SCIENTIFIC REPLIRTS

External ballistics of Pleistocene
hand-thrown spears: experimental
performance data and implications
e o for human evolution

Published online: 25 ] 2019 . . .
ublished onfime: <5 January Annemieke Milks(®?, David Parker? & Matt Pope*

The appearance of weaponry - technology designed to kill - is a critical but poorly established threshold

in human evolution. It is an important behavioural marker representing evolutionary changes in

ecology, cognition, language and social behaviours. While the earliest weapons are often considered

to be hand-held and consequently short-ranged, the subsequent appearance of distance weaponsis a
crucial development. Projectiles are seen as an improvement over contact weapons, and are considered
by some to have originated only with our own species in the Middle Stone Age and Upper Palaeolithic.
Despite the importance of distance weapons in the emergence of full behavioral modernity, systematic
experimentation using trained throwers to evaluate the ballistics of thrown spears during flight and at
impact is lacking. This paper addresses this by presenting results from a trial of trained javelin athletes,
providing new estimates for key performance parameters. Overlaps in distances and impact energies
between hand-thrown spears and spearthrowers are evidenced, and skill emerges as a significant factorin
successful use. The results show that distance hunting was likely within the repertoire of hunting strategies
of Neanderthals, and the resulting behavioural flexibility closely mirrors that of our own species.

The use of hand-thrown spears emerged some time during the Pleistocene, and is thought to have been an impor-
tant step in human evolution, functioning not only as a precursor to mechanically-projected weaponry, but also
as a weapon used for hunting and interpersonal violence until the ethnographic present. In general early weap-
onry is used as a proxy for a wide range of behaviours including hunting and scavenging'=>, self-defence against
dangerous animals®, human-human violence’, social behaviours and group size in relation to cooperative hunt-
ing®1%, the development and use of language and teaching!®!!, cognitive abilities necessary for selection of raw
materials, design, and use'?™'¢, and human dispersal events and species replacement”!’. According to models of
early weaponry, hand-thrown spears chronologically follow the development of thrusting spears, but precede
the development of mechanically-aided ‘complex’ projectiles such as spearthrowers and bow/arrows, which are
sometimes called ‘true’ projectiles'’-2. Similarly, it is argued that the ability to ‘kill at a distance’ is not present
until the advent of complex projectiles!”?>%,

Although hand-thrown spears have an important role in human evolution, their performance and effective-
ness as hunting weapons remains poorly understood.

According to multiple sources!”?!?>24-3! Plejstocene hand-thrown spears have numerous disadvantages in
relation to subsequent innovations. Characterisations include that they are heavy, which makes them difficult
to throw and achieve high release velocities, with further loss of velocity in flight; that they are less lethal than
complex projectiles due to lower levels of kinetic energy (KE) at impact; that there are limitations on the distance
from which they can be deployed compared with complex projectiles, and are inaccurate, which in turn increases
danger and discoverability; and therefore there are limitations on hunting strategies and prey for hominins using
hand-thrown spears. Many of these theories are based on selective or unquantified data, resulting in a lack of clar-
ity about which aspects were likely to be true limitations*. Spear throwing experiments typically involve the use
of inexperienced throwers and/or replicas designed for other delivery systems®**3, Data from studies involving
experienced throwers typically relates to studies launching lighter objects such as throwing sticks which have
different ballistic properties®.
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Evidence-based debates around the origins of thrusting and throwing spear use in human evolution have
typically focused on hominin skeletal evidence. Proposals that features of the upper limbs of different species
of Homo indicate that throwing only comes into play with H. sapiens*>>> are hampered by multiple issues. These
include small sample sizes, human variation in populations®, evidence that humeral robusticity and shape may
not correlate with strains in weapon use®’, and a lack of clarity whether any single activity contributes to or offsets
bone remodeling or robusticity®®***°. Others argue for an earlier emergence of throwing, showing that features
necessary for accurate and powerful throwing are evidenced in H. erectus fossils**-*%. A recent find of an early
Neanderthal dating to MIS 7 from Tourville-la-Riviere shows skeletal trauma consistent with repeated throwing,
supporting the hypothesis that they were capable and frequent throwers®.

Archaeology can and should make a valuable contribution to the debate on spear throwing but thus far system-
atic research into the ballistics of early spears as thrown weapons has lagged behind both palaeoanthropological
research and archaeological approaches to complex projectiles, although such research is beginning to be under-
taken®**, The earliest spear is a fragment that dates to ca. 400,000 BP from Clacton-on-Sea (UK), and was crafted
out of yew"**. The site of Schéningen (Germany) dates to ca. 300,000 BP and has yielded at least 10 complete
and nearly complete wooden spears, most of which are made of slow-growing spruce*®*. Most of the wooden
spears from Schéningen are tapered at both ends*” and of those whose maximum diameter locations have been
published, the widest diameters are located in the front half*® suggesting that the hominins manufacturing them
may have intentionally designed at least some of the spears as flight weapons for hunting (See Supplementary
Information regarding design requirements for flight). Evaluating the ballistics of thrown spears is valuable not
only for the analysis of specific archaeological sites and artefacts, but also for broad chrono-geographical com-
parisons of hunting behaviours throughout the Eurasian Palaeolithic, African Stone Age, Australian archaeolog-
ical contexts, and Paleoindian archaeological record, all of which have suitable if rare examples of fragments or
complete one-piece untipped pointed artefacts interpreted as spears*>->2, as well as lithic and osseous points pro-
posed to be the hafted components of hand-delivered spears'®?*3*53-57_ Continued use of thrown spears among
recent or extant foragers and pastoralists is well-evidenced*>*%-%, suggesting this weapon played an important
role throughout the Pleistocene and Holocene.

Current knowledge of the performance parameters of hand-thrown spears, including effective distance,
impact velocities, kinetic energy (KE), momentum and flight behaviour rests primarily upon estimates or data
that are not directly relatable (Supplementary Information Table S1), and/or selected ethnographic reviews?>>%,
The most influential of the ethnographic reviews proposed that the effective distance of thrown spears is lim-
ited to 5-10 m?2. This estimate is on the basis of a mean of accuracy estimates from the ethnographic litera-
ture and has not adequately accounted for the significance of throwing skills amongst groups such as the Tiwi
and Tasmanians who did not use complex projectiles. This distance estimate has been challenged elsewhere cit-
ing throwing distances of heavy javelins by Roman soldiers®%2. We add further data here that are question the
proposed limit of 10 m. The Tiwi threw very heavy spears with accuracy according to one source being up to
50 m (Supplementary Information Table S4) even if they typically chose to approach prey closely when possible,
as any hunter would. The Tasmanians threw lighter spears with accuracy distances reportedly exceeding 50 m
(Supplementary Information Table S4). Additional examples of accuracy distances well exceeding 5-10 m exist
including from groups in mainland Australia, Africa, and Papua New Guinea (see Supplementary Information
Section 1.2 and Table S4). Including these data in an analysis would increase accuracy distance estimates on the
basis of ethnographic use by highly skilled throwers to at least 15-20m, if not well beyond. However we reject
the utility of a mean in this particular case because such a comparison brings together groups who threw spears
regularly with those who threw rarely, whose spears were very different in mass and design, who threw spears for
different purposes, and who hunted prey with different body sizes and behaviours in a variety of environments.

Velocity data related to the hand-throwing of Pleistocene spears by humans captured with high speed video
(HSV) or other precision recording equipment are rare (Supplementary Information Table S1). Replication stud-
ies that mechanically fire prehistoric weapons rely on estimates in order to evaluate fracture patterns, microwear
analysis, and wound ballistics (Supplementary Information Table S2). Problems with existing velocity and there-
fore kinetic energy (KE) and momentum (p) estimates are multiple and include the use of unskilled throwers, the
lack of accurate recording equipment, and inappropriate replicas such as hand-throwing of spearthrower darts.
Velocities captured with appropriate recording equipment of skilled throwers - such as those from studies of
Olympic javelin athletes - relate to release not impact (Supplementary Information Table S1), with the relation-
ship between these variables in field conditions poorly understood®. In general, estimates regarding the use of
prehistoric weaponry have relied upon both foundational and ongoing ethnoarchaeological work, with multiple
studies using human participants in naturalistic settings contributing to performance data of complex projectiles.
Furthermore the recreational and professional use of spearthrowers and bow/arrows is currently widespread
while there are few who habitually throw weapons by hand in similar contexts, creating a present-day skill gap
between hand-delivered weapons and complex projectiles.

A clearer understanding of release and impact velocities, KE, momentum and throwing distance aids in eval-
uating the Pleistocene archaeological record, and more generally facilitates an evidence-based assessment of cur-
rent estimates around hand-thrown spear performance. Understanding flight paths and impact angles contributes
to our ability to design replicative experiments, evaluate potential bone lesions to prey resulting from hominin
hunting activities®, and assess human lesions potentially occurring from violent encounters’. This paper pro-
vides the first systematic data addressing the external ballistics of hand-thrown spears, with external ballistics
(or exterior ballistics) defined as the ‘branch of applied physics which deals with the actions and characteristics
of missiles or projectiles in flight’®. It also deals with terminal ballistics, or ‘the branch of applied physics which
deals with the actions and characteristics of missiles or projectiles as they approach the target’®. The results
contribute important data for those investigating wound ballistics, which concerns the morphology and size of
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Aimed throws

Release velocity (m/s) 15.85 15.80 2.087 11.8 20.11 19
Impact velocity (m/s) 16.60 16.4 2.023 13.5 21.7 21
Rate of change in velocity (m/s) 0.29 0.50 1.044 —15 1.9 17
Kinetic energy (J) 107.6 104.4 26.47 71 179 21
Momentum (kg*m/s) 12.80 12.92 1.566 10 17 21
All throws combined

Impact velocity (m/s) 17.26 16.80 4.15 12.70 33.30 31
Kinetic energy (J) 122.50 109.99 75.276 65 444 31
Momentum (kg*m/s) 13.42 12.93 3.368 10 27 31

Table 1. Descriptive statistics for velocity, kinetic energy and momentum, separated by data for aimed throws
vs. those for all throws combined, including distance throws.
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Figure 1. Scatterplot of impact velocities by distance.

wounds. Known principles and physics of the ballistics of hand-thrown spears and javelins are outlined in the
Supplementary Information and elsewhere®"*7-72,

Results

A throwing trial captured data on the external ballistics of replicas of Schoningen Spear II using six male athletes
trained in the javelin throw. A total of 120 throws took place with each participant performing 20 throws. One
hundred and two throws were aimed at a target at a series of distances and 12 were for maximum distance.

Results: Velocity. In total thirty-six throws, or recorded events (REs), were captured on HSV. Release veloci-
ties ranged from 11.8-20.11 m/s (Table 1). Impact velocities for aimed throws ranged from 13.5-21.7 m/s. Impact
velocities analysed by distance for all throws show overall an even distribution across the distances (Fig. 1).
However, those at the 20 m distance are high in relation to those at other distances, and two outliers also occur at
longer distances. Of the distance throws that could be analysed, impact velocities ranged from 12.7-33.3 m/s, with
the highest velocity relating to a distance throw of 23.2m, and the spear landing point first. Impact velocity data
show variability by participant (Supplementary Information Fig. 6). For example, the participant with the least
number of years experience (P5) also produced the lowest impact velocities. The two participants (P1 and P4) with
the highest percentage of ‘hits’ (Supplementary Information Table S3) also produced the highest impact velocities.

A regression analysis of the 18 RE for which there are both release and impact velocities showed a moderate
correlation (R*=0.470) between the two (Fig. 2). The relationship is stronger for slower velocities but is weakest
for the 20 m distance.

Removing an outlier with a large increase, the remaining 17 REs demonstrate a trend for an overall slight
increase in velocity from the point of release to the point of impact (Fig. 3). The rate of change from release to
impact velocities ranged from —1.51 m/s to 1.84m/s (Table 1). Both slight decreases and increases occurred
across the range of distances, with the largest increase occurring at a distance of 20 m (Fig. 3). Gravitational accel-
eration (9.81m/s?) in part explains the increases with acceleration from point of release to impact. Some velocity
is gained through gravitational acceleration for all throws including parabolic trajectories because the release
height of the spears was >1.5m while impact velocity was measured at or near ground level (see Supplementary
videos 2 and 4, and Supplementary Information for detailed explanation and equations). Spears thrown in a
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Figure 2. Regression analysis for release and impact velocity data.
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Figure 3. Rate of change (in m/s) by distance and participant.

parabolic trajectory are affected by multiple forces during flight, and tail winds such as those experienced dur-
ing this experiment can also increase velocity by increasing the horizontal velocity as well as affecting lift (see
Supplementary Information Section 1.3 and Supplementary Information Fig. 1)7>73.

Results: Kinetic Energy and momentum. The KE from the trial ranges from 71 to 179] (Table 1) for
aimed throws.

The mean KE of aimed throws (107.6]) exceeds the maximum of complex projectiles due to the mass of the
spears (Supplementary Information Table S3; Supplementary Information Fig. 5) further underscoring the sig-
nificance of mass for hand-delivered weaponry. The range for all combined throws in this study is greater than
for aimed throws, from 65 to 444 J. Although many of the distance impacts did not fall point first, the highest
value of 444 ] related to a point-first impact (RE 28). Momentum follows much the same pattern, ranging from
10-17kg*m/s for aimed throws, with the lowest value for hand-thrown spears exceeding even the highest values
for complex projectiles (Supplementary Information Table S3).

Results: Distance and accuracy. Of the 102 aimed throws, 25 hit the target (25%) (Fig. 4) while 77 (75%)
missed entirely. A breakdown of the hit/miss data by distance confirms the correlation between target distance
and accuracy (Table 2). When combining the data of all throws at 10 m, the percentage of hits follows a clear
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Figure 5. Hits and misses per distance expressed as percentages of total number of throws. 10 m distance
includes all throws at this distance, including those with altered target height.

descending pattern by distance (Fig. 5). The additional hits performed at 10 m with increase in target height target
greatly increased the number of hits: 17% of throws were hits at 10 m with the hay bale horizontal on the ground,
while 33% resulted in hits when vertical, which is an increase of 16%. Hit rates at other distances may have been
similarly improved with a higher target, meaning taller or standing prey may be easier to hit than prey closer to the
ground. Participants showed variability in their ability to hit the target. The percentage of total hits by participant
ranges from 11% to 33% (Supplementary Information Table S7). The participant with the fewest years” throwing
experience (P5) had the lowest percentage of hits, and the lowest impact velocities underscoring the significance of
training. Participants with 5 years experience had the best hit rate. However, body mass also appears to have a role
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(Supplementary Information Fig. 7), with a relatively strong correlation between body mass and successful hit rate.
Participant height did not have a clear correlation. Distance throws ranged from 19.4m to 31.2m (mean =26.33m;
SD =3.981m). The most experienced participant (P2) who is accustomed to stiff distance-rated javelins achieved
the farthest distance, while the one with least experience (P5) performed the poorest.

Results: Flight trajectories. Throughout the experiment, two types of flight trajectories were observed.
Flight paths for throws at 5m had a downward-directed flat flight trajectory. Participants adjusted the angle
of release according to each distance, with a maximum upward angle of release for the farthest distances
(Supplementary Videos 1 and 2). At 5m distance throws, the angle of release and impact fall within -0.20 and
-0.40 radians (rad), corresponding to between —11° and —23° (Supplementary Information Figs 11 and 12). At
10 m release angles were near to zero, with impact angles being negative, beginning an increasing trend towards
parabolic throws. From 10 m and beyond angles increase upwards in relation to the ground at release, and
decrease by impact. These results demonstrate a correlation between release and impact angles and reflect the
shift from flat flight trajectories at the closest distances to parabolic trajectories at the farther distances. The max-
imum release angle is 0.55rad, which is a 35° angle, corresponding to a 25 m throw. Impact angles ranged from
—0.57 to —0.22 rad, translating to impacts between —33° and —13°.

Spears oscillated (vibrated) along the long axis of the spear in flight and flexed upon impact (Supplementary
Videos 3 and 4). Spears also spun in flight (Supplementary Video 4), a result of the throwers intentionally impart-
ing spin, which improves stability”®. Of the 25 suitable target impact videos (including both hits and misses), 84%
(n=21) landed point first, 12% (n=3) landed rear first and 4% (n=1) landed flat. In distances 20 m and beyond,
both for target and distance throws, several examples of the spear yawing and stalling in flight were observed. For the
distance throws, spears rarely landed point first (n=3), typically landing with the proximal (back) of the spear first,
which are failed landings. Yawing and stalling are influenced by release conditions, spear design, and conditions dur-
ing flight including both wind and the orientation of the spear in relation to the flight trajectory, and it is likely that
a combination of these factors contributed to these suboptimal flight behaviours (see Supplementary Information).

Discussion

The mean impact velocity in this experiment provides data for replication studies, and while it largely confirms
existing estimates of prehistoric spear throwing?’*, the spear replicas used in this study were of a higher mass,
demonstrating that in skilled hands, such masses are not a limiting factor. According to the principle that the
greater the mass of an object, the greater the work to propel that mass’, objects with lighter mass, such as those
thrown by inexperienced throwers used for the calculations elsewhere* would be expected to be thrown with sig-
nificantly higher velocities by skilled throwers than those achieved in the present study using heavier spears. This
is supported by the higher release velocities achieved with lighter thrown objects such as balls and sticks by skilled
throwers (Supplementary Information Table S1). The range of velocities in the present study overlaps with veloci-
ties recorded for spearthrowers. The lack of a trend to drop in impact velocity from release differs from lighter and
fletched projectiles such as arrows and darts, which experience more drag than a heavier unfletched spear (see
Supplementary Information for further explanation). Overall the data from this experiment demonstrate that at
short ranges in field conditions there is not a demonstrable loss in velocity and therefore KE or momentum from
release to impact for spears such as those from Schoningen, and therefore the hypothesis that this is a significant
limitation of the weapon is not supported. With different wind conditions and/or at greater distance throws there
may be more significant velocity losses, though a recent javelin study also shows that loss in velocity from release
to impact over longer distances can also be slight”®. Further experimentation on this question would be useful.

Hand-thrown spears can impact with KE and momentum values that are suggested to be sufficient to hunt
large prey”’. Considering that it is impact energy, not just velocity, that influences penetration and fracture
mechanics, these results are significant for those seeking to identify prehistoric weaponry delivery systems in the
Pleistocene archaeological record using systematic mechanical projection. In addition to KE and momentum,
other variables such as tip material and morphology affect penetration, influencing ability to cut through hide,
muscle and bone, depth of penetration, and wound morphology. The spears used in this experiment have wide
diameters in comparison with most complex projectiles, and do not have a stone tip. This study focuses on the
external and terminal ballistics of the spears and does not address penetration and wounding capabilities, or
overall effectiveness of these weapons, something that requires systematic experimentation.

The participants in this study, trained in throwing but not in aiming for a target, were able to hit the target at
distances up to 20 m, though with a significant drop in accuracy at each distance. Their inability to hit a target at
distances >20m likely relates in part to their inexperience with target throwing, but additional factors most likely
include the difficulty of aiming with a parabolic trajectory and the target height. It has been suggested that hitting
a target with complex projectiles is a relatively easy skill to learn in comparison with other hunting skills””7%. This
may or may not hold true for hand-thrown spears, which appear to require not only greater power to launch but
are potentially more difficult to learn to reliably hit a target than spearthrower darts and arrows. The ethnographic
evidence presented in this paper suggests that these skills can be learned for throwing, but that it may require
years of regular practice to master, in turn affecting the number of hunters that a society may be able to deploy.

However, with practice in aiming improvement over the results in this experiment can be expected. Within
our experiment, the participant with the best hit rate (33%) performed three times better than that with the
worst hit rate (11%) (Supplementary Information Table S7). On the other hand, P2 with the most years throwing
experience did not have the best hit rate (Supplementary Information Table S7), and thus other factors such
as overall fitness and regular practice likely play a role. Body mass may also play a role in successful hit rates
(Supplementary Information Fig. 7). Further supporting the importance of skill is the fact that our participants
had an 11.4% improvement at the 15 m distance (25% hit rate) over the untrained participants in an experiment
using the same size target, and replicas of the same spear (13.6% hit rate)*. Capturing data from groups trained in
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aimed throws, such as those skilled in use of the Roman pilae or extant hunter-gatherers, is a necessary step-wise
experiment that will build upon current understanding of hand-delivered spears including whether skill, fitness
or body mass play the most important role in accuracy, distance, and impact energy. We propose on the basis
of ethnographic estimates and experimental data in this paper a conservative revision of distance estimates for
hand-thrown spears of 15-20 m. This still likely represents a lower accuracy distance than complex projectiles,
but the extent of the difference is not as great as is often suggested. The proposed revised estimate of 15-20m is
not intended to be definitive but rather to re-open the debate on this important question and invite further exper-
imental use by trained throwers, and will take further naturalistic use of hand-thrown spears to better understand
the true limitations of this delivery system.

On the basis of the experiment presented in this paper, two different throwing trajectories can be used. Flat
trajectories at a target are an effective technique for shorter distances. At distances >15m, hunters would need
to use a parabolic trajectory, which decreases accuracy and requires more skill and strength. Distance throws
were shown in this study to achieve significant impact KE and momentum, but frequently failed to land point
first. Further studies will be necessary to understand whether this is a limitation of spears or due to the inexperi-
ence of most of our participants with stiffer javelins, typically used by elite throwing athletes (see Supplementary
Information). This could in part explain why some throws experienced yawing as greater power is needed to
accurately throw a stiffer spear. Spears such as those from Schéningen, manufactured from dense wood and with
thick diameters, could also have been designed to match experienced and powerful throwers, balancing durability
with aerodynamics, reflecting an understanding of material properties by Middle Pleistocene Homo.

The primary purpose of this paper was to replace problematic estimates of the external and terminal ballistics
of hand-thrown spears by reviewing the existing evidence and collecting empirical data. The data support hypoth-
eses that early spears, such as the double-tapered examples from Schoningen, function as throwing weapons both
for flat and parabolic trajectories at distances up to 20 m. Our results underscore the importance of using trained
participants if launching weapons manually in experimental research’”® whether the aim be to further evalu-
ate performance parameters or for replication work. In experimental work using human throwers, recording of
impact velocities, accuracy data, and physical attributes and skill level of throwers will help fill in knowledge gaps.
Unlike for spear thrusting, controlled mechanical replication of hand-thrown velocities is straightforward, but
experimenters should carefully consider potential masses of hand-thrown spears as this affects external, terminal
and wound ballistics. Replicating a mean statistic for weapon performance parameters while ignoring the range
creates problems for comparing and identifying delivery systems. In particular replicating mean impact velocity
and by extension KE and momentum rather than the range superficially suppresses human and technological
variability, masks overlaps with other weapon systems, and may create false taxonomies.

The results imply that robust, highly-trained and habitual throwers could throw spears with more power and
at least twice as far as has been widely argued for in the literature. The extension to a 20 m accuracy limit from
this experiment implies greater flexibility in hunting strategies than the previous distance estimates. The larger
ethnographic distances discussed would put hand-thrown spears on par with spearthrowers. In hunter-gatherer
societies, the skills involved in hunting take decades to master, beginning in early childhood’®. With both skill,
strength and potentially a larger body size needed to use spears effectively as thrown weapons, we can theorize
that only hominins that combined relatively large brains with robust physiques could have employed them as part
of a successful subsistence strategy. These effective costs are high when compared to later complex projectiles
that may have offered a relaxation on time and energy budgets required to learn and effectively use these ‘simple’
hunting technologies. The importance of skill in weapon use has been discussed elsewhere®”"*%, with an inter-
esting hypothesis proposing that hand-delivered weapons are not inferior in terms of energy, but rather that part
of their disadvantage relates to a high investment in training®!. Understanding and explaining the development
and persistence of hand-thrown weapons in the human past is complex and requires approaches from multiple
disciplines. It is not the case that hand-thrown spears are universally replaced by complex projectiles, as they con-
tinued to be used, most typically alongside other weapon systems, through to the ethnographic present. Moreover
we can compare this performance data with those from experiments demonstrating the potential of these weap-
ons as thrusting spears, in order to consider the likelihood that they were routinely thrown at all. Understanding
the fine detail of the situations, ecologies, and strategies in which hand-thrown spears were considered preferable
to more complex weapons may now provide a useful avenue for understanding the context in which these weap-
ons emerged in the first place.

Methods

Methods: Setup and data acquisition. The experiment took place at the outdoor Steve Backley National
Throws Centre, Loughborough University (Fig. 6). Participants were located under a covered area, with the
throwing field uncovered. The mean air temperature was 3 °C, precipitation was 0.0 mm and wind speed was
between 5.3 and 8.9 m/s (19-32km/h) with no gusts, in a southwesterly direction (weather data accessed via
Weather Underground website https://www.wunderground.com/). Participants threw towards the northeast, in
the direction of the wind, thus the wind provided a tailwind for the throws (Fig. 6).

Throws included those at a target set at a series of distances, as well as throws to achieve maximum distance.
One hundred and twenty throws were undertaken. Release throws and impacts were filmed using two HSV cam-
eras (Fastec TS3 TS3100-S) with resolution at 800 x 600 at 1000 fps, determined by test trial, with significantly
higher frame rates than studies capturing javelin and spear velocities (cf. Table S1). The release velocity camera
was set at a right angle 8 meters from the release line, and the impact velocity camera for aimed throws was set at
a right angle to the approaching spear trajectory, 8 metres from the centre of the face of the target. Both cameras
were leveled. This setup facilitated capturing the nature of impact of the spear with the target, showing a view of
the entire spear at impact, rather than just the tip of the spear at impact. The distance throw camera was set at a
greater distance, allowing for a wider field of view, as distance throws had a wider landing range. HSV captured
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Figure 6. Map of Steve Backley National Throws Centre, where the experiment took place. The hashed area

is the covered throwing area. The blue line is the release line. The red blocks show the positions of the Fastec
cameras for target throws, and the purple block shows the location of the Fastec camera for the distance throws.
The camera by the release line remained constant, while the camera positioned by the target (orange block)

to capture impacts moved along with the target. The circle with the ‘6’ and arrow shows the direction of the
wind in relation to the throwing field. The ‘6’ represents m/s and represents a sample wind speed, which varied
between 5.3 and 8.9 m/s throughout the experiment. Drawn by A. Milks.

92% of the target impacts. Four videos were retained for misses at longer distances to understand velocities at
these distances. Release velocities could not be captured for maximum distance throws (n=12) due to low light.
The camera for distance throws was positioned farther away than cameras for the target shots in order to widen
the field of view (Fig. 6). Digital photographs and standard video recordings (n = 14) were also made periodically
throughout the experiment to capture examples of throwing techniques and flight trajectories.

Methods: Spear replicas. Schoningen Spear II was chosen as the template for spear replicas because it
had published measurement data and a scaled distal tip photograph available from which to replicate the dimen-
sions, it represents a complete example, and is closest to mean values of the published measurement data from
Schéningen available at the time of the experiment®®"%2 Spear replicas were crafted from Norwegian spruce
(Picea abies) trees grown on limestone/clay in Kent (UK). Replicas were made by hand using metal tools, and the
surface was worked at the final stage with lithic tools, creating a surface that accurately replicating the surface
of a Pleistocene wooden spear. Two replicas were used, weighing 760 g and 800 g (Supplementary Information
Table S5), which conform well to the mean mass of ethnographic hand-delivered wooden spears (701 g; n = 58)%.

Methods: Target. A hay bale (105cm x 55cm x 50 cm) was placed horizontally on the ground at a series of
distances (every 5 metres from 5 to 25m) from a throwing line for the aimed throws. A series of additional throws
(n=18) took place at 10 m with the hay bale turned vertically to assess whether the height of the target affected
accuracy. A ‘hit’ was defined as the spear making contact with the target, and therefore does not exclusively relate
to penetrating impacts. This study was designed to understand human performance and spear ballistics, not to
evaluate the effectiveness of these spears on an animal target or the damage to wooden spears. The trial therefore
did not require a complex target, and a soft target was chosen to protect spear replicas from damage. The ‘kill
zone’ or primary target area on an ungulate is relatively small*® although hits to other areas can also be lethal.
Therefore, a hay bale of this size represented a target similar in size to the target area of an adult size class ITI ungu-
late®?. This also provided a useful comparison with a previous informal throwing accuracy test®® that used replicas
of the same spear and a hay bale for a target.

Methods: Participants. Six males trained in the javelin throw aged 18 to 34 years old took part (Participants
1-6 =P1-P6) (Supplementary Information Table S6). Ethical approval from UCL was waived on the basis that no
data were collected covertly, the data were fully anonymised and participants were not vulnerable. Participants
were orally briefed, provided signed informed consent, and were aware they could withdraw at any stage of the
work without penalty, and personal data was collected and stored in accordance with UCL regulations and policy.
Any participant with identifiable information or images in videos or photographs is contained in the manu-
script has given consent for this to be published in an online open access publication. Participants volunteered
to take part in the throwing trial, and were not paid. Males were chosen to provide a homogenous sample, and
because they achieve around 30% greater distances in their throws due primarily to higher release velocities®%.
All participants have received formal coaching in the javelin throw, varying from one to 24 years (mean = 8;
SD =8.3). Self-reported heights ranged from 1.73-1.89 m (mean = 1.82) and body masses ranged from 65-93 kg
(mean = 81.7). Middle Pleistocene (MP) Homo manufactured the original Schéningen spear replicated for this
study, and the height and body mass of the participants correspond well with estimates for MP males®***°. No
coaching occurred on the day and athletes rotated to combat fatigue.

Participants were not permitted a run-up for aimed throws, but up to three steps were allowed to facilitate
body position at release. For distance throws a small approach of up to five metres was permitted, though not
always used, to facilitate the throwing action. Run-ups for the javelin throw are stipulated as being a minimum
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of 30m®'. A typical run up of ca. 30 m adds an average of 2.8 m/s for novice throwers and 4m/s for ‘club’ level
throwers (defined as a PB of >50m) at the most to a release velocity®>. Most (n =4) of our throwers would qualify
as ‘club’ throwers, with a few (n=2) as novice. As the participants in this study only used a <5 m approach for
the distance throws we estimate that those throws using a small run-up (P1, P3, P4, P5, P6) would have added ca.
0.5m/s added release velocity over those (P2) who threw their distance throw from standing.

Methods: Data analysis. The software package Phantom Cine Viewer v2.5.744.0 was used for HSV analysis
to measure velocity, and angles of release and impact. Standard and HSV were also analysed for spear flight paths
and spear performance to assess flight paths, flight behaviour and landing. Details of the HSV analysis are in the
Supplementary Information and an example analysis can be seen in Supplementary Video 5.

Data Availability

Data generated from this study are included in this published article (and its Supplementary Information files).
The original videos generated during the experiment are not publicly available due to the necessity to protect the
anonymity of human participants but are available from the corresponding author on reasonable request.

References

1. Oakley, K., Andrews, P, Keeley, L. & Clark, J. D. A reappraisal of the Clacton spearpoint. PPS. 43, 13-30 (1977).

2. Thieme, H. Lower Palaeloithic throwing spears and other wooden implements from Schoningen, Germany. In Hominid evolution:
lifestyles and survival strategies (ed. Ullrich, H.) 383-395 (Gelsenkirchen Germany: Edition Archaea 1999).

3. Bunn, H. T. & Gurtov, A. N. Prey mortality profiles indicate that Early Pleistocene Homo at Olduvai was an ambush predator. Quat.
Int. 322-323, 44-53 (2014).

4. Tovita, R. & Sano, K. Summary and conclusions. In Multidisciplinary Approaches to the Study of Stone Age Weaponry (eds Iovita, R.
& Sano, K.) 289-297 (Springer 2016).

5. Gamble, C. Man the shoveler: alternative models for Middle Pleistocene colonization and occupation in northern latitudes. In The
Pleistocene Old World: regional perspectives (ed. Soffer, O.) 81-98 (New York; London: Plenum 1987).

6. Serangeli, J., Van Kolfschoten, T., Starkovich, B. M. & Verheijen, I. The European saber-toothed cat (Homotherium latidens) found
in the ‘Spear Horizon’ at Schéningen (Germany). J. Hum. Evol. 89, 172-180 (2015).

7. Churchill, S. E., Franciscus, R., McKean-Peraza, H. A., Daniel, ]. & Warren, B. R. Shanidar 3 Neandertal rib puncture wound and
paleolithic weaponry. J. Hum. Evol. 57, 163-178 (2009).

8. Voormolen, B. Ancient hunters, modern butchers. PhD thesis, Leiden University (2008).

9. Tomasello, M., Melis, A. P,, Tennie, C., Wyman, E. & Herrmann, E. Two key steps in the evolution of human cooperation. Curr.
Anthropol. 53, 673-692 (2012).

10. Conard, N. J. et al. Excavations at Schoningen and paradigm shifts in human evolution. J. Hum. Evol. 89, 1-17 (2015).

11. Lombard, M. Hunting and hunting technologies as proxy for teaching and learning during the Stone Age of southernAfrica.
Cambridge Archaeol. ]. 1-14 (2015).

12. McBrearty, S. & Brooks, A. S. The revolution that wasn’t: a new interpretation of the origin of modern human behavior. J. Hum. Evol.
39, 453-563 (2000).

13. Haidle, M. N. In In S. De Beaune, E. Coolidge ¢ T. Wynn (eds) Cognitive Archaeol. and Hum. Evol. 57-174 (Cambridge University
Press 2009).

14. Haidle, M. N. Working-memory capacity and the evolution of modern cognitive potential. Curr. Anthropol. 51, S149-5166 (2010).

15. Garofoli, D. A radical embodied approach to Lower Palaeolithic spear-making. J. Mind and Behav (2015).

16. Lombard, M. & Wadley, L. Hunting technologies during the Howiesons Poort at Sibudu Cave: what they reveal about human
cognition in KwaZulu-Natal, South Africa, between ~65 and 62 ka. In Multidisciplinary Approaches to the Study of Stone Age
Weaponry (eds Iovita, R. & Sano, K.) 273-286 (Springer 2016).

17. Shea, J. & Sisk, M. Complex projectile technology and Homo sapiens dispersal into western Eurasia. PA 2010, 100-122 (2010).

18. Knecht, H. The history and development of projectile technology research. In Projectile Technology (ed. Knecht, H.) 3-35 (Plenum
Press 1997).

19. Cattelain, P. Hunting during the Upper Paleolithic: bow, spearthrower, or both? In Projectile Technology (ed. Knecht, H.) 213-240
(Plenum Press 1997).

20. Tovita, R., Schénekef3, H., Gaudzinski-Windheuser, S. & Jager, E. Identifying weapon delivery systems using macrofracture analysis
and fracture propagation velocity: a controlled experiment. In Multidisciplinary Approaches to the Study of Stone Age Weaponry (eds
Tovita, R. & Sano, K.) 13-28 (Springer 2016).

21. Shea, J. The origins of lithic projectile point technology: evidence from Africa, the Levant, andEurope. J. Arch. Sci. 33, 823-846
(2006).

22. Churchill, S. E. Weapon Technology, Prey size selection, and hunting methods in modern hunter-gatherers: implications for hunting
in the Palaeolithic and Mesolithic. AP3A. 4, 11-24 (1993).

23. Churchill, S. E. & Rhodes, J. A. The evolution of the human capacity for “killing at a distance”: the human fossil evidence for the
evolution of projectile weaponry. In The Evolution of Hominin Diets (eds Hublin, J.-J. & Richards, M. P.) 201-210 (Springer 2009).

24. Berger, T. D. & Trinkaus, E. Patterns of trauma among the Neandertals. J. Arch. Sci. 22, 841-852 (1995).

25. Hughes, S. S. Getting to the point: evolutionary change in prehistoric weaponry. J. Archaeol. Method Theory 5, 345-408 (1998).

26. Boéda, E., Geneste, J. & Griggo, C. A Levallois point embedded in the vertebra of (Equus africanus): hafting, projectiles and
Mousterian hunting weapons. Antiquity 73, 394-402 (1999).

27. Lieberman, D. E., Pearson, O. M. & Mowbray, K. M. Basicranial influence on overall cranial shape. J. Hum. Evol. 38, 291-315 (2000).

28. Churchill, S. E. Thin on the Ground: Neandertal biology, archeology, and ecology. 1-256 (Wiley Blackwell 2014).

29. Clarkson, C. Testing archaeological approaches to determining past projectile delivery systems using ethnographic and experimental
data. In Multidisciplinary approaches to the Study of Stone Age weaponry (eds Iovita, R. & Sano, K.) 189-202 (Springer 2016).

30. Guthrie, R. D. Osseous projectile points: biological considerations affecting raw material selection and design among Paleolithic and
Paleoindian peoples. In Animals and Archaeology Vol. 1, Hunters and their Prey (eds Clutton-Brock, J. & Grigson, C.) 273-294 (BAR
International Series 163 1984).

31. Cundy, B. J. Formal variation in Australian spear and spearthrower technology. 546, (BAR International Series 1989).

32. Howard, C. D. The atlatl: function and performance. American Antiquity 102-104 (1974).

33. Rios-Garaizar, J. Experimental and archeological observations of northern Iberian peninsula Middle Paleolithic Mousterian point
assemblages. Testing the Potential Use of Throwing Spears Among Neanderthals. In Multidisciplinary Approaches to the Study of
Stone Age Weaponry (eds lovita, R. & Sano, K.) 213-225 (Springer 2016).

34. Roach, N. T. & Richmond, B. G. Clavicle length, throwing performance and the reconstruction of the Homo erectus shoulder. J.
Hum. Evol. 80, 107-113 (2015).

SCIENTIFIC REPORTS |

(2079) 9:820 | https://doi.org/10.1038/s41598-018-37904-w 9


https://doi.org/10.1038/s41598-018-37904-w

www.nature.com/scientificreports/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64

72.

73.

74.

75.
76.

77.

Rhodes, J. A. & Churchill, S. E. Throwing in the Middle and Upper Paleolithic: inferences from an analysis of humeral retroversion.
J. Hum. Evol. 56, 1-10 (2009).

Cowgill, L. W. Humeral torsion revisited: A functional and ontogenetic model for populational variation. Am. J. Phys. Anthropol.
134, 472-480 (2007).

Berthaume, M. A. Were Neandertal humeri adapted for spear thrusting or throwing? A finite element study. Masters thesis,
University of Massachusets - Amherst (2014).

Shaw, C. N., Hofmann, C. L., Petraglia, M. D., Stock, J. T. & Gottschall, J. S. Neandertal humeri may reflect adaptation to scraping
tasks, but not spear thrusting. PLoS ONE 7, €40349-8 (2012).

Waidhofer, M. & Kirchengast, S. Sexual dimorphism in directional asymmetry of the upper limb bones among Khoe-San skeletons.
J. Comp. Hum. Biol. 66, 508-519 (2015).

Roach, N. T. & Lieberman, D. E. Upper body contributions to power generation during rapid, overhand throwing in humans. J. Exp.
Biol. 217,2139-2149 (2014).

Roach, N., Venkadesan, M., Rainbow, M. & Lieberman, D. Elastic energy storage in the shoulder and the evolution of high-speed
throwing in Homo. Nature 498, 483-487 (2013).

Roach, N. T. & Richmond, B. G. Humeral torsion does not dictate shoulder position, but does influence throwing speed. J. Hum.
Evol. 85,206-211 (2015).

Faivre, J.-P. et al. Middle Pleistocene human remains from Tourville-la-Riviére (Normandy, France) and their archaeological
context. PLoS ONE 9, e104111-13 (2014).

La Porta, A., Hosfield, R. & Hurcombe, L. Neanderthal technological behaviour during the European Middle Palaeolithic:
production and function of hand-delivered stone-tipped spears. Paper presented to Unraveling the Palaeolithic conference, University
of Southampton (2016).

. Warren, S. Proceedings: ‘First Published Report and exhibition of the specimen, May 10th, 1911’ Q.J. Geol. Soc. 67, XCIX (1911).
. Thieme, H. Lower Palaeolithic hunting spears from Germany. Nature 385, 807-810 (1997).
. Schoch, W. H,, Bigga, G., Bohner, U,, Richter, P. & Terberger, T. New insights on the wooden weapons from the Paleolithic site of

Schoéningen. J. Hum. Evol. 89, 214-225 (2015).

. Adam, K. D. W. von Lehringen, eine Jagdbeute des diluvialen Menschen. Qudtar 5,79-92 (1951).
. Luebbers, R. A. Ancient boomerangs discovered in South Australia. Nature 253, 39-39 (1975).
. Dillehay, T. D. Monte Verde: A Late Pleistocene settlement in Chile Volume 2, The archaeological context and interpretation.

(Smithsonian Institution Press 1997).

. Dobrovolskaya, M., Richards, M. P. & Trinkaus, E. Datations directes par radiocarbone des sépultures du Gravettien d’Europe de

Est a Sunghir, Russie. Bull. Mém. Soc. Anthropol. 24, 96-102 (2011).

Nikolskiy, P. & Pitulko, V. Evidence from the Yana Palaeolithic site, Arctic Siberia, yields clues to the riddle of mammoth hunting. J.
Arch. Sci. 40, 4189-4197 (2013).

Moncel, M.-H. et al. Fragmented reduction processes: Middle Palaeolithic technical behaviour in the Abri du Maras shelter,
southeastern France. Quatern. Int. 350, 180-204 (2014).

Wilkins, J. & Schoville, B. Edge damage on 500-Thousand-Year-Old spear tips from Kathu Pan 1, South Africa: the combined effects
of spear use and taphonomic processes. In Multidisciplinary Approaches to the Study of Stone Age Weaponry (eds lovita, R. & Sano,
K.) 101-117 (Springer 2016).

Milks, A., Dinnis, R. & Pope, M. Morpho-metric variability of early Gravettian tanged “Font-Robert” points, and functional
implications. In Multidisciplinary Approaches to the Study of Stone Age Weaponry (eds Iovita, R. & Sano, K.) 135-146 (Springer,).
10.1007/978-94-017-7602-8_9 2016.

Backwell, L. & d’Errico, F. Osseous projectile weaponry from Early to Late Middle Stone Age Africa. In Osseous Projectile Weaponry:
Towards an understanding of Pleistocene cultural variability (ed. Langley, M. C.) 15-29 (Springer: Vertebrate Paleobiology and
Paleoanthropology Series 2017).

Christensen, M., Legoupil, D. & Pétillon, J.-M. Hunter-gatherers of the Old and New Worlds: morphological and functional
comparisons of osseous projectile points. In Osseous Projectile Weaponry: Towards an understanding of Pleistocene cultural
variability (ed. Langley, M. C.) 237-252 (Springer: Vertebrate Paleobiology and Paleoanthropology Series 2017).

Ellis, C. J. Factors influencing the use of stone projectile tips: an ethnographic perspective. In Projectile Technology (ed. Knecht, H.)
37-74 (Plenum Press 1997).

Hitchcock, R. & Bleed, P. Each according to need and fashion: spear and arrow use among San hunters of the Kalahari. In Projectile
Technology (ed. Knecht, H.) 345-368 (Plenum Press 1997).

Milks, A. Lethal threshold: The evolutionary implications of Middle Pleistocene wooden spears (Unpublished PhD Dissertation)
1-455, http://discovery.ucl.ac.uk/10045809/ (2018).

Villa, P. & Lenoir, M. Hunting and hunting weapons of the Lower and Middle Paleolithic of Europe. In The Evolution ofHominin
Diets (eds Hublin, J.-J., Richards, M. P. & Richards, M. P.) 59-85 (Springer 2009).

Villa, P. & Soriano, S. Hunting weapons of Neanderthals and early modern humans in South Africa: similarities and differences. J.
Anthropol. Res. 66, 5-38 (2010).

Sano, K. & Oba, M. Backed point experiments for identifying mechanically-delivered armatures. J. Arch. Sci. 63, 13-23 (2015).

. Gaudzinski-Windheuser, S. et al. Evidence for close-range hunting by last interglacial Neanderthals. Nature Ecol. Evo. 1-8 https://

doi.org/10.1038/541559-018-0596-1 (2018).

. ballistics, external. The Oxford Essential Dictionary of the U.S. Military. web (2001).
. ballistics, terminal. The Oxford Essential Dictionary of the U.S. Military. web, https://doi.org/10.1093/acref/9780199891580.001.0001/

acref-9780199891580 (2001).

. Hubbard, M. Optimal javelin trajectories. J. Biomech. 17, 777-787 (1984).

. Gregor, R. J. & Pink, M. Biomechanical analysis of a world record javelin throw: a case study. Int. J. Sport Biomech. 1,73-77 (1985).
. Johnson, C. Javelin Throwing. (British Amateur Athletic Board 1987).

. Cotterell, B. & Kamminga, J. Mechanics of pre-industrial technology: an introduction to the mechanics of ancient and traditional

material culture. (Cambridge University Press 1989).

. Campos, J., Brizuela, G. & Ramoén, V. Three-dimensional kinematic analysis of elite javelin throwers at the 1999 IAAF World

Championships in Athletics. New Studies in Athletics 19, 47-57 (2004).

Chiu, C. H. Discovering optimal release conditions for the javelin world record holders by using computer simulation. Int. J. Sport
Exercise Sci. 1(2), 41-50 (2009).

Bartlett, R. M. The aerodynamics of javelin flight - a re-evaluation. In Proceedings of The International Symposium on Biomechanicsin
Sports (eds Tsarouchas, L., Terauds, J., Gowitzke, B. A. & Holt, L. E.) 71-87 (1987).

Rieder, H. Erprobung der Holzspeere von Schoningen (400000 Jahre) und Folgerungen daraus. In Fruhe Menschen in Mittel Europa:
Chronologie, Kultur, Umwelt (eds Wagner, G. A. & Mania, D.) 91-98 (Shaker 2001).

Toyoshima, S. & Mitsumasa, M. Force-velocity relation in throwing. R.Q. Amer. Assoc. Health, PE. Rec. 44, 86-95 (1973).

Sirkkd, O., Nieminen, T., Suuriniemi, S. & Kettunen, L. Augmented inertial measurements for analysis of javelin throwing
mechanics. Sports Eng. 19(4), 219-227 (2016).

Tomka, S. A. The adoption of the bow and arrow: a model based on experimental performance characteristics. American Antiquity
78, 553-569 (2013).

SCIENTIFICREPORTS| (2019) 9:820 | https://doi.org/10.1038/s41598-018-37904-w 10


https://doi.org/10.1038/s41598-018-37904-w
http://discovery.ucl.ac.uk/10045809/
https://doi.org/10.1038/s41559-018-0596-1
https://doi.org/10.1038/s41559-018-0596-1
https://doi.org/10.1093/acref/9780199891580.001.0001/acref-9780199891580
https://doi.org/10.1093/acref/9780199891580.001.0001/acref-9780199891580

www.nature.com/scientificreports/

78. Lew-Levy, S., Reckin, R., Lavi, N., Cristobal-Azkarate, J. & Ellis-Davies, K. How do hunter-gatherer children learn subsistence skills?
Hum. Nat. 28, 367-394, https://doi.org/10.1007/s12110-017-9302-2 (2017).

79. Milks, A., Champion, S., Cowper, E., Pope, M. & Carr, D. Early spears as thrusting weapons: Isolating force and impact velocities in
human performance trials. J. Arch. Sci.: Rep. 10, 191-203 (2016).

80. Whittaker, J. C., Pettigrew, D. B. & Grohsmeyer, R. J. Atlatl dart velocity: accurate measurements and implications for Paleoindian
and archaic archaeology. PaleoAmerica 3, 161-181 (2017).

81. Thieme, H. Altpaldolithische Holzgerite aus Schoningen, Lkr. Helmstedt, Bedeutsame Funde zur Kulturentwicklung des frithen
Menschen. Germania 77, 451-487 (1999).

82. Thieme, H. The Lower Palaeolithic art of hunting: The case of Schoningen 13 II-4, Lower Saxony, Germany. In Gamble, C. Porr, M.
(Eds), The hominid individual in context: archaeological investigations of lower and middle Palaeolithic landscapes, locales, and
artefacts (eds Gamble, C. & Porr, M.) 115-132 (Routledge 2005).

83. Bunn, H. T. Meat-eating and human evolution: studies of the diet and subsistence pattern of Plio-Pleistocene hominids. PhD Thesis,
University of California, Berkeley (1982).

84. Viitasalo, J., Mononen, H. & Norvapalo, K. Release parameters at the foul line and the official result in javelin throwing. Sports
Biomech. 2, 15-34 (2003).

85. LeBlanc, M. & Mooney, R. G. Kinematic differences in elite-level American male and female javelin throwers. Engineering of Sport
5(1), 182-188 (2004).

86. Stringer, C. B., Trinkaus, E., Roberts, M. B., Parfitt, S. A. & Macphail, R. I. The Middle Pleistocene human tibia from Boxgrove. J.
Hum. Evol. 34, 39-39 (1998).

87. Trinkaus, E., Stringer, C. B., Ruff, C. B. & Hennessy, R. J. Diaphyseal cross-sectional geometry of the Boxgrove 1 Middle Pleistocene
human tibia. J. Hum. Evol. 37, 1-25 (1999).

88. Froehle, A. W, Yokley, T. R. & Churchill, S. E. Energetics and origin of modern humans. In The Origins of Modern Humans (eds
Smith, E H. & Ahern, J. C. M.) 285-320 (Wiley 2013).

89. Arsuaga, J.-L. et al. Postcranial morphology of the Middle Pleistocene humans from Sima de los Huesos, Spain. PNAS 112,
11524-11529 (2015).

90. Ruff, C. B., Burgess, M. L., Squyres, N., Junno, J.-A. & Trinkaus, E. Lower limb articular scaling and body mass estimation in
Pliocene and Pleistocene hominins. J. Hum. Evol. 115, 85-111 (2018).

91. International Association of Athletics Federations. Competition Rules 2008. 1-229 (2007).

92. Bartlett, R., Miiller, E., Lindinger, S., Brunner, F. & Morriss, C. Three-dimensional evaluation of the kinematic release parameters for
javelin throwers of different skill levels. J. App. Biomech. 12, 58-71 (1996).

Acknowledgements

We thank three anonymous reviewers for helpful comments that greatly improved this paper. A.M. is grateful for
the support Arts and Humanities Research Council (AHRC) in the form of a PhD studentship (817687), to which
this research contributed. UCLs Centre for Interdisciplinary Research Projects (CHIRP) provided a generous
grant to M.P. and A.M. to cover experimental costs. Many thanks for Loughborough Sport for the free use of the
Steve Backley National Throws Centre. Thank you to Dr. Joseba Rios-Garaizar for sharing data. We are indebted
to our volunteer javelin athletes for taking part in the experiment, and also to the video technicians. We thank
Bedgebury Pinetum for providing the wood for spear replicas at no cost, and Owen O’Donnell for manufacturing
the replicas. We are especially grateful to Dr. Debra Carr for consultation on the ballistics and physics.

Author Contributions
All authors designed and executed the experimental trial. A.M. conducted the analysis and prepared the figures.
AM. and M.P. wrote the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37904-w.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CEm | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2079) 9:820 | https://doi.org/10.1038/s41598-018-37904-w 11


https://doi.org/10.1038/s41598-018-37904-w
https://doi.org/10.1007/s12110-017-9302-2
https://doi.org/10.1038/s41598-018-37904-w
http://creativecommons.org/licenses/by/4.0/

	External ballistics of Pleistocene hand-thrown spears: experimental performance data and implications for human evolution

	Results

	Results: Velocity. 
	Results: Kinetic Energy and momentum. 
	Results: Distance and accuracy. 
	Results: Flight trajectories. 

	Discussion

	Methods

	Methods: Setup and data acquisition. 
	Methods: Spear replicas. 
	Methods: Target. 
	Methods: Participants. 
	Methods: Data analysis. 

	Acknowledgements

	Figure 1 Scatterplot of impact velocities by distance.
	Figure 2 Regression analysis for release and impact velocity data.
	Figure 3 Rate of change (in m/s) by distance and participant.
	Figure 4 Still frame from high speed video footage showing a target hit.
	Figure 5 Hits and misses per distance expressed as percentages of total number of throws.
	Figure 6 Map of Steve Backley National Throws Centre, where the experiment took place.
	Table 1 Descriptive statistics for velocity, kinetic energy and momentum, separated by data for aimed throws vs.
	Table 2 Hit and Miss data by distance.




