core requires a temperature exceeding ~1200 K
(29), so assuming conductive cooling (23), the
pallasites we have investigated were in the top
~60% of the protoplanet mantle. Cooling rates at
800 K (the diffusion temperature of taenite) in
this depth range in a 200-km-radius body match
estimated pallasite metal cooling rates (28) of 2 to
9 K per million years (Fig. 3). Conversely, in a
larger 600-km-radius body the pallasites would
have to have resided in the near-surface megaregolith, which is inconsistent with their unshocked
state, whereas in a smaller 100-km-radius body,
the cooling rate is too fast (Fig. 3). Compositional
convection in the core (14) can drive the dynamo,
and impacts can provide additional short-term
stirring (30). For a 200-km-radius body, pressure
effects on the magnetization are likely minor (23).
These conclusions on parent body size assume the
pallasites were not remagnetized during impact
heating subsequent to the olive-metal mixing
event. If such reheating occurred, parent bodies
ranging from 100- to 200-km radius could satisfy
the data, and the pallasites could have formed
deeper in the parent body, within 10% of the
core-mantle boundary. However, we view this as
improbable because such reheating is inconsistent with the low observed pallasite shock state (23).
The factor of ~2 difference between Esquel
and Imilac paleointensity estimates could indicate different positions within the protoplanet. For
instance, the Esquel and Imilac meteorites could
have resided at original depths of 40 km and
10 km, respectively, within a 200-km-radius body,
assuming a dipolar field. In this case, the Curie
isotherm of taenite would be reached at 180 million and 52 million years after the body formed
for the Esquel and Imilac pallasites, respectively
(Fig. 3). The heat fluxes at the core at these times
are 33 and 0.8 mW m−2, respectively; the former
at least is sufficient to drive a dynamo if compositional convection occurs (14). However, the
paleointensity difference could also be explained
by a smaller difference in original depth com-

bined with a time-dependent dynamo field. In
any event, generation of a strong, magnetic field
by a dynamo at least several tens of millions of
years after olivine/metal mixing is required by
our data.
We recall that the pallasite metal is Ir poor,
implicating a fractionated source. This requirement together with the likely position of the pallasites in the protoplanet and the time constraints
on when the dynamo was active suggest that the
pallasite metal was derived from the liquid iron
core of a differentiated asteroid impactor (fig. S7)
that struck before the Curie isotherm was reached.
The metal could have been introduced into a
dunite mantle as dike-like intrusions, similar to
impact melt dikes seen in terrestrial impact structures (31). This mechanism provides a solution to
the pallasite paradox because dikes propagating
through relatively cold olivine will undergo an initial phase of rapid cooling, freezing in the olivinemetal pallasite structure, before cooling through
the taenite Curie temperature. The differentiated
pallasite parent body may have been formed in
the terrestrial planet-forming zone (32). If so, the
timing of dynamo action suggests that the pallasite protoplanet was one of the few, late survivors in this zone before a cataclysmic collision
that scattered pallasite fragments from a position
closer to the Sun outward to the asteroid belt.
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Evidence for Early Hafted
Hunting Technology
Jayne Wilkins,1* Benjamin J. Schoville,2 Kyle S. Brown,2,3 Michael Chazan1
Hafting stone points to spears was an important advance in weaponry for early humans. Multiple lines
of evidence indicate that ~500,000-year-old stone points from the archaeological site of Kathu Pan
1 (KP1), South Africa, functioned as spear tips. KP1 points exhibit fracture types diagnostic of impact.
Modification near the base of some points is consistent with hafting. Experimental and metric data
indicate that the points could function well as spear tips. Shape analysis demonstrates that the smaller
retouched points are as symmetrical as larger retouched points, which fits expectations for spear tips.
The distribution of edge damage is similar to that in an experimental sample of spear tips and is
inconsistent with expectations for cutting or scraping tools. Thus, early humans were manufacturing
hafted multicomponent tools ~200,000 years earlier than previously thought.
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last common ancestor, commonly held to be
Homo heidelbergensis (1, 2). The fossil record
for H. heidelbergensis begins during the early
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Middle Pleistocene, and genetic studies situate the divergence of H. sapiens and Neandertal
lineages at between ~800 and 400 thousand years
ago (ka) (3). Because Middle Stone Age (MSA)
hominins and Neandertals probably both had
stone-tipped hunting equipment, it is possible that
H. heidelbergensis also possessed this form of
technology.
By ~780 ka, hominins were regularly killing
large game, based on evidence of repeated in situ
processing of complete carcasses of fallow deer at
Gesher Benot Ya’kov in Israel (4). At the English
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cores, and handaxes (21–23). The Fauresmith is
generally considered a late ESA, early MSA, or
transitional industry. Two chronometric methods
situate the KP1 stratum 4a lithic assemblage in
the early Middle Pleistocene ~500 ka, coeval with
H. heidelbergensis (25) and the genetic divergence of H. sapiens and Neandertals (3). When
dated with optically stimulated luminescence
(OSL), a sample taken from sediments in direct
association with stratum 4a lithic artifacts gives
an age estimate of 464 T 47 ka, and an Equus
capensis tooth recovered adjacent to the OSL
sample gives a U-series/ESR age of 542þ140
−107 ka
(23, 26). Stratum 4a is truncated at the top by a
sharp contact with overlying stratum 3 (26). An
OSL sample from stratum 3, which yields MSA
artifacts, gives an age estimate of 291 T 45 ka
and provides additional chronological control
for stratum 4a (23).
The stratum 4a assemblage contains numerous unifacially retouched points (Fig. 1 and fig.

Fig. 1. (A to M) A sample of KP1 complete retouched points. All are banded ironstone except (A) and (C)
(black chert). Additional points are presented in figs. S3 and S4.
www.sciencemag.org
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S3) and nonretouched triangular flakes and blades
(fig. S4). The analyzed sample from four square
units of KP1 contains 210 points and point fragments (26) (table S1). Most of these points are
manufactured on banded ironstone and range from
28 to 123 mm in maximum length (mean = 70 T
1.8 mm, table S2).
Some of the KP1 points have fractured tips,
bases, or lateral edges, known as diagnostic impact fractures (DIFs) (Fig. 2, A to D). Similar
features are seen in experiments in which weapon
tips strike targets (27). Finding such fractures
archaeologically implies that the points were
used as weapon tips (11, 18, 20, 28–31). Similarappearing fractures can result from post-depositional
processes, although their frequency within assemblages is low (32). The frequency of KP1
points with DIFs is 13.8% [29 out of 210 (29/210),
95% confidence interval 9.8 to 19.2%], which is
higher than expected for post-depositional processes (Fig. 2E, c2 = 45.532, df = 1, P < 0.001)
and consistent with frequencies observed in wellestablished weapon tips from Holocene residential sites (Fig. 2E, c2 = 1.337, df = 1, P = 0.287).
Impact experiments with similar points made of
banded ironstone also exhibit these diagnostic
fractures (8/32, 25.0%) (26).
About 13.0% (23/177, excluding distal fragments) of the KP1 points (fig. S5) show evidence
of modifications near their bases. Typically, between two and seven flakes were removed from
the base of each basal-modified KP1 point. This
working could reflect intentional removals to
shape the point to allow hafting. The frequency of
basal modification is similar to those reported for
MSA assemblages with evidence for hafted spear
tips (20, 33).
To test the feasibility of KP1 points as spear
tips, we reproduced points from the same raw
material as most of the KP1 points (banded ironstone) and hafted them onto wooden dowels. We
then thrust them into two culled springbok carcasses, using a calibrated crossbow to simulate a
thrusting spear and keep force consistent (26).
These points performed well and adequately penetrated the target. Most of the 32 replicated points
had to be shot multiple times before exhibiting
any visible damage, and only two trials resulted
in catastrophic damage that prevented the reuse
of the points (table S5).
Overall, the sizes of the KP1 points are similar to those of MSA hafted points. The tip crosssectional perimeter (TCSP) has been used to
approximate the size of the wound that would
be created by points (17). KP1 points have TCSP
values slightly larger than but overlapping with
those of MSA points that have been interpreted
as spear tips (Fig. 3A). KP1 points are much larger
than arrow or dart tips.
Stone tools used for cutting become less symmetrical as one edge is preferentially resharpened;
thus, small points are expected to be less symmetrical than large points in an archaeological
assemblage of points used mainly as cutting or
scraping tools (34). In contrast, spear tips are
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site of Boxgrove, a horse scapula with a semicircular perforation is consistent with spear-aided
hunting by ~500 ka (5). Wooden spears dating
to ~400 ka have been found in association with
butchered horses at Schöningen, Germany (6).
Hafted spear tips appear to be common in the
MSA and Middle Paleolithic (MP) sites of Europe and Africa after ~300 ka (7–20).
Here, we analyze lithic points recovered from
stratum 4a at Kathu Pan 1 (KP1) in South Africa
and show that these points were likely hafted
onto the ends of spears. KP1 is located 4.5 km
northwest of the town of Kathu, just west of the
Kuruman Hills in the Northern Cape Province
(fig. S1). The site is an infilled sinkhole with
more than 5 m of Earlier Stone Age (ESA), MSA,
and Later Stone Age (LSA) deposits identified in
five geological strata (21–24).
Stratum 4a yields lithic artifacts that have been
attributed to the Fauresmith Industry, based on the
co-occurrence of blades, unifacial points, Levallois
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Fig. 2. (A and B) Distal step-terminating bending fractures on ventral surfaces
of complete nonretouched convergent blades, banded ironstone. (C) Distal
impact burination on ventral surface of a complete nonretouched convergent
flake, banded ironstone. (D) Distal impact burination on ventral surface of

complete nonretouched convergent blade, banded ironstone. (E) Comparison
of DIF frequencies (95% confidence intervals) at Holocene kill and habitation
sites with well-established weapon tips (11, 27, 28, 36), experimental weapon
tip studies (10, 27, 37–40), trampling experiments (32, 41), and KP1.

Fig. 3. (A) Box-plot comparison of published TCSP
values for ethnographic arrowheads and darts (17), experimental spear tips (this
study), MSA points from
Klasies River Mouth (KRM),
various South African Still
Bay sites and Still Bay levels
at Blombos Cave (17), and
KP1 points (this study). (B)
Box plot of principal component 2 (PC2) from the relative
warps analysis (26) for four
size groups (based on maximum length) of approximately equal sample size for all
retouched KP1 points (n = 69). Size group
one includes points 41.3 to 56.6 mm; size
group two, 57.4 to 68.7 mm; size group
three, 68.8 to 82.5 mm; and size group four,
82.8 to 117.8 mm. On the y axis, a value of
zero represents symmetry, and a value further
from zero represents decreased symmetry.
expected to be symmetrical regardless of size
(26). There are no significant differences in the
symmetry (analysis of variance, F = 0.197, P =
0.898) or variance (Levene’s test, P = 0.236) of
KP1 points grouped by size (Fig. 3B). Small retouched points are as symmetrical as large retouched points.
The distribution of damage along the edges
of the KP1 points further supports their use as
spear tips (Fig. 4). Using a low-powered micro-
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scope, we recorded the macroscopic edge damage that was evident on all complete points (26).
Edge damage was more frequent at point tips
than along point edges, and distributions were
similar between left and right sides (Fig. 4A).
Taphonomic processes can be ruled out as the
sole source of damage on the KP1 points. Postpatination scars, which are easily identified (fig.
S8D), reflect damage not related to use of the
points and occur as frequently on point edges as
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point tips (Fig. 4B). In aggregate, the damage
along the dorsal surface of the KP1 points was
similar to the distributions of post-patination
scars [two-sample Kolmogorov-Smirnov tests
(D, Kolmogorov-Smirnov statistic) were used for
all comparisons of damage distribution; left,
Dmax = 0.060, Dobs = 0.039, P > 0.05; right,
Dmax = 0.068, Dobs = 0.036, P > 0.05], whereas
the damage along the ventral surface was different (left, Dmax = 0.060, Dobs = 0.087, P < 0.05;
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Fig. 4. Comparison of ventral edge damage distributions. (A) Complete KP1
points (n = 106). (B) Post-patination damage on complete KP1 points (n =
106), serving as proxy for post-depositional processes. (C) PP13B complete

right, Dmax = 0.060, Dobs = 0.114, P < 0.05).
Therefore, we focused on the ventral edge damage to test hypotheses about the function of KP1
points.
Ventral edge damage on the KP1 points is
inconsistent with published edge damage on points
from the MSA site Pinnacle Point Cave 13B
(PP13B) in South Africa, which have been interpreted as cutting tools (35). At PP13B, there is no
increase in damage at the tip (Fig. 4C), and the
ventral left and right sides have statistically different damage distributions (Dmax = 0.072, Dobs =
0.112, P < 0.05). In contrast, the KP1 points exhibit increased damage at the tip, and the ventral
left and right sides of the KP1 points are not
statistically different (Dmax = 0.0613, Dobs = 0.0610,
P > 0.05).
The KP1 edge damage distribution is consistent with spear tip expectations derived from our
experimental sample of 32 replicated points (26).
The experimental points exhibited increased damage at the tips (Fig. 4D), and the left and right
sides were not statistically different (Dmax = 0.106,
Dobs = 0.084, P > 0.05).
Multiple lines of evidence thus support the
hypothesis that the KP1 points were used as spear
tips. Evidence for hafted hunting technologies
~500 ka is consistent with the evidence that both

points, whose cutting function is inferred (n = 86). (D) Experimental spear tips
(n = 32). (E) Consensus shape of KP1 points based on geometric morphometric analysis (26).

Neandertals and MSA hominins used hafted hunting tools and implies that this knowledge was also
held by their common ancestor.
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World governments have committed to halting human-induced extinctions and safeguarding
important sites for biodiversity by 2020, but the financial costs of meeting these targets are
largely unknown. We estimate the cost of reducing the extinction risk of all globally threatened
bird species (by ≥1 International Union for Conservation of Nature Red List category) to be
U.S. $0.875 to $1.23 billion annually over the next decade, of which 12% is currently funded.
Incorporating threatened nonavian species increases this total to U.S. $3.41 to $4.76 billion
annually. We estimate that protecting and effectively managing all terrestrial sites of global
avian conservation significance (11,731 Important Bird Areas) would cost U.S. $65.1 billion
annually. Adding sites for other taxa increases this to U.S. $76.1 billion annually. Meeting
these targets will require conservation funding to increase by at least an order of magnitude.
fter the failure of previous global commitments to reduce the rate of loss of
biodiversity (1), parties to the Convention
on Biological Diversity (CBD) recently adopted
a new strategic plan, including 20 targets to be
met by 2020 (2). Negotiations on financing the
plan are not yet resolved, partly for lack of information on financial costs. We used data on
birds, the best known class of organisms, to assess
the financial costs of meeting two of the targets
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relating to conserving species and sites: (i) preventing the extinction of known threatened species
and improving and sustaining their conservation
status (Target 12) and (ii) effectively managing
and expanding protected areas to cover 17% of
terrestrial and inland water areas (and 10% of
coastal and marine areas), “especially areas of particular importance for biodiversity” (Target 11)
(2). These two targets align closely with the existing focus of much of the conservation sector;
they are also among the most immediately urgent,
involving discrete actions amenable to costing.
To assess the costs of species conservation,
we sampled 211 globally threatened bird species
[19% of all threatened bird species on the International Union for Conservation of Nature
(IUCN) Red List (3)]. We asked experts on each
species to estimate (i) recent expenditure on conservation actions, and (ii) a range of costs for
conservation actions needed to achieve the minimum improvement in status necessary to reclassify (“downlist”) each species to the next lowest
category of extinction risk on the Red List (e.g.,
from Critically Endangered to Endangered). We
modeled midrange cost estimates as a function of
breeding distribution extent, degree of forest dependence, mean Gross Domestic Product per km2
of breeding range states, and mean Purchasing
Power Parity of breeding range states, and we
used this model to estimate costs for all other
globally threatened bird species (4) (fig. S1).
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The median modeled annual cost per species
for conservation actions required to achieve downlisting within 10 years was U.S. $0.848 million
(range: U.S. $0.0387 to $8.96 million; all values
adjusted to 2012 U.S. $) (Fig. 1A and table S1).
This compares with a median of U.S. $0.219 million annually [range: U.S. $0.001 to $4.82 million,
standardized to the same 10-year period and adjusted for inflation (4)] for 25 threatened species
that were successfully downlisted during 1988–
2008 because of genuine improvements in their
status (i.e., directly resulting from conservation
interventions) (5) (table S2). Costs for all but one
of these species fell within the range of our sample of estimated costs (Fig. 1A), although the
median was significantly lower [analysis of variance (ANOVA) of natural log–transformed values:
F1, 259 = 7.4, P < 0.01]. This may simply be because conservationists often prioritize species with
more tractable conservation needs (6) or because,
relative to all globally threatened birds, a disproportionate number of those 25 species are found
on oceanic islands (76 versus 35%; c2 = 16.2323,
df = 1, P < 0.001), thus tending to have smaller
ranges and hence lower costs.
Assuming that the actions required for each
species are independent, we estimate the total
costs of downlisting 1115 globally threatened bird
species to be U.S. $1.23 billion (U.S. $0.975 to
$1.56 billion) annually over the next decade, excluding the costs of at-sea actions (4) (table S3).
The estimated cost per species is <U.S. $3 million annually for 95% of species (<U.S. $1 million annually for 50%), and is lower for species
in higher categories of extinction risk (Fig. 1B,
ANOVA, F2, 1112 = 74.4, P < 0.0001) because
they generally have smaller distributions. However, most costs are for actions (e.g., site protection) that will probably benefit other species
whose distributions overlap; only 20% are for
species-specific actions such as captive breeding.
We therefore attempted to estimate the effects of
such cost-sharing through a spatial analysis (4),
which produced a revised minimum total of U.S.
$0.875 billion annually, of which U.S. $0.379 to
$0.614 billion (43 to 49%) is needed in lowerincome countries [low- and lower-middle–income
countries as classified by The World Bank (4)]:
those with greatest need for funding assistance
(Table 1 and Figs. 2 and 3).
Investment of such sums does not guarantee
success, as multiple factors (both deterministic
and stochastic) may influence conservation outcomes (7, 8). Furthermore, many of these species will almost certainly require continued (and
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