modeled the dehydration threshold of the hunter
also as water loss equivalent to 7.5% and 5.0% of body mass.

Sunset at the given date and location was at 18:45. Although
there are reports that hunters sometimes resume the hunt the next
morning (Liebenberg, 2006; Levi, 2020; Lieberman et al., 2020), we
have chosen not to simulate any hunts that span over more than
one day. Sunset was thus an end of the hunt in our simulations.
2.4. Prey behavior

The actual velocity and gait of the prey were determined by
three factors: the velocity of the hunter (see above), preferred ve-
locities of the prey, and distance between the hunter and prey.

We defined the preferred velocities of the prey as those at which
the mass-specific cost of transport (COT) was within 3% from the
minimum cost of transport for a given gait (walk, trot, and gallop).
We derived size- and gait-specific quadratic function equations for
estimation of mass-specific COT from prey velocity (SOM S1 Eq. 6)
based on published equations for ponies (Hoyt and Taylor, 1981)
and horses (Minetti et al., 1999). We then calculated the energeti-
cally optimal velocity (vopt, m s�1) for each gait as:

vopt ¼ �b
2a

[4]

where a and b are the coefficients of the quadratic equation for
mass-specific COT estimation (SOM S1 Eq. 6). Minimum mass-
specific COT was then determined by solving the SOM S1 Eq. 6
for vopt.

We assumed that the prey aims to keep within a range of safe
distances from the hunter, delimited by a minimum and maximum
safe distance. Distances shorter than the minimum safe distance
would be avoided by the prey due to immediate danger from the
hunter, whereas distances longer than the maximum safe distance
would be avoided due to unnecessary heat production. We
assumed that the prey would stop when reaching the maximum
safe distance from the hunter and would rest in shade until the
hunter reached theminimum safe distance. The difference between
the maximum and minimum safe distance along with the velocity
of the hunter determined the duration of the resting periods of the
prey. Note that the absolute value for the minimum safe distance,
i.e., flight initiation distance (Wolf and Croft, 2010), was irrelevant
to our modeling approach. The difference between maximum and
minimum safe distance could be about 73 m for greater kudu



Figure 3. Modeled air temperatures (A), relative humidity (B), sun elevation angle (black solid), and direct solar irradiance (grey dashed; C). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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(based on reported flight length of 73 m and an unmoving human,
Muposhi et al., 2016, estimated as flight length � [1 � hunter's
velocity/prey velocity], where flight length is a distance moved by
the prey) and about 1310 m for red deer (based on reported flight
length of 3500 m, Jeppesen, 1987, and assuming human velocity of
1.5 m s�1 and prey velocity of 2.4 m s�1). However, low values
estimated for kudu are likely a consequence of the experimental
design in which the approaching human stopped moving when
flight was initiated by the animal. Data on red deer should be more
relevant for our simulations as they were collected during actual
hunts. We chose the value of 1000 m as the difference between the
maximum and minimum safe distance for our simulations.
Nevertheless, to determine the effect of the setting of the difference
between the maximum and minimum safe distance on our results,
we ran the simulations also with a 100 m value.

To maintain the distance from the hunter within the safe range,
the prey needs to move at a velocity equal to or higher than the
velocity of the hunter. We assumed that if the velocity of the hunter
waswithin the range of the preferred velocities of the prey, the prey
wouldmatch the velocity of the hunter (and keep constant distance
from the hunter). If the velocity of the hunter fell outside the range
of preferred velocities of the prey, the prey used the slowest
preferred velocity from the range of the next faster gait (and
increased the distance from the hunter). Following these assump-
tions, the prey was simulated as walking from the hunter when the
hunter approached at 1 m s�1 (prey of all sizes) and 1.5 m s�1

(400 kg prey only). Such behavior can be elicited by following the
animal at the edge of its flight zone (i.e., close to the flight initiation
distance) as is used by animal handlers to move cattle and sheep
forward at walking pace (Grandin, 2019) and was proposed to be
used by Neandertals for hunting of aurochs (White et al., 2016).
When we exploratively forbid the prey to walk, the simulated
walking hunting success rate increased by 6% for low-sweating
prey.

2.5. Analyses

We calculated the success rate of simulated persistence hunting
at the given conditions (defined by velocity, gait, prey size, prey
evaporation mode, and start time) by dividing the number of suc-
cessful simulated hunts at the given conditions by the number of
simulated hunts under the given conditions. The success rate here
is thus derived exclusively from the difference between the
endurance of the hunter and prey, and assumes that the hunter can
track the prey at a given velocity without losing the trail.

To account for the error of our heat exchange model in the
estimation of body core temperature and water loss, we performed
two more sets of persistence hunting simulations with altered
thresholds for hyperthermia and dehydration in the hunter and
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prey models. The thresholds were altered by addition or subtrac-
tion of the body core RMSE (0.41 �C for hunter, 0.75 �C for high-
sweating prey, and 0.30 �C for low- and nonsweating prey) and
water loss difference (only in hunter: 0.54%) revealed in our vali-
dation analysis. Results of these additional simulations were used
to construct confidence intervals (CIs) for our success rate esti-
mates. For the upper confidence limit, the success rate was calcu-
lated from a set of simulations with increased thresholds in the
hunter's model and decreased thresholds in the preys' model. In
other words, the hunter had greater endurance due to higher hy-
perthermia and dehydration thresholds, whereas the prey had
lower endurance due to lower hyperthermia threshold in this set of
simulations which led to higher success rates. For the lower con-
fidence limit, the success rate was calculated from simulations at
which thresholds were decreased for the hunter and increased for
the prey. Consequently, the hunter's endurance was lowered and
the prey's endurance improved in this set of simulations which led
to lower success rates.

Hunt duration (h) of successful simulated hunts was determined
as equal to the endurance of the prey. Energy expenditure of the
hunter (kcal) was calculated as metabolic rate summed over the
duration of the successful hunt. Relative exhaustion of the hunter
(percentage of hunter's endurance) was calculated as duration of
the successful hunt divided by hunter's endurance under given
conditions and multiplied by 100. Relative exhaustion was deter-
mined only for simulations in which hunter's endurance would be
limited by hyperthermia or dehydration threshold, i.e., simulations
in which hunter's endurance was limited by sunset were excluded.

We compared the differences in simulated hunt duration, en-
ergy expenditure of the hunter, and relative exhaustion of the
hunter between walking and running using the nonparametric
ManneWhitney U test, and between walking, slow running, me-
dium running, fast running, and slow and fast intermittent running
using the nonparametric KruskaleWallis analysis of variance by
ranks and post-hoc multiple comparisons of mean ranks for all
groups (two-tailed) with Statistica v. 8.0 (StatSoft, Tulsa). All sim-
ulations were performed using Visual Basic in Excel, Microsoft Of-
fice 365 ProPlus v. 2205 (Microsoft, Redmond). The simulation code
is provided in a separate SOM file. The results of the individual
simulations are provided in SOM Table S4.

3. Results

Simulated persistence hunts of prey with high sweating ca-
pacity were not successful regardless of the hunter's gait, except for
the 250-kg prey hunted by walking (success rate: 2.1%, CI:
0.2e4.5%) and 400 kg-prey hunted by fast intermittent running
(success rate: 28% but wide CI: 0.5e70%; Fig. 4A). In contrast, hunts
of low-sweating prey and nonsweating prey were successful at all
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Figure 4. Effect of prey size and hunter's gait on the success rate of simulated persistence hunts of high-sweating (A), low-sweating (B), and nonsweating (C) prey by walking
(n ¼ 5103, green square), running (n ¼ 10,206, orange circle), slow intermittent running (n ¼ 1701, grey diamond), and fast intermittent running (n ¼ 1701, black cross). Whiskers
indicate confidence intervals based on the estimation error of our heat exchange model (see Methods section 2.5). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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simulated gaits (Fig. 4B, C). Therefore, we only present the results
for hunts of low-sweating and nonsweating prey. Walking was the
least successful gait for the simulated persistence hunting of low-
sweating and nonsweating prey followed by slow intermittent
running, running, and fast intermittent running. Prey size had little
effect on the success rate of the simulated persistence hunts of low-
sweating prey (42% for a 100-kg prey, 41% for a 250-kg prey, and
38% for a 400-kg prey). In nonsweating prey, the success rate was
lower in the 100-kg prey (57%) compared to the remaining 250-kg
and 400-kg prey (79% and 82%, respectively).

The velocity of the hunter affected the success rate of simulated
persistencehunts (Fig. 5). The success rateof simulatedhunting low-
sweating prey increased nonlinearly with velocity (Fig. 5A) from
9e15% (dependingonprey size) at the hunter's velocityof 1ms�1 up
to 68e72% at the hunter's velocity of 4.5m s�1. The greatest increase
in success rate (compared to success rate at the previous simulated
velocity) was observed just above the prey's preferred walking
(9e18% increase) and trotting (18e37% increase) speed. Persistence
Figure 5. Effect of velocity on the success rate of simulated persistence hunts for medium
amonds, solid line) low-sweating (A) and non-sweating (B) prey. Open symbols indicate v
indicate confidence intervals based on the estimation error of our heat exchange model (
velocities of three successful hunts of kudu (~230 kg) in the Kalahari (red letters: R, runn
pretation of the references to color in this figure legend, the reader is referred to the Web

8

huntingof all sizes of the low-sweatingpreywasmost successful at a
velocity just above the prey's range of preferred trotting speed
(success rate: 68e72%), which corresponded to the hunter's fast
running (4.5 m s�1). Nevertheless, medium to very large low-
sweating prey could be hunted across all simulated velocities
including the preferred velocities of the prey. The success rate of
simulated hunting a 100-kg nonsweating prey increased almost
linearlywith velocity (Fig. 5B) from19% to 83% between the hunter's
velocity of 1 m s�1 and 4.5 m s�1. For 250-kg and 400-kg non-
sweating prey, the success rate increased with velocity only within
the walking gait and remained relatively constant throughout the
running velocities (Fig. 5B).

Environmental factors and the start time of the hunt affected the
success of simulated persistence hunts for low-sweating and non-
sweating prey (Fig. 6). Walking was most successful at high air
temperature (37.5e40 �C; Fig. 6A, D) and high relative humidity
(60e70%; Fig. 6B, E). Running and intermittent running were
generally most successful at lower temperature (32.5e37.5 �C) and
(blue triangles, dotted line), large (grey circles, dashed line), and very large (black di-
elocities that fall into the range of the preferred velocities of the prey. Shaded areas
see Methods). For each combination of prey size and velocity: n ¼ 567. The average
ing, I, intermittent running; Liebenberg, 2006) are shown for comparison. (For inter-
version of this article.)



Figure 6. Effect of daily maximum air temperature (A, D), daily average relative humidity (B, E), and start time (C, F) on the success of simulated persistence hunts by walking
(n ¼ 5103; green square), slow running (n ¼ 3402; yellow circle), medium running (n ¼ 3402; orange circle), fast running (n ¼ 3402; brown circle), and slow (n ¼ 1701; grey
diamond) and fast (n ¼ 1701; black cross) intermittent running. Shaded areas indicate confidence intervals based on the estimation error of our heat exchange model (see Methods).
The daily maximum air temperature for four successful (red letters: R, running, I, intermittent running) and start time for five failed (blue letters) hunts of kudu in Kalahari
(Liebenberg, 2006; Hora et al., 2020) is shown for comparison (start times for successful hunts were not published). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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lower humidity (50e60%) than walking and the optimal tempera-
ture and humidity were inversely related to running velocity
(Fig. 6A, B, D, E). At high air temperatures (>37.5 �C), the success
rate of the simulated walking hunts approached (low-sweating
prey) and even overlappedwith (nonsweating prey) running hunts.
Similarly, at high humidity (>50%), the success rate of the simulated
walking hunts was closest to running hunts. Walking was the only
successful gait in hot humid conditions (SOM Figs. S1 and S2). By
contrast, running and intermittent running were the only suc-
cessful gaits in cold dry conditions (SOM Figs. S1 and S2). The
success rate of simulated persistence hunts decreased with starting
time regardless of the hunter's gait (Fig. 6C, F).

Differences in hunt duration, energy expenditure of the hunter,
and relative exhaustion of the hunter in successful simulated hunts
for low- and nonsweating prey by walking, running, and inter-
mittent running are shown in Figure 7. The hunt duration was
greater for walking than running (low sweating prey median: 2.1 h
vs. 1.1 h, U ¼ 769,875, p < 0.001; nonsweating prey: 1.7 vs. 0.8 h,
U ¼ 1,838,484, p < 0.001), and it decreased with velocity (Fig. 7A,
D). Walking hunt duration was also greater compared to intermit-
tent running. Successful simulated hunts by walking resulted in
lower energy expenditure than by running (low sweating prey:
644 kcal vs. 973 kcal, U ¼ 1,176,070, p < 0.001; nonsweating prey:
523 vs. 638 kcal, U ¼ 6,965,636, p < 0.001), especially due to the
high costs of hunts by medium running (Fig. 4B, E). Energy
expenditure of walking hunts was also lower in comparison to
hunts by slow and fast intermittent running. Relative exhaustion of
the hunter at the end of the hunt was higher for walking than for
running (low sweating prey: 43% vs. 35%, U ¼ 867,718, p < 0.001;
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nonsweating prey: 30% vs. 21%, U ¼ 2,456,204, p < 0.001). Relative
exhaustion of the hunter for walking was also higher than for
intermittent running except for the fast intermittent running in
low-sweating prey (Fig. 7C, F).

The results of our sensitivity analyses are shown in Table 2. The
body size and shape of the hunter had relatively low effect on our
results. A hunter of 50 kg body mass, 160 cm stature, and
300 kg cm�2 relative body surface area hunting for a low-sweating
prey had simulated hunting success rate 1% higher for walking and
2% higher for running compared to the KNM-WT 15000-sized
model (76.7 kg, 178 cm, 254 kg cm�2). Setting of the hyperther-
mia threshold of the hunter to 40 �C (compared to the original
41 �C) decreased the overall hunting success rate for low sweating
prey by 4% for walking and by 7% for running, i.e., the hunts at
higher velocities would be more affected by the threshold change.
Our simulations were relatively robust to setting of the dehydration
threshold. Lowering the dehydration threshold from 10% to 7.5% of
body mass decreased the simulated hunting success rate for low-
sweating prey by 1% for walking and by 2% for running; further
lowering of the threshold to 5% of body mass decreased the success
rate by 3% for walking and by 7% for running. Our results changed
little when 100 m (instead of 1000 m) was used as the difference
between the maximum and minimum safe distance: the overall
hunting success rate for low-sweating prey decreased by 2% for
walking and did not change for running.

Our simulations of the persistence hunting of a 20-kg duiker had
50% success rate for walking and 90% success rate for running
(Table 2). The simulated success rate increased with velocity across
both gaits (SOM Figs. S3). Success rate was also strongly positively



Figure 7. Hunt duration (A, D), energy expenditure of the hunter (B, E), and relative exhaustion of the hunter (C, F) for successful simulated persistence hunts of low-sweating (AeC)
and non-sweating (DeF) prey (walking: n(A),(B) ¼ 1018, n(C) ¼ 558, n(D),(E) ¼ 2731, n(F) ¼ 1346, slow running: n(A),(B) ¼ 1032, n(C) ¼ 809, n(D),(E) ¼ 2552, n(F) ¼ 1823, medium running:
n(A),(B) ¼ 1311, n(C) ¼ 1115, n(D),(E) ¼ 2687, n(F) ¼ 2149, fast running: n(A),(B) ¼ 2349, n(C) ¼ 2063, n(D),(E) ¼ 2872, n(F) ¼ 2485, slow intermittent running: n(A),(B) ¼ 551, n(C) ¼ 431,
n(D),(E) ¼ 1294, n(F) ¼ 913, fast intermittent running: n(A),(B) ¼ 1305, n(C) ¼ 1039, n(D),(E) ¼ 1478, n(F) ¼ 1149). Multiple comparisons of mean ranks p-values (two-tailed) for difference
from walking are presented above each plot (*, p < 0.001). Horizontal line: median; boxes: interquartile range; whiskers: minimumemaximum excluding outliers; circles: outliers
>1.5 times the interquartile range beyond the box. The hunt duration of four successful hunts of kudu in the Kalahari (red letters: R, running, I, intermittent running; Liebenberg,
2006) is shown for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Success rate (%) for simulated persistence hunts.

Prey model Walking Running Slow
intermittent

Fast
intermittent

Model alteration

High sweating 0.8 0.0 0.0 11.8
Low sweating 19.9 46.0 32.4 76.7
Small hunter 20.6 48.3 34.6 78.6
40 �C threshold 15.6 38.9 26.9 40.4
7.5 %BM threshold 19.3 44.4 31.2 74.1
5 %BM threshold 16.7 39.2 26.9 61.1
100 m 18.0 46.2 28.6 58.1
Nonsweating 53.5 79.5 76.1 86.9
Duiker 50.2 90.4 81.7 98.8

BM, body mass.
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related to air temperature and relative humidity (SOM Figs. S4). For
example, the success rate of simulated walking hunts increased
linearly from 2% at 25 �C to 94% at 45 �C. Themedian duration of the
simulated hunts for the duiker by walking was 0.65 h (minimum:
0.2 h, maximum: 5.2 h).

4. Discussion and conclusions

Walking was simulated here as a successful gait for persistence
hunting, especially in hot and humid conditions, although it was
generally less successful than running. Both walking and running
were successful in the simulated persistence hunting of medium to
very large low-sweating and nonsweating prey across a wide range
of ambient conditions. Compared to running and intermittent



M. Hora, H. Pontzer, M. Stru�ska et al. Journal of Human Evolution 172 (2022) 103247
running, walking yielded a 30e74% lower success rates, simulated
successful hunts by walking were twice as long, and resulted in
greater relative exhaustion of the hunter, but had 10e30% lower
energy expenditure.

Results from our hunting simulations were consistent with the
ethnographic observation of persistence hunting by running. The
hunt durations estimated by our model matched well the reported
hunts performed using running (one hunt reported by Liebenberg,
2006, took less than 2 h which corresponds to our median hunt
duration for low-sweating prey using slow running: 1.5 h; the other
hunt took 3.5 h which is within our range for slow running; Fig. 7A)
but were lower than two reported hunts performed by slow
intermittent running (although both were within the range of our
simulations of low-sweating prey and one within the range esti-
mated for the nonsweating prey; Fig. 7A, D). This could be due to a
large proportion of running in our intermittent running simula-
tions compared to real hunts in which the hunter is often forced to
walk due to tracking difficulties (Liebenberg, 2006; Lieberman
et al., 2020). Our simulations were compatible with the single
persistence hunt by walking reported in detail for a 20-kg duiker
(Pickering and Bunn, 2007). Our model predicted a 50% success rate
for persistence hunting for duiker by walking with a higher success
rate at air temperatures above 35 �C. The 3-h duration of the hunt
reported by Pickering and Bunn (2007) was greater than the me-
dian duration (0.65 h, but well below the maximum duration of
5.2 h) of the successful hunts simulated here which was to be ex-
pected. In our simulations, the hunter walked at a constant pace,
never losing the trail, whereas Pickering and Bunn (2007) reported
that the real hunter was often slowed down by tracks of other
animals. Although our simulation supported the applicability of the
persistence hunting by walking for small prey such as a duiker, it
also indicated that the success rate would be almost twice as high if
the hunter used running.

The lack of successful hunts for high-sweating prey in our
simulations is inconsistent with the records of few persistence
hunts of zebra (Schapera, 1934) and horse (Lieberman et al., 2020)
and of human runners who often beat some horses in races
(Lieberman, 2020). However, in contrast to our simulations, mod-
ern hunters rehydrate during the persistence hunt (Liebenberg,
2006; Lieberman et al., 2020), and might improve their chances
by working in groups and focusing on disadvantaged (e.g., injured,
pregnant) animals as suggested for other persistence hunted prey
species (Liebenberg, 2006; Lieberman et al., 2020). Similarly, hu-
man racers also rehydrate during the race and compete against
horses whose metabolic heat production is increased by the weight
of the carried rider.

Simulated persistence hunts were most successful in hot con-
ditions, which fits well with ethnographic reports (Bartram et al.,
1991; Liebenberg, 2006). Yet, our simulations resulted in success-
ful hunts at all simulated temperatures (25e45 �C) which agrees
with ethnographic sources indicating that persistence hunting has
been performed throughout the year in both winter and summer
and in both dry and wet seasons (Liebenberg, 2006; Lieberman
et al., 2020). The facilitative effect of high air temperature for
hunting at slower velocities has indirect support in ethnography.
The two reported successful hunts in the Kalahari (Liebenberg,
2006), which were accomplished by slow intermittent running
(average velocity <2 m s�1), were performed on hotter days (by
about 5 �C) compared to the hunts performed entirely at a slow
running velocity (>2.5 m s�1; Fig. 6A, D; Hora et al., 2020).

The success rate of simulated persistence huntingwas highest in
the morning and decreased throughout the day, which may be due
to the increasing proportion of hunts terminated by sunset. Sunset
terminated 4% of the simulated hunts that started at 8 AM
compared to 64% of hunts that started at 4 PM. In agreement with
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our results, Tarahumara hunters were reported to start the persis-
tence hunts early in the morning (Levi, 2020; Lieberman et al.,
2020). Although the timing of the actual pursuit might be later in
the day (e.g., Liebenberg, 2006 reported start times of three failed
pursuits between 10:30 AM and noon), the delay could be
explained by the fact that some time needs to be allocated to
finding a promising track before one can start the pursuit. The
success of the morning persistence hunts could be further
enhanced due to better visibility of the tracks under the morning
sun, which casts longer shadows (Liebenberg, 1990), but this aspect
was not considered in our simulations.

Future studies should validate our simulation results with
ethnographic and experimental data. The implication of our sim-
ulations that persistence hunting by walking should be successful
across wide ranges of ambient conditions and prey currently con-
trasts with the ethnographic literature that, to our knowledge,
describes persistence hunting by walking only in Kua San in Kala-
hari (Pickering and Bunn, 2007). Pickering and Bunn (2007) re-
ported that persistence hunting by walking was used by Kua San
primarily for small prey represented most often by duiker and
steenbok but also for large prey such as greater kudu. Nevertheless,
the only witnessed hunt bywalking described in detail is successful
pursuit of a duiker (Pickering and Bunn, 2007). Bartram and col-
leagues reported that one of the three hunting techniques used by
Kua San in the hot dry season is “walking animals to death, with or
without dogs” (Bartram et al., 1991: 99). They specified that in this
season, hunters obtained generally small animals (principally
duiker, steenbok, and springhare) partly due to absence of several
large migratory species and lower availability of arrow poison
(Bartram et al., 1991). Further detailed description of the pursuit
hunting without dogs in Bartram et al. (1991) is however not spe-
cific about gait used during pursuits, so it is not clear if hunts were
performed entirely by walking or included some running. In
contrast, other ethnographic reports of persistence hunting in
Kalahari and elsewhere include running (Sollas, 1911; Lowie, 1924;
Schapera, 1930; Steyn 1984; Liebenberg, 1990, 2006; Lieberman
et al., 2020).

The shortcomings of pursuit by walking identified in our simu-
lations (i.e., lower success rate, greater duration of the hunt, and
greater relative exhaustion of the hunter) could explainwhy there is
not a single direct description of persistence hunting for large prey
exclusively by walking in modern hunter ethnographies. Modern
humans adapted to long-distance running in hot environments
(Bramble and Lieberman, 2004; Hora et al., 2020) might prefer
running, or a mixture of running and walking, over exclusive
walking in persistence hunting to maximize chances and save time
at the cost of higher energy expenditure which would be repaid
many times if the hunt was successful (Lieberman et al., 2007;
Glaub and Hall, 2017). Moreover, in some environments such as in
Kalahari, the success of persistence hunting by walking could be
lowered due to sandy substrate. It has been shown that sandy
substrate increases the cost of transportmore forwalking compared
to running (Lejeune et al., 1998). As a result, the walk-to-run tran-
sition on sand would be shifted to lower velocities and conse-
quently the hunter might use walking only at slow velocities that
were shown in our simulations to yield the lowest success rates.
Nevertheless, our simulations suggest that running may not be a
persistence hunting prerequisite, and that persistence hunting
could also be viable for hominins who did not possess the
endurance-running phenotype of the proposed first persistence
hunter, H. erectus (Lieberman et al., 2009). Our estimates of the
relative exhaustion of the hunter at the end of the hunt (Fig. 7C, F)
suggest that the derived thermoregulatory capacity of modern
humans would not have been necessary at the origin of persistence
hunting. Even hominins with 50% of the modern human endurance
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would accomplish over half of the successful hunts by walking
simulated here for the modern hunter. Yet, we expect strong se-
lection pressure for the endurance running phenotype, as the ability
to run for at least part of the hunt would allow for making up delays
due to tracking difficulties. Running would thus make persistence
hunting a more reliable strategy with a higher success rate.

Our simulation results provide a plausible scenario for the
evolution of persistence hunting behaviors. The hot (Passey et al.,
2010) and generally more humid climate with periodic phases of
extreme wetness (Levin et al., 2004; Wynn, 2004; Deino et al.,
2006; Trauth et al., 2007) of the Pliocene and Early Pleistocene
East Africa might have provided opportunities for early Homo or
late australopithecines (already accustomed to scavenging;
Thompson et al., 2019; Pobiner, 2020) to walk down prey. Suc-
cessful persistence hunting by walking requires prolonged loco-
motion (0.8e7.5 h as simulated here, 3 h recorded for small prey by
modern Kalahari hunters; Pickering and Bunn, 2007) and would
thus select for locomotor endurance, perhaps along with foraging
in habitats with sparsely distributed resources (Isbell et al., 1998;
Lieberman, 2015) or with the adoption of a central place provi-
sioning strategy in which food is taken back to a central place
(Marlowe, 2010). Besides selection for covering long distances,
persistence hunting by walking would select for higher walking
velocity that, as we simulated here, should increase the success rate
of pushing the prey to exhaustion. Faster walking speeds would
also allow hunters to recover from delays due to tracking diffi-
culties. Persistence hunting by walking could thus partially pre-
adapt hominins for slow endurance running through selection for
greater aerobic capacity, volume of muscle mitochondria, and
nonegait-specific locomotor economy (e.g., longer limbs), which
would allow for higher walking velocities, and for greater heat loss
capacity that would be particularly needed in hot habitats in which
walking yielded the highest success rates in our simulations.

Persistence hunting by walking provides a plausible alternative
to scenarios suggested by Carrier (1984) and Bramble and
Lieberman (2004) for the evolution of endurance running. Carrier
(1984) argued that hominins first used running to pursue less
cursorial prey like hares and small artiodactyls and gradually built
running endurance by targeting more athletic species. According to
Bramble and Lieberman (2004) and Lieberman (2015), endurance
running might have initially evolved with scavenging as an
advantage in competition with other scavengers. Instead, the re-
sults of our simulations offer up an alternative possible scenario
that hominins started pursuing animals using walkingda familiar
gait already used for prolonged locomotion, towhich theywould be
alreadywell adapteddand gradually incorporated longer andmore
frequent periods of running. Incorporation of running would result
in selection for further increase in aerobic capacity and, as sum-
marized by Bramble and Lieberman (2004), in heat dissipation
capacity and new selection pressures for running economy. Adop-
tion of endurance running might then increase the success of
persistence hunts, especially under more demanding tracking
conditions and in colder environments. Thus, persistence hunting
could select for both long-distance walking and endurance running
and could have contributed to the evolution of locomotor endur-
ance seen in modern humans.
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