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megafauna encounters with a lithic pike
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1 Archaeological Research Facility, University of California, Berkeley, Berkeley, California, United States of

America, 2 Department of Anthropology, University of California, Berkeley, Berkeley, California, United

States of America
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Abstract

Historical and ethnographic sources depict use of portable braced shaft weapons, or pikes,

in megafauna hunting and defense during Late Holocene millennia in North and South

America, Africa, Eurasia and Southeast Asia. Given the predominance of megafauna in

Late Pleistocene North America during the centuries when Clovis points appeared and

spread across much of the continent (13,050–12,650 cal BP), braced weapons may have

been used in hunting of megaherbivores and defense against megacarnivores. Drawing

from historical examples of pike use against lions, jaguars, boars, grizzlies, carabao and

warhorses we consider the possibility of a fluted lithic pike. Associated osseous rods have

been problematic as Clovis foreshafts due to the bevel angle and the apparent weakness of

the splint haft when great strength is needed for deep penetration in megafauna hunting.

However our review of Late Holocene pike use in megafauna encounters indicates the

sharp tip becomes less important after hide or armor has been pierced because compres-

sion is sustained. Thus, foreshaft collapse after hide entry may not limit but rather increase

the efficacy of the braced weapon. We conduct preliminary static experiments to model a

fluted pike that adjusts during compression such that haft collapse and point detachment

(when point jams on impact with bone) preserve the fluted biface, beveled rod and wooden

mainshaft tip. In addition to Clovis point attributes and association with osseous rods, poten-

tial archaeological correlates of Clovis pike use include the high frequency of Clovis point

isolates and concentrations of complete points with unbutchered mammoth remains at sites

such as Naco in Arizona.

1. Introduction

1.1 Overview

Fluted stone bifaces known as Clovis points appeared and spread across vast regions of North

American megafauna habitat during four centuries of the terminal Pleistocene [1]. Several

decades of academic research have illuminated many aspects of Clovis technology, but there is

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0307996 August 21, 2024 1 / 27

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Byram RS, Lightfoot KG, Sunseri JU

(2024) Clovis points and foreshafts under braced

weapon compression: Modeling Pleistocene

megafauna encounters with a lithic pike. PLoS ONE

19(8): e0307996. https://doi.org/10.1371/journal.

pone.0307996

Editor: Ran Barkai, Tel Aviv university, ISRAEL

Received: April 30, 2024

Accepted: July 15, 2024

Published: August 21, 2024

Copyright: © 2024 Byram et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript.

Funding: The author(s) received no specific

funding for this work.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0003-3964-3874
https://doi.org/10.1371/journal.pone.0307996
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307996&domain=pdf&date_stamp=2024-08-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307996&domain=pdf&date_stamp=2024-08-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307996&domain=pdf&date_stamp=2024-08-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307996&domain=pdf&date_stamp=2024-08-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307996&domain=pdf&date_stamp=2024-08-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307996&domain=pdf&date_stamp=2024-08-21
https://doi.org/10.1371/journal.pone.0307996
https://doi.org/10.1371/journal.pone.0307996
http://creativecommons.org/licenses/by/4.0/


no consensus on the technological basis for the distinctive Clovis point (Fig 1), its robust,

finely worked tip and midsection and its comparatively gracile, fluted base [2–4]. This paper

considers the practicality of large mammal confrontation with sharp-tipped shaft weapons to

assess whether fluted Clovis points and osseous rods may have tipped pikes used for hunting

megafauna much larger than humans.

Ethnographic studies of weapons used in megafauna hunting have been invaluable in

assessing Pleistocene hunting techniques. However as Annemieke Milks [5:1] notes, “selective

references in relation to the use of wooden spears have overlooked additional examples that

point to a richness and variability of technology and behaviour that is invisible in the Pleisto-

cene archaeological record.” Fluted point studies and paleolithic studies in general often con-

sider bifacial points as tipping the thrusting spear, hand thrown spear, and complex projectiles

such as the spear launched with an atlatl, techniques well-documented historically and through

experimentation [2, 6–8]. However there are also abundant historical depictions of non-pro-

jectile, braced weapon use against mammals a quarter ton or larger that charge or lunge at

humans when being hunted (Fig 2), and large predators attacking people or their livestock.

These accounts demonstrate that for millennia, including centuries of firearm use, megafauna

such as brown bears, lions, jaguars, boars, carabao and warhorses were often slain with a

braced piercing weapon, sometimes known as a pike, that uses the animal’s momentum to

Fig 1. Clovis points with distinctive flute or channel flake scar in basal area. S. Byram photo of casts.

https://doi.org/10.1371/journal.pone.0307996.g001
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impale the animal and arrest its movement toward the pike wielder. Pike impalement often

causes more massive injury than a thrust or launched spear can produce.

Despite the effectiveness of pikes historically, braced weapon lithic technology has seen

very limited research to date. Specific instances of the technique appear in 20th century ethnog-

raphies [9, 10]. Washburn [11:153] considered impalement a hunting technique that made it

possible for humans to hunt even the largest terrestrial animals while maintaining their safety,

providing an example in of Alutiiq hunters slaying bears over ten times their size with braced

spear impalement. Adamson [12:146] described braced weapon use against lions by the Maasai

and suggested that braced spear use may have begun during the Pleistocene. Fedje [13:25] and

McLaren et al. [14:9] addressed possible Early Holocene archaeological braced lithic weapons

based on their association with bear caves on the Northwest Coast. Our 2023 SAA paper on

Clovis pikes [15] introduced the possibility of Clovis braced weapons in hunting and defense,

and Baldino et al. [16:2] discussed the need for experimentation with defensive braced spear

use. However a possible relationship between fluted points and osseous rods in braced weapon

use has not previously been addressed through experimentation.

In order to assess variability in pike hunting and defense, we begin by examining records of

historical braced weapon use against large mammals. We were unable to identify previous

comparative research on pike hunting, so our findings on this topic draw from a wide variety

of sources including ethnographies, historical accounts of hunting practices, and historical art-

work depicting megafauna encounters with pikes. Pike use against warhorses and troops in

military encounters is more extensively documented [17–20], and we have examined these

sources as well as the period observations of Smythe [21], Ptolemy I [22:71], and Xenophon

[23].

Based on patterns in the historical data on pike use in megafauna encounters, we consider

the possibility that the distinctive characteristics of Clovis points relate to their use as lithic

Fig 2. Braced weapon bear hunting in Northern Eurasia, 19th century. Pavlov Sokolov. Blavatnik Foundation Leningrad

Collection http://n2t.net/ark:/86084/b49b7w.

https://doi.org/10.1371/journal.pone.0307996.g002
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pike points. We examine characteristics of archaeological Clovis points, associated beveled

osseous rods (Fig 3), which could also have been made of wood, and likely characteristics of

pike shafts to assess their suitability for a braced weapon strategy. We present findings from

three static experiments involving Clovis points and beveled rods in a proposed pike tip con-

figuration and discuss the archaeological implications of these results.

1.2 Historical accounts of pike hunting

First identified with mammoth remains in the 1930s [25], Clovis points are often called lanceo-
late based on their lance point shape. Lances are well known as polearms used by cavalry in

many regions. The foot soldier’s version of the lance is called a pike [20]. The key elements of

the pike are a sharp tip for entering thick hide or armor and a long, sturdy shaft that could be

braced in the ground to receive a charge with deadly force resistance (Fig 4). Pikes were used

for well over two millennia to stop charging warhorses in battle, and they can also be used as a

long thrusting spear [17–19].

While accounts of pikes used against charging horses are numerous, there are also many

depictions of piercing weapons used in braced position for hunting animals such as boar [17,

18]. Eurasian wild boars can grow to over 300 kg, and they often charge when confronted.

Fig 3. Two views of a reassembled beveled bone rod or foreshaft from the East Wenatchee site [24]; S. Byram photos of

cast #P-26, Lithic Casting Labs, Troy, Illinois.

https://doi.org/10.1371/journal.pone.0307996.g003

Fig 4. Pikes set in “charge for horse” position (based on Smythe [21:f7]). Original drawing, Ronald R. Nelson.

https://doi.org/10.1371/journal.pone.0307996.g004
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Hunters risked being severely wounded by tusks in these encounters, so the boar hunting pike

was designed to stop the impaled animal from moving down the shaft to reach the hunter

before it expires. According to Greek historian Xenophon, the well-known Greek sarissa pike

(Fig 5) may have developed from the ancient boar hunting spear [18:397, 23:10.16], usually

with a smaller metal pike head of bronze or iron [19]. The Macedonians often used braced sar-

issa pikes against cavalry. Ptolemy and others used pikes against Indian and African war ele-

phants [22:70, 26:226], though we have not identified detailed accounts of a braced pike

technique used in proboscidean encounters. Agam and Barkai [27:13] present multiple ethno-

graphic accounts of spears or lances being used to kill elephants, particularly when the element

of surprise has been achieved. Churchill [28:16] similarly found that elephants “can be dis-

patched by spear, provided the hunter has the time and close access necessary to repeatedly

deliver well-placed stabs.” While these accounts do not specify braced lance use per se, the

advantages of the braced weapon, clear from the other accounts presented here, attest to the

effectiveness of pikes in bringing down large animals even when they are moving rapidly.

European artwork includes numerous scenes of boar hunting with a braced weapon. Flem-

ish artist Frans Snyders painted several studies of boar hunting including one commissioned

by Philip IV of Spain for the royal hunting pavilion (Fig 6) that shows a charging boar being

impaled from below by a polearm with its base likely braced in the ground. Impalement

reduces the animal’s mobility, in this case allowing the thrusting spear attack from the side.

The painting also illustrates the important role of dogs in megafauna hunting. The Kalinga of

the Philippines were also known to use the braced spear during boar hunting in the late 19th

century [29:435].

Braced weapons were used in hunting unspecified bears and Ursus arctos identified as

brown bear, Kodiak and grizzly in northern hemisphere settings. In the Yukon region of

North America grizzly bear hunting with pikes is well documented. According to Ferdinand

Schmitter, the Han often hunted grizzlies with this technique.

“A pike or spear is nearly always used in hunting bears. The hunter attracts the bear by

making a raven-like noise, causing the bear, as the Indians say, to think the raven has dis-

covered a dead moose. . . . As the bear approaches the Indian holds the spear in position,

Fig 5. Greek sarissa pikes used in the Battle of Issus, 333 B.C.E.; Alexander Mosaic, House of the Faun, Pompeii.

Berthold Werner, Public domain, via Wikimedia Commons.

https://doi.org/10.1371/journal.pone.0307996.g005
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facing the bear as it draws nearer to him, and as the bear springs the Indian sticks the spear

into its throat at the top of the breast-bone, at the same time shoving the handle of the pole

into the ground, thus causing the bear to spear himself with his own weight. Sometimes

three men hunt in this manner, two of them attacking the bear on either side as it rushes

forward” [30:8].

Schmitter also noted that the Han used pikes along with dogs to hunt moose, though the

technique is not described further.

The Gwich’in bear spear is three meters in length with a sharp antler tip 9 cm in length,

seated in a wooden foreshaft 30 cm long which in turn rests in a wide flange that forms a socket

at the distal end of a wooden mainshaft [31:8]. It was used as a pike for hunting foraging grizz-

lies. After thrusting the weapon into the standing bear’s chest,

“the hunter then quickly jammed the proximal end of the spear shaft to the ground and

held it fast. The bear. . . pushed toward the man but only succeeded in further implanting

the shaft deeper in the ground and in the struggle impaled itself deeper upon the spear

point until it was stopped by the swelled guard portion of the distal end of the spear shaft”

[31:8–9].

Frederica De Laguna [10:364] described Tlingit grizzly bear hunting on the Northwest

Coast. A braced spear was used, with bows and arrows as backup weapons.

“The bear usually attacked as he emerged from the den. A party of men would wait on the

slope above . . . armed with bows and arrows, but the bravest used spears. . . braced against

Fig 6. Frans Snyders, The Wild Boar Hunt, 1640. Public Domain, Palazzo Pitti, Florence, Italy.

https://doi.org/10.1371/journal.pone.0307996.g006
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the ground, and when the bear charged, the man would quickly jump aside, letting the bear

impale himself on the spear.”

Depictions of braced weapon use in brown bear hunting in Asia are also abundant. Hallo-

well [9:41] notes that among the Saami of northern Europe as well as the Ainu of the western

Pacific Rim, “The animal is not attacked directly, but the spear is held in reverse until the beast

launches himself against the hunter and thus becomes impaled.”

Ravenstein [32:379] describes apparent pike use by Amur River peoples that involved using

a cord to lift the distal portion of the weapon just as the bear approaches, timing this so the

bear is impaled. There are numerous depictions of the rogatina, a pike with a metal blade that

was used to hunt brown bear in Slavic countries. Through the 19th century it was often used

with a musket or rifle as a backup, though firearms were considered less reliable. Like the steel

tipped pike, the rogatina was used for hunting and in battle [33].

European bear hunting with braced pikes is depicted in historical images over hundreds of

years (e.g. Fig 7).

In East Africa, hunting and defense against lions sometimes involved braced weapons. Soli-

tary Maasai lion hunters and herders used the hunting spear as a pike in guarding their com-

munities, their family wealth (cattle), and during initiation ceremonies [34]. As described by

Adamson [12:146], the Maasai

and other East African hunters have traditionally proved their manhood in this century by

provoking a lion to charge and awaiting the final leap crouched upon the ground, holding a

spear aslant with the butt planted to receive the shock as the lion impales himself upon the

point.

Indigenous jaguar hunters in South America were known as tigreros, and in the 1800s and

early 1900s they often worked for ranches hunting jaguars that preyed on livestock. Tigreros

preferred impaling jaguars with stout spears over firearm use in part because they hunted in

tall grass and dense foliage, and they often hunted with one or more dogs [35:259]. In 1897

journalist William Willard Howard documented Indigenous tigrero hunting on the Guajira

Fig 7. Bear Hunt engraving, 16th Century Europe, Jan van der Sraet, 1578, British Museum 1957,0413.86. The bear

is attacking the hunter whose pike is braced, while a second pike wielder approaches from the right.

https://doi.org/10.1371/journal.pone.0307996.g007
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Peninsula in Columbia and Venezuela, accompanying hunter Terife Valdez [36:387]. Accord-

ing to Howard, the tribes of this region hunted jaguar with a short spear, which they viewed as

requiring greater skill, whereas jaguars were hunted with the more common long spear in the

Amazon region of Brazil. “The hunter plants the butt of the spear-shaft in the ground, holds

the point toward the jaguar at an angle of about forty-five degrees, and crouches directly

behind it. The jaguar springs for the hunter, but lands squarely upon the point of the spear,

while the hunter dodges to one side and rolls over out of harm’s way [36:387].” The long spear

was of “hard and heavy wood” 2–2.5 meters long and 5 cm diameter with a metal head.

1.3 Analysis of historical data

Pikes and related braced weapons have been tipped with a wide range of materials from bone

and antler to bronze and steel [17, 18, 31]. Pikes are usually longer and thicker than thrown

spears, roughly 3 meters long for bear hunting but longer for military pikes used to stop horses.

Spears used as a pike defensively against lions and jaguars were often under 3 meters, typically

with a reinforced proximal end. Historical accounts also emphasize the pike shaft was a large

investment in time and energy needing seasoned, resilient hardwood like ash or cornel [17, 19,

21]. Wooden staves suitable for pikes are often of limited availability and were traded widely.

While a sharp pike tip is needed for hide entry, pikes often penetrate so deeply they put the

hunter at risk of being reached by the wounded animal. Hence many pikes had a crossguard

(Fig 8) or other blocking mechanism such as the wide flange on the Gwich’in bear hunting

weapon, to limit wound depth [18, 23, 20:65].

These historical accounts and depictions, summarized in Table 1, detail aspects of pike use

in megafauna encounters that are relevant to assessment of potential lithic pikes in archaeolog-

ical contexts. Accounts of pike use against animals such as elephant and moose, lacking spe-

cific description of weapon bracing, are not included in the table.

Historical depictions of megafauna countered with braced pikes include a wide range of

taxa, including warhorses (Equus ferus caballus), wild carabao (Bubalis bubalis kerebau), bear

(Ursus arctos), boar (Sus scrofa), jaguar (Panthera onca) and lion (Panthera leo). These

accounts indicate braced pikes were often deployed against animals much larger than humans,

primarily when the animals were moving toward humans.

Triggering the animal’s charge was often key to hunting with a pike, and hunting dogs were

bred and trained to drive game toward the hunter. Harassment with projectiles and other

weapons was often used to provoke a charge or lunge toward the hunter, and cornering an ani-

mal was often effective for braced weapon hunting. For bear, jaguar and lion the animal either

Fig 8. 17th century French boar spear, forged steel, with socket and crossguard (at left), hafted to wooden shaft.

Metropolitan Museum of Art 12.141.11. Versions of this weapon are depicted in artwork shown in Figs 2 and 7, and in

several entries in Table 1.

https://doi.org/10.1371/journal.pone.0307996.g008
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rises up or lunges at the pike wielder, whereas boars more often charge like the cavalry war-

horse. The greater reach of the pike made hand thrusting more effective against taller animals

defending with tusks or horns, such as the elephant. The thrust and brace technique may have

been common in pike attacks on larger animals that were not moving rapidly during the initial

encounter, and this technique is primarily described for bear hunting. In these accounts, ani-

mals moving quickly (horse, boar, carabao, jaguar and lion) were initially countered with the

pike already in braced position.

Clovis era Pleistocene megafauna include several species that might have been hunted with

pikes, such as horse, ground sloth, mammoth and bison. To the extent that people competed

with megacarnivores for prey, or predators may have been driven to attack humans during

periods of environmental change and resource stress, braced weaponry may have been critical

for defense against Arctodus, Panthera, Smilodon and others, especially among highly mobile

small hunter-gatherer groups. Terminal Pleistocene environmental changes that brought

about extinctions [41, 42] likely increased risk for people sharing habitat with megacarnivores.

Table 1. Historical braced weapon hunting depictions (excluding charging horse accounts). Depth-limiting mechanisms include the crossguard (CG) and flange

(FLG).

Region and Type of >1 Brace Second Shaft, tip

Cultural Group Period Depiction Source Pers. Dogs Locat. Weapon Charcteristics

Bear: Unspecified

Russia/European 1800s painting Sokolov (Fig 2) 1 stump rifle 3 m, metal, CG

Russia/European 1843 panting Grashov [37] 5 5 ground axe, rifle 3 m, metal, CG

Russia/European 1800s painting Tikhmenev [38] 1 1 ground rifle 3 m, metal, CG

Europe/ European 1500s engrav. Virgil Solus [39] 1 4 tree <3 m, CG

Europe/European 1600s engrav. Van der Sraet (Fig 7) 2 4 ground pike, swrd ~3 meters CG

Europe/Saami 1893 engrav. Alamy img RD6EP9 1 rock rifle ~3 meters

Europe/Saami 1920s ethnog. Hallowell [9] ground

Japan/Ainu 1920s ethnog. Hallowell [9] ground

NE Asia/Amur R. 1860s ethnog. Ravenstein [32] ground

SE Alaska/Tlingit 1800s ethnog. De Laguna [10] yes ground arrows barbs, tether

Bear: Grizzly

Alaska/Alutiiq 1900s Ethnog. Washburn [11] ground CG

Yukon/Han 1800s ethnog. Schmitter [30] yes ground

Alaska/Gwich’in 1860s ethnog. O’Brian [31] yes ground arrows 3m, antler, FLG

Boar

Phillipin/Kalinga 1890s ethnog. Moss [29] ground <3m metal tip

Europe/European 1640 painting F. Snyder (Fig 6) 1 5 ground spear

Europe/European 1609 engrav. Tempesta [40] yes yes cliff 3 pikes <3m, CG

Greece/Macedonia 300bc historical Xenophon [23] CG

UK: Anglo-Saxon historical Thompson [20] CG

African Lion

E. Africa: Maasai 1900s ethnog. Adamson [12] no ground

E. Africa: Maasai 1900s ethnog. Clarke [34] no ground

Jaguar

Brazil/Amazon 1890s historical Howard [36] ground >3m

Venezuela/Guajira 1890s historical Howard [36] yes yes ground no <3m metal tip

Carabao (Water Buffalo)

Phillipin/Kalinga 1890s ethnog. Moss, [29] ground <3m metal tip

https://doi.org/10.1371/journal.pone.0307996.t001
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2. Experimental design

2.1 Polearms of Late Pleistocene North America

Clovis technology developed in a landscape dominated by megafauna, and it appears to have

originated with highly mobile small hunter-gatherer groups [1, 43:9]. Given the historical evi-

dence that braced weapon technology was highly effective in encounters with megafauna prey

and predators, and widespread geographically spanning millennia, we now compare the

hypothesized lithic pike with other polearms including thrusting spears and harpoons, exam-

ining the mechanisms involved in fluting, hafting, hide entry and impalement. With few

exceptions such as fishing weir sites [44–46], sharpened wooden staves are not numerous in

precontact North American contexts. Assessment of Pleistocene polearm use therefore empha-

sizes archaeological lithic weapon point technology and in some cases rods or points of bone,

ivory or antler materials when these are preserved, though assumed wooden mainshaft charac-

teristics are also key to design analysis, replication and experimentation [47].

For thrust or thrown spears, weapon penetration depth is limited when the animal is much

larger than the weapon wielder [8, 48]. However for the braced pike, instead of the smaller

human providing the force behind the weapon, impalement force is provided by the large ani-

mal’s momentum. This means deeper pike penetration unless the shaft breaks or loses its seat-

ing, or the animal stops its forward motion. Table 2 shows that there can be great variation in

pike and spear hunting kinetics. These data are estimated and do not represent a comprehen-

sive assessment of pike or spear penetration.

In megafauna encounters with piercing shaft weapons the force of impact and penetration is

the momentum provided by the moving weapon, the moving animal, or both. As Whitaker

et al. [50:162] observe, kinetic energy or force of impact can be thought of as “the amount of

energetic work that the projectile does as the energy is expended in cutting tissue, breaking

bone and pushing tissue and bone out of the way.” A unit of kinetic energy is equal to half the

mass multiplied by its velocity squared (KE = ½ m* v2). While velocity affects a projectile’s

kinetic energy more than its mass does, megafauna mass values are vastly greater than the mass

of a hand-held projectile. Therefore megafauna charge and lunge actions produce far greater

kinetic energy than spear thrusts or projectile launches. Darts launched with an atlatl may have

greater impact velocity [6, 50, 51], but transfer of kinetic energy, not momentum, is the primary

determinant of wound severity [52:207]. While launched projectile spears lose force rapidly dur-

ing impact, thrust spears [53:3, 54]and the braced pike sustain penetrating force after initial

impact. However spear thrust penetration is expected to be less sustained than braced pike

impalement if the mass of the animal is much greater than that of the weapon wielder.

Table 2. Estimated velocity meters/second (m/sec), mass (kg) and kinetic energy (J) of various actions for braced

pike impalement and projected spear penetration. Spear and dart data is approximated from Milks et al. [49] and

Whitaker et al. [50]. Animal size and speed is approximated below published maximums, and mass is reduced for all

but Smilodon due to a portion of these animals’ mass resting on the ground.

Selected Action m/sec kg KE (J)

Arctodus charge to pike 9 400 16200

Smilodon lunge to pike 9 200 8100

boar charge to pike 7 120 2940

proboscidean rotating to pike 2 1000 2000

grizzly moving slowly to pike 2 300 600

atlatl propelled dart to target 34 0.3 173

spear thrust into target 4.5 65 660

spear thrown into target 16 0.8 102

https://doi.org/10.1371/journal.pone.0307996.t002
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When the large animal moves onto a braced stone-tipped shaft, the weapon tip transitions

through stages of hide penetration, impalement, and stoppage. The lithic point may undergo

changes such as breakage if it becomes embedded in bone or dense tissue during compression,

as demonstrated in thrusting spear experiments [53, 54]. Points suited for tipping braced

weapons may therefore have attributes that facilitate adjustment during these stage transitions.

While its length and bifacial, scalloped edge made it effective in causing massive internal

injury [8, 52], the Clovis point would have also been a reliable and effective hide entry device.

We envision that Clovis technology differed from harpoon points that enter the animal’s hide

and then use the hide’s resilience to anchor a tether that can disable megafauna (c.f. [55:251]).

In cases where the harpoon point detaches on entry, the tip’s barbs and blunt basal elements

keep it anchored while the mainshaft recedes. Detachable Clovis foreshafts incorporating bone

or ivory elements have also been proposed by Cotter [25] and Stanford [56] among others.

With the hypothesized lithic pike, instead of the mainshaft receding after initial penetration

in the case of a harpoon, the animal continues moving onto the braced shaft, so the foreshaft

components may stay bound to the mainshaft, causing enormous injury as the animal contin-

ues its forward movement. The pike shaft can impale deeply, its distal end seated in the partial

socket provided by the flute. In this sense, we conceive of the Clovis point as somewhat like

later pike blades of metal which often had centered basal sockets to hold the blade in place

while protecting the distal wooden pike shaft end (Fig 8). However, the biface’s flute is shallow

and faces outward on each face. If one face of the fluted point seats the mainshaft, the other

can seat the beveled rod foreshaft. Archaeological beveled rods of bone, antler and ivory [2, 57]

fit well as a splint foreshaft for Clovis points, and can be lashed to one face of the biface. The

flute on the opposite face can seat the wooden pike shaft distal end. Lahren and Bonnichsen

[58] and Haynes [59:122] present a different splint foreshaft design involving a wooden splint

bound to the Clovis point and bone foreshaft, the latter proximally seated in a socketed spear

shaft.

Hafted with a splint foreshaft of bone, hardwood or other resilient material, the fluted biface

allows for a wider diameter distal mainshaft than hafting with an unfluted biface of similar

thickness with a convex lenticular cross section because a higher proportion of shaft at the

flute is wood rather than lithic material (Fig 9). For a given shaft thickness the ratio of tang

thickness to shaft radius for the fluted point may be as much as 4:5, whereas the base of a simi-

lar sized unfluted biface may be closer to 1:2. A more robust wooden portion of the distal shaft

end may have been preferred over a sharpened one because its sturdiness allows it to penetrate

deeply enough to stop the large animal without breaking under substantial compressive force.

Avoiding such attrition is especially important if the large, straight and resilient pike shaft is

difficult to replace, as were many historical pikes [17, 19].

We should note here that there are no known archaeological examples of hafted Clovis

points, and the wooden elements of what we assume were shaft weapons are not preserved [2,

6]. Our assumption of large shaft size is based on ethnohistoric comparisons and associations

between Clovis points and megafauna. There is also much debate about the possible uses of the

beveled osseous rods, sometimes found in association with Clovis points. In our hypothesized

configuration the Clovis pike has three components: the wooden mainshaft tapered to a blunt

tip; the sharp stone point fluted to partially seat the pike mainshaft and foreshaft; and lastly the

beveled rod splint foreshaft, with lashing to hold the point and foreshaft in place (see sketch in

Fig 10). It is a compact braced weapon system suitable for efficient wound entry, though it

may forego some aspects of overall strength in compression as compared to those with a

notch, ledge or socket for seating the point.

It is possible that the beveled rod splint haft was intended for less than maximum hafting

strength. In some circumstances it may have been engineered to partially collapse under
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pressure. For example, as the shaft weapon moves deeper into the animal, the hafted Clovis

point tip may hit bone or tissue dense enough to cause it to jam and possibly crush, burinate

or suffer a bending fracture. Here the relative strength or weakness of the splint foreshaft haft-

ing can allow for point detachment. Because the wooden mainshaft is braced and the animal’s

movement is sustained, though likely decelerating, the mainshaft continues to penetrate after

the jammed point recedes. Due to the massive amount of kinetic energy in megafauna

momentum (Table 2), the pike tip does not need the sharpness of a Clovis point tip to pene-

trate deeply once the shaft has pierced the animal’s resilient hide, and a blunt mainshaft tip

may increase the rate of deceleration, recalling that stoppage is one of the goals of pike use.

As the jammed point detaches it is likely to vector along the pike shaft in a proximal direc-

tion (Fig 11), its incurvate biface base can wedge the beveled rod apart from the mainshaft. In

this manner the distal rod end hinges outward at its proximal lashing such that its proximal

beveled face meets the mainshaft and resists further rotation in an outward splay. In rotation

the distal rod end may serve as a second pike prong until increased pressure from the pierced

animal’s forward motion causes the bone rod to detach as well (see Frison [60:156]) on the

possibility of the beveled rod being both foreshaft and point). A flange could have been

wrapped to the mainshaft proximal of the rod end to prevent slippage. The rotated prong tip

may enter the chest cavity or other vulnerable areas even when the mainshaft has been redi-

rected subcutaneously by the impact, increasing the chance that the weapon will cause critical

injury in addition to reduction of animal kinetic energy vectored along the shaft towards the

human wielder. The strain of this rotational action may be one reason beveled rods were often

made of highly resilient materials such as mammoth bone and ivory. Thomas [61] raised the

possibility that Clovis point design related to “shock-absorption,” or dampening of force that

helps to preserve the point. Shock absorption through hafting collapse might also have

increased preservation of Clovis points during high energy weapon use.

3.0 Materials and methods

3.1 Model design

We conducted three related experiments to test variables in the hypothesized splint foreshaft

collapse and Clovis point recession under low velocity pike compression. We simulated this by

Fig 9. View of two bifacial points and haft elements, facing proximal direction. For a given mainshaft diameter the

distal shaft end is thicker for the fluted point than for the unfluted point.

https://doi.org/10.1371/journal.pone.0307996.g009
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inverting the distal pike foreshaft model in a freefall drop tower with calibrated dead weight

[62, 63] using indirect numerical calculation [64]. Velocity was determined by using a known

drop distance, for example 0.6m, multiplied by gravitational acceleration (9.8 m/s/s) to get

5.99m/s/s which is multiplied by 2, and the square root of this number, 3.43, is the object’s

velocity at impact. The energy and momentum of the distal pike shaft was controlled by vary-

ing the released mass and the height of its initial freefall in an axial direction.

In order to assess the plausibility of pike hafting strength being set for an approximate

detachment force threshold, experiment phase I determined the force needed for the point to

pierce untanned cowhide (4 mm thickness). We consider this the minimum level of effective-

ness for the hafted point during pike impalement. Experiment phase II tested the possibility of

lashing the point and splint in place with enough strength to hold the components together

during hide penetration, but to collapse when compressed against an oak plank, simulating

megafauna bone, splitting the point’s lashings and allowing it to recede before compression

increases enough to cause major fracturing of the biface. Experiment phase III focused on the

amount of force needed to crush the Clovis point replica in low velocity impact with the oak

plank, using fixed haft elements that did not collapse or allow the point to recede. This third

Fig 10. Sketch of assembled Clovis pike concept with tapered, stout mainshaft (brown) beveled bone foreshaft

(beige) and lashing (black) at the fluted point (gray) and proximal rod bevel. Note the gap between the bevel face

and the mainshaft while the splint foreshaft and point are hafted.

https://doi.org/10.1371/journal.pone.0307996.g010
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test addresses the force against which foreshaft hafting must rupture if the fluted point is to

recede and remain intact when encountering bone or other hard material during impalement.

The characteristics of the replication model of the hypothesized Clovis pike foreshaft are

shown in Fig 12. Replication involved seven Texas river cobble chert fluted points (Fig 13)

made by knapper Craig Ratzat. The morphometrics of these points appear in Table 3. The

points are within the metric range of Clovis points in several key attributes based on [65].

These points range from 7.8 to 9.4 cm in length and 2.9 to 3.7 cm in width, and 0.8 to 1.0 cm

in thickness, with sharp tips, moderate distal blade convexity, basal fluting on both faces and

basal indentation. In both experiments biface tips were sharpened with pressure flaking to

where they appeared sharp but sturdy enough not to break under light pressure, and proximal

lateral edges were ground to 30–35% of biface length. The two faces of each point were basally

fluted to between 20% and 35% of biface length, with the average thickness at the estimated

center of the flute at 68% of maximum biface thickness. Experiment trials for phase II were

Fig 11. Sketch of Clovis pike with point receding after impact with bone (not shown) and engineered distal

lashing rupture; rod rotation presses beveled face against the mainshaft while proximal lashing holds.

https://doi.org/10.1371/journal.pone.0307996.g011
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continued in cases where initial trials had blunted the biface tip, as the goal was to assess lash-

ing rupture rather than point penetration.

For all drop tower experiments the wooden mainshaft (distal segment) was a yellow pine

dowel 2.9 cm in diameter and 61 cm in length. For experiment phases I and II the distal shaft

was shaped with a taper that included a planar face where the beveled splint was attached with

lashing at the positions shown in Fig 12. For experiment phase III no splint was used and the

fluted point was hafted in a carved notch at the distal end of the wooden shaft.

The splint foreshaft for most tests is the beveled rod epoxy resin cast shown in Fig 3, which

proved to be quite durable. For replica 6 a wooden beveled splint was used, which better fit the

shape of the fluting. No mastic was used for any of these experiments because of the free move-

ment needed for the point to recede after the engineered lashing rupture, and for the splint to

rotate open at a given detachment force threshold. For experiment phases I and II lashing con-

sisted of tanned buckskin lace 2.7 mm wide and 2 mm thick (Realeather DOS50-0270 batch

2023–09) that provided strength as well as flexibility and elasticity sufficient for binding

weapon components. Hafting consisted of four basal lashing wraps and five to seven proximal

blade lashings as needed for biface stability. In lashing the biface to the mainshaft tip, efforts

were made to minimize coverage of the distal beveled rod to facilitate rod rotation after basal

lashing split during drop tower compression, simulating the force of a receding biface during

pike use. For experiment phase III waxed polyester artificial sinew was used for heavier lash-

ing, comparable to that used by Conrad et al. [47] and others.

The freefall drop tower used in all three experiment phases consisted of a freestanding

metal frame 140 cm high and 48 cm wide (not include its base) consisting of two vertical posts

and two main horizontal crosspieces, at a maximum height of 180 cm (Fig 14). Additional

crosspieces were added or removed as needed to provide locations for u-bolt guides or to pro-

vide greater strength for heavier dead weight use. Other freefall drop towers incorporate a

guide tube (e.g. Milks [63:255]) but we chose to rely on the U-bolts attached to cross braces to

minimize friction, and to allow for the width of the dead weight assembly. Weights consisted

of calibrated iron plates of 2.2 and 4.4 kg positioned on a vertical threaded iron pipe 91.4 cm in

length and 2.7 cm in diameter with two threaded floor flanges as end caps. The lower flange

had a metal plate bolted to its face for a smooth, flat contact with the proximal wooden shaft

end. A plumb bob was used to confirm the guides were positioned vertically over the proximal

shaft end.

3.2 Experimentation

Phase I experiment. For the hide entry experiment, a Clovis pike splint foreshaft model

was positioned at the base of the drop tower with its tip pointing downward, resting on a

Fig 12. Experimental splint hafted pike with replica Clovis point tip, resin cast of East Wenatchee beveled bone

rod (shown without lashing in Fig 3), yellow pine mainshaft and tanned buckskin strips for lashing.

https://doi.org/10.1371/journal.pone.0307996.g012
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Fig 13. Projectile point replicas 1–3 (upper row) and 4–7 (lower row).

https://doi.org/10.1371/journal.pone.0307996.g013

Table 3. Clovis point replica measurements.

Clovis Replica No. 1 2 3 4 5 6 7

length (mm) 90.9 87.4 78.1 84 77.6 84 94.4

max. width 37 37.3 29.2 32.1 31.2 32.2 36.9

max. width height 18 28.1 14.7 18.5 25.5 25 27.5

basal width 33.8 34.9 26.9 29.4 27.7 31.3 34.7

basal concavity depth 5.5 5.1 2.8 3.7 1.7 5.5 2.3

maximum thickness 9.8 8.9 8.1 8 8.8 8.2 8

thickness mid-flute 6.5 5.7 5.2 6.5 4.8 5.3 6.3

mass (g) 33.1 25.7 19.7 24.6 23.5 22.6 29.6

https://doi.org/10.1371/journal.pone.0307996.t003
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section of wet cow hide 22 by 38 cm supported by a block of closed cell foam 8 cm thick. Force

application consisted of drop tower trials with variable mass between 1.5 kg and 5.9 kg at free-

fall distances ranging from 35 to 70 cm for velocities ranging from 2.66 to 3.76 meters per sec-

ond. The test was repeated with increasing mass and/or drop distance at different locations on

the hide until the point penetrated the hide. Tested mass and freefall distances resulted in force

Fig 14. Replica 4 positioned between 8.1 kg drop weight and an oak plank in the freefall drop tower used in

experiments phase I-III at Bear Bones Lab, UC Berkeley.

https://doi.org/10.1371/journal.pone.0307996.g014
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application of 4 joules up to 26 joules. In each case penetration was to the full width of the

biface, limited by the upper flange contacting the crossbar in the axial drop tower structure.

Phase II experiment. The second experiment assessed lashing rupture, splint rotation at

the distal bevel axis and fluted point detachment from the mainshaft and splint under low

velocity compression. While the hypothesized Clovis pike would not have moved forward dur-

ing megafauna impact because the shaft would be braced, the projectile point and oak plank

were stationary in this experiment to simulate the effect on the haft of the animal’s forward

movement. Force application consisted of a free fall drop tower test with variable mass

between 3.7 kg and 12.5 kg at freefall distances 35 to 70 cm for velocities ranging from 2.66 to

3.76 meters per second. Tested mass and freefall distances resulted in force application ranging

from 13 joules up to 62 joules.

Phase III experiment. The third experiment assessed the force necessary to crush the

hafted fluted point under compression against the oak plank. This experiment used fixed haft-

ing, consisting of a notched shaft with copious nylon sinew lashing comparable to lashing used

in many other spear point experiments (e.g. [47]). Tested mass and freefall distances resulted

in force application ranging from 26 joules up to 96 joules.

4.0 Results

The results of all trials for the three experimental phases are presented in Table 4.

Table 4. Results of free-fall drop tower experiments. Hyphen denotes trial with no change. KE recorded as J (Joule unit of energy) for hide penetration (HP) (phase I),

lashing rupture (LR) (phase II), and point crushing (PC) (phase III) for replicas 1–7. Letters following Clovis point replica ID numbers represent separate lashing episodes

for the specific biface.

4J 6J 8J 13J 26J 39J 49J 62j 82j 96j

Phase I Hide Penetra.(HP)

R1 – HP

R2 – HP

R2 – HP

R2 – – HP

R4 – – HP

R5a – – – – HP

R5b – – – – HP

R5d – – – HP

R6a – HP

R7a – HP

Phase II Lashing Rupture (LR)

R1a – – LR

R2 – – – LR

R4a – – – – LR

R4b – – – LR

R5a – – LR

R5b – – LR

R5c – – – LR

R6b – – – LR

R7b – – – LR

Phase III Point Crushing (PC)

R2 – – – – tip

R6a – – – – – PC

R4c – – – – – PC

https://doi.org/10.1371/journal.pone.0307996.t004
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4.1 Phase I experiment results

Of the ten hide entry trials, none of the replicas penetrated hide at under 4J. Four of the bifaces

penetrated hide between 4J and 6J, including three trials with replica 2. Replica 4 pierced the

hide between 6J and 8J. Each of the foregoing Clovis point replicas had a sharp, relatively fresh

tip. In the case of replica 5, hide entry attempts occurred after the point had been used to test

apparatus settings, and the tip had become somewhat blunt. As a result, replica 5 required

between 13J and 26J to penetrate the wet hide.

4.2 Phase II experiment results

Nine lashing rupture trials were conducted with six replicas (1, 2, 4–7). The trials began at 13J

and continued through 26J, 39J, 49J, and in one case 62J, stopping when lashing ruptured and

the point receded. In some cases the point receded less than 10mm without the lashing split-

ting, possibly due to stretching of inadequately tightened lashing, or poor conformity of the

biface base and hafting element surfaces. In two of these cases the point’s lashing was redone

and the trails were resumed, repeating the freefall test at the interval that had caused the shift-

ing. None of the 13J or 26J drop tests produced lashing rupture. Lashing ruptured on four

hafted points at 39J, five at 49J, and lashing for two replicas ruptured at 62J.

Phase II stages of lashing rupture are captured with high-speed photography (Fig 15). The

force of pike compression allows the thin, fluted base of the jammed point to split or sever its

lashing, wedging between the splint foreshaft and the mainshaft as it recedes. With actual

impalement through the animal’s soft tissue, the shaft would not be moving, only the animal,

so the fluted portion of the Clovis point would slide in a proximal direction along the distal

mainshaft. At this stage the distal beveled rod may rotate away from the mainshaft distal end

as it does in Fig 15 image 4, stopping when the rod’s proximal beveled face meets the main-

shaft. In detaching and receding, both the point and the beveled splint remained largely intact,

though minor biface tip damage was observed in some cases.

Fig 15. High-speed photo sequence of receding point model during ~56 J weight drop impact (11.34 kg dropped

from 35 cm height) with the point tip resting on an oak plank. Image 1: before force application; Image 2: initial

force presses fluted point tip into plank, point begins to recede, straining lashing; Image 3: point recedes and splits

lashing, detaching as wooden shaft tip strikes plank; Image 4: distal beveled rod rotates outward, stopping when

proximal bevel face (not shown) makes contact with mainshaft.

https://doi.org/10.1371/journal.pone.0307996.g015
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4.3 Phase III experiment

In examining the crushing force threshold during impact with bone (or oak plank), we found

that the sturdy Clovis point undergoing slow moving impalement results in a point crushing

threshold of between 62J and 82J based on three trials. However the fixed haft varied from the

splint haft that is the focus of this study, and we expect the rigid haft elements would provide

far less shock absorption, such that a more evenly supported biface base would withstand sub-

stantially more impact force than one that essentially rests on a flat rectangular notch base (c.f.

[61]). Preliminary testing with larger mass in the splint haft configuration suggests that even

when it is heavily lashed the splint haft allows the biface to recede a small amount along the

mainshaft axis.

4.4 Summary

We found that changes in tanned buckskin lashing without mastic, such as the number of lash-

ing wraps at a given thickness, and their positioning on the foreshaft, were sufficient to achieve

a detachment force resistance threshold in the 27–62 joules range, above what is needed for

hide entry with a sharpened Clovis point (between 4J and 8J), and below crushing force (above

62J). Thus, the ideal resistance force threshold needed for reliable foreshaft detachment and

point recession would likely be more than 8J and less than 62J. Heavier lashing with a splint

foreshaft, though not tested in this experiment, may allow for less receding that does not split

the lashing but withstands higher amounts of compression without crushing.

5.0 Discussion and conclusions

5.1 Observations from experiments

These initial findings suggest that an engineered foreshaft creates conditions for collapse

involving the Clovis point and splint foreshaft as a mechanism for low velocity hide entry and

deep tissue damage that can adjust and continue impalement if the sharp tip meets strong

resistance in harder material such as megafauna bone. When impact causes the foreshaft to

collapse, this allows the less sharp but also less brittle wooden mainshaft tip to remain as the

critical impalement element while the wounded animal continues movement toward the

hunter. This also allows the distal beveled splint to rotate outward, which may initially serve as

a second prong with an oblique trajectory corresponding to the angle of the osseous rod’s

proximal bevel. Note that likely impact damage on archaeological osseous rods [2, 57] is often

found at one end, suggesting use as a point or prong, and bevel fractures are also common on

these artifacts, as might occur during prong rotation under compression.

We observed that the slight convexity of margins on most Clovis point forms would likely

enhance proximal blade lashing rupture. The mid-lateral edge above the ground portion is

often the widest part of the Clovis point. As the point receded the lashing would have been

exposed to a wider blade with a sharp, bifacial edge in motion. While Werner et al. [66]- have

demonstrated there is little benefit to proximal lateral edge grinding for hafting strength with

fixed bifaces, close examination of the movement of the compressed splint and mainshaft rela-

tive to the biface may demonstrate a benefit from edge grinding, allowing the biface to shift

under strain accumulation without immediately severing the lashing. This may have allowed

dampening of impact force without full detachment in many cases.

Most critically, dynamic experiments [49, 54, 67] are needed to assess the nuances and limi-

tations of a braced fluted point weapon system in potential megafauna encounters. Our experi-

ment was static, yet acts of stabbing, spear thrusting and pike impalement entail many

different masses moving at different velocities. These involve non-axial force and torque values
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that are not readily assessed with standard mechanical tests such as freefall drop towers [62:43]

that entail only the axial movement of one mass. A sharp pike tip moving through the animal

encounters cumulative axial resistance that is further increased by lateral or oblique force from

the animal’s movement, and this is likely where much biface breakage comes from (e.g.

[54:222]). Splint haft design and lashing techniques and materials will need to be further

explored to account for resistance to oblique force in particular. We have not demonstrated

that the foreshaft collapse can occur after hide entry in response to megafauna movement

other than that directed along the axis of the weapon shaft. Examining this experimentally

would likely require tests incorporating a braced pike foreshaft and a moving mass such as a

block of ballistics gel.

We also recognized during experiment trials that haft lashing likely varied depending on

use. For example, in defensive situations points hafted for controlled detachment below the

crushing threshold could have also been readied with additional lashing that could be rapidly

released. This may allow for deeper biface penetration and oblique torque resistance at the

expense of point recession for biface protection and splint/prong rotation. Our preliminary

experimental setup includes Clovis pikes with a wider lashing strap tightened with a half hitch

that extends to a long tether along the mainshaft. Thus hafted, the foreshaft still withstands

embedding in ballistics gel and requires only a light tug to loosen the added strap once the pike

has entered the target, possibly pulled as the hunter moves away from the animal during initial

impalement, as described for bear and jaguar encounters historically. This enhancement

might also have been possible in transition from thrusting to bracing in lower velocity mega-

fauna encounters (see Ravenstein [32:379] regarding cord use with pike in bear hunting).

5.2 Possible archaeological correlates of clovis pike use

Based on historical comparisons and Clovis point and osseous rod characteristics, these repli-

cative data demonstrate the potential effectiveness of a hypothesized Clovis pike incorporating

the fluted point, beveled osseous rod, and a robust pike mainshaft, though only two of the

three weapon components are represented at Late Pleistocene sites. We rely on the foregoing

ethnohistorical accounts for our assessment that pikes would have best suited Clovis hunters

in megafauna encounters.

While detachment means the biface is more likely to remain intact, detached points may be

lost if the pierced animal is not killed in the encounter or after tracking. Thus Clovis points as

receding pike tips may help account for the high archaeological frequency of Clovis point iso-

lates [68, 69:270]. These individual points found away from sites could represent locations

where animals expired sometime after being wounded elsewhere by lithic pikes. Similarly,

braced weapon use might account for several sites, including Naco, Lehner, Miami, and Esca-

pule [48:2, 69:287, 70], where megafauna appear to have died with embedded complete points,

apparently away from hunters who otherwise might have butchered them and recovered the

detached points.

Pike use also fits with associations between Clovis points and osseous rods, though these

rods are known from earlier non-Clovis contexts in North America, Asia and Europe as well

[71]. Blackwater Draw Locality 1 may hold the best archaeological example of Clovis point and

splint foreshaft use, represented in the mammoth block of Cotter’s 1936 excavation [25]. Likely

weapon elements were found with a small number of apparent butchering tools among the

bones of a single Columbian mammoth. Saunders and Daeschler [72] found that butchering

was done on some of the carcass after it had stiffened. However the presence of two complete

Clovis points and two complete bone rods seems a high rate of valuable tool loss for low inten-

sity scavenging. It is more likely that the Clovis points and beveled rods were left in wounds
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made during an unsuccessful hunt that occurred elsewhere, with the mammoth eventually

expiring at the draw. These artifacts may represent two splint-hafted Clovis pikes whose fore-

shafts collapsed and points receded during impalement. The weapon elements likely went

undiscovered by the hunters who later found the stiffened carcass at the water source and

butchered portions of it, including limbs and some rib areas. Haynes [59] notes that the depo-

sitional settings of natural death sites of modern African elephants are similar to the settings of

mammoth sites in North America, and Blackwater Draw is no exception. Taphonomic pro-

cesses may have dispersed one of the bone splint and biface pairs, while the close proximity of

the other fluted point and beveled rod suggests these are closer to their original position within

the partially butchered carcass.

Fracture patterns in Clovis points may also correspond to the proposed Clovis pike configu-

ration. Huckell [54:222] notes a high frequency of breakage of thrusting spear points. The

splint foreshaft/receding fluted point design may have addressed this problem. Damage reduc-

tion from slight receding (frame 2 in Fig 14) may have been intended, with the flute and lash-

ing keeping the point in alignment for continued penetration after minor impact cushioning.

According to Kilby et al. [53:9] there is a lower frequency of impact-fractured points at Clo-

vis kill sites than at post-Clovis kill sites. Eren et al. [48] argue that the low frequency of impact

fractures on Clovis points indicates they were not frequently used for hunting megafauna such

as proboscideans, and instead were used as butchering tools. We suggest the low frequency of

impact fractures may partly result from Clovis point use in a collapsing foreshaft configura-

tion. Further archaeological indication of reduced damage during Clovis point and splint fore-

shaft use may also appear in the findings of Buchanan et al. [73], who found that resharpening

was not a significant source of Clovis-point variation in points sourced to three prominent

Midwestern quarries.

Researchers often note the high degree of uniformity in Clovis point bases despite great var-

iability in biface size. As David Meltzer [69:305] writes, this implies “that the hafts were more

difficult or time-consuming to make, or the haft material was harder to come by.” The reason

may be that the weapon tip had to have a balance of tip sharpness needed for hide entry, blade

width and scalloping for maximum wound effect, tapering for deep impalement, and robusti-

city needed to maintain shaft integrity throughout impalement compression. Reliability and

durability through ongoing hunting of charging megafauna with a lithic pike may have

benefited from biface base characteristics enabling the receding mechanism in the splint fore-

shaft. The high quality, seasoned wood necessary for pike resilience means the shaft may have

been a bigger investment in time and energy than the Clovis point itself, so maintaining and

preserving it was critical. Use of high quality lithic material [74] for finely crafted lanceolate

fluted points would have also been a worthwhile investment, as the consequences of tip deflec-

tion at the hide entry stage are dire when the hunter is relying on the pike to stop charging

megafauna.

Although damage clearly from Clovis points is exceedingly rare on skeletal material [59],

we might expect such damage to be present where pike impact is more likely, such as the ante-

rior ribs for bear, lion, sabertooth and sloth, as these megafauna are more likely to have

charged or lunged forward. Modern elephants are known to sweep their tusks from side to

side in defense [22], which might allow two or more hunters to approach and set pikes sequen-

tially from opposite sides. Pike response to mammoth tusk sweep could explain the positioning

of points in the Naco mammoth as well [70, 75]. We might not expect to find archaeological

beveled rods immediately adjacent to Clovis points because of separation during detachment

and continued animal movement, but general proximity as seen at Blackwater Draw would be

expected in carcasses of animals that escaped hunters after an attack.
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Given that Native people were present in North America millennia before the appearance

of fluted points, why didn’t the Clovis innovation occur at an earlier time? The majority of

accounts of historical pike use involve charging megafauna, where the weapon is shown to be

highly effective. While many of these encounters were triggered by humans, circumstances

were very different during the Late Pleistocene, when megafauna were predominant. Small

group mobility may have been limited in this setting, particularly when resource stress brought

about shifts in prey choices and competition over kills among Arctodus, Smilodon and

Panthera. The Clovis innovation may have involved enhancement of existing unfluted braced

weaponry as a reliable, ready response to these changes, providing greater safety and hunting

success for highly mobile small groups.

5.3 Projectiles, thrust spears and pikes

The lithic pike weapon system would have had distinct advantages over thrust spears and pro-

jectiles in many encounters with Pleistocene megafauna that were generally faster moving and

much larger than humans. Pikes are shown to be especially effective at protecting the hunter

while critically injuring the confronted animal. The finely crafted biface and foreshaft with the

sturdy mainshaft can together convert the momentum of the moving bison or mammoth into

impalement (resistance force) that may be an order of magnitude greater than the penetrating

force of a spear thrust or launch. If the pike is securely braced, its force resistance is the same

whether it is wielded by a juvenile defending against Arctodus or an adult hunting a probosci-

dean, though deploying the lithic pike in many encounters would have necessitated enormous

skill and resolve acquired through experience. And while the pike’s major strength is in brac-

ing to receive a charge, when used as an extended thrusting spear its longer reach makes the

pike useful for spearing large animals while keeping a few steps further from moving tusks or

horns. Braced weapons can also be used to limit megafauna mobility to allow for well-placed

thrusts with additional pikes or spears, providing the time and safety needed for the post-dis-

advantaging coup de grace that thrusting weapons are well suited for [28].

According to Churchill, hunting with a hand-delivered thrust or thrown spear is dependent

on terrain for containing prey (i.e. disadvantaging), while the atlatl-thrown dart requires less

dependence on terrain due to its greater range. He notes “[T]he effective exploitation of a wide

range of terrestrial mammals characteristic of modern humans occurred after the advent of

efficient projectile weapons [28:11].” Similarly Binford [76] saw prey selection as dependent

on the ability of humans to overtake game with speed, launched weapons, corralling, or the ele-

ment of surprise (Binford 1984). These findings have been influential in Clovis studies, where

disadvantaging containment in wetlands or other terrain settings is often seen as necessary to

reduce megafauna prey mobility for spear use. However the ethnohistorical information we

have presented on braced weapon use demonstrates that the behavior of several megafauna

taxa can be influenced toward aggressiveness sufficient for the animal to charge or lunge at the

hunter, setting the stage for effective pike use as we have proposed with our Clovis pike model.

The pike is similarly effective against megafauna predators that may be aggressive toward

humans because they see humans as prey or as their competitors. Disadvantaging megafauna

prey or predators by triggering their charge eliminates the spear’s constraint of dependence on

terrain, with important implications for the evolution of social hunting.

Lastly, being larger and heavier than most thrown or thrust spears, pikes take up a larger

portion of a portable toolkit, and pike shaft harvest and seasoning may be more time consum-

ing than for smaller weapons. This may have been made up for if pike shaft use manifested the

multifunctionality of Clovis weaponry that researchers often emphasize [48, 77]. Pike shafts

are often long enough and stout enough to serve as small tipi poles, with implications for hide

PLOS ONE Clovis points and foreshafts under braced weapon compression: Modeling Pleistocene megafauna encounters

PLOS ONE | https://doi.org/10.1371/journal.pone.0307996 August 21, 2024 23 / 27

https://doi.org/10.1371/journal.pone.0307996


shelter [43:9] and fire maintenance among highly mobile indigenous groups in open country.

This and other pole uses (travois, tanning racks etc.) would mean carried pike shafts could be

useful during the wood seasoning period [17:324] necessary for shaft resilience prior to pike

deployment, particularly in grasslands of central and western North America, where wood for

structures may not be readily available at short term camps. Adzes identified at several Clovis

sites [3, 78:139] would have been suitable for shaping these multipurpose staves.

5.4 Conclusions

The Clovis pike may have been an innovation in weapon technology especially suited to highly

mobile small hunter-gatherer groups encountering numerous megafauna species during a

period of massive environmental change in Late Pleistocene North America. Fluted point use

did not outlast megafaunal extinctions by many generations. Yet ethnohistorical records dem-

onstrate that braced piercing weapons were in use thousands of years later in North America

and on other continents, and unfluted pikes could have been used prior to the Late Pleistocene.

As archaeologists move forward with research on braced weapons we may find that Clovis

technology provides valuable insight into other braced weapon strategies that were perhaps

somewhat common during the Paleolithic, given millennia of coexistence between humans

and now extinct megafauna. The possibility of lithic points and osseous rods as pike tip ele-

ments offers new perspective on the dimensions of social hunting and human interaction with

megafauna in the Pleistocene.
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