
Contents lists available at ScienceDirect

Journal of Archaeological Science: Reports

journal homepage: www.elsevier.com/locate/jasrep

Spatiotemporal diversification of projectile point types in western North
America over 13,000 years

Marcus J. Hamiltona,b,⁎, Briggs Buchananc, Robert S. Walkerd

a Department of Anthropology, University of Texas at San Antonio, San Antonio, TX, United States of America
b Santa Fe Institute, 1399 Hyde Park Road, Santa Fe, NM, United States of America
c Department of Anthropology, University of Tulsa, Tulsa, OK, United States of America
dDepartment of Anthropology, University of Missouri, Columbia, MO, United States of America

A R T I C L E I N F O

Keywords:
Diversity
Branching process
Stone tools
Projectile points
Western North America

A B S T R A C T

North America was initially colonized by humans during the late Pleistocene, and over the course of the
Holocene material culture diversified as local populations adapted to regional environments. However, to date,
while anthropologists and archaeologists have long been interested in diversity, little is known of the process of
diversification over space and time. Here, we focus on the diversification of the archaeological record of western
North America over 13,000 years. By compiling time series of projectile point types and their spatial distribution,
we quantify the empirical record of diversification in this region. Our results show that projectile point diversity
increases exponentially over time, consistent with a simple evolutionary branching process. The spatial extent of
projectile points decreases exponentially over time at a similar rate. Therefore, the evolutionary diversification
of projectile point types in western North America is a fractal-like space-filling process, likely reflecting in-
creasingly localized adaptations to regional environments and a consequent reduction in the spatial extent of
cultural networks.

1. Introduction

Understanding diversity and diversification lies at the heart of
evolutionary approaches to science. Mathematically, diversification is
best modeled as an evolutionary branching process (Karlin, 2014;
Kimmel and Axelrod, 2016) where ancestral forms diverge over time in
response to the interaction of internal dynamics and external stimuli
resulting in the origination of descendent forms, be they biological
species or human cultural traits (Henrich and McElreath, 2003; Maffi,
2005; Nettle, 1999; Nunn, 2011). As the human species expanded its
range out of Africa, human socioeconomies diversified as populations
encountered and adapted to new environments (Hiscock, 2013). Cou-
pled with global-scale climate changes at the end of the Pleistocene,
regional technological adaptations led to the modification of ecosys-
tems (i.e., niche construction) that created coevolutionary feedbacks
between human populations, their technologies and their environ-
ments. In several places around the planet these coevolutionary feed-
back loops resulted in the increased management and the eventual
domestication of plants and animals (Bellwood, 2005). As a result,
human cultures, socioeconomies, and social complexity diversified
worldwide over time as local adaptations, and their diffusion (Bailey

et al., 2012; Bellwood and Renfrew, 2002; Diamond and Bellwood,
2003), led to novel technological, economic, and cultural innovations
creating spatiotemporal patterning in the archaeological record.

Social scientists have long been interested in quantifying human
cultural diversity. Since the mid-1990s anthropologists have sought to
understand the global biogeographic structure of linguistic diversity
(Axelsen and Manrubia, 2014; Cashdan, 2001; Collard and Foley, 2002;
Currie and Mace, 2012; Gavin et al., 2013; Mace and Pagel, 1995;
Maffi, 2005; Nettle, 1999). Similar research has explored ethnic
(Ahlerup and Olsson, 2012; Burnside et al., 2012; Cashdan, 2001;
Michalopoulos, 2012; Pagel and Mace, 2004), economic (Kummu and
Varis, 2011), sociopolitical (Currie and Mace, 2009; Turchin et al.,
2018), and mythological diversity (Berezkin, 2005, 2009). Phylogenetic
approaches are commonly employed to reconstruct the evolutionary
diversification of languages (Atkinson, 2011; Bouckaert et al., 2012;
Gray and Atkinson, 2003; Greenhill et al., 2010; Grollemund et al.,
2015; Pagel et al., 2007), sociopolitical complexity (Currie et al., 2010,
2013; Walker and Hamilton, 2011), mythologies (d'Huy, 2013a, 2013b,
2013c) and folktales (Da Silva and Tehrani, 2016; Pagel, 2016; Tehrani,
2013).

Others have measured the pace of cultural evolution using
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archaeological data by quantifying rates of change in artifact form over
time (Perreault, 2012). Researchers studying the evolutionary diversi-
fication of stone tool technologies, for example, often use morphometric
cladistic approaches to measure rates of change in continuous measures
of shape, as opposed to the discrete traits required by phylogenetics
(Buchanan, 2006; Buchanan et al., 2011; Buchanan and Collard, 2010a,
2010b; Buchanan and Hamilton, 2009; Costa, 2010; Eren and Lycett,
2012; Iovita, 2011; Iovita and McPherron, 2011; Lyman et al., 2008,
2009; Lyman and O'Brien, 2000; Mesoudi and O'Brien, 2008a, 2008b;
O'Brien et al., 2001, 2002; Thulman, 2012). The resulting evolutionary
structure gives insight into the processes of innovation, selection, and
drift in the diversification process. Approaches that explicitly consider
the spatiotemporal diffusion of technologies and populations use geo-
located radiocarbon databases. Here, population expansions, or the
diffusion of innovations, are traced through spatiotemporal gradients in
the radiocarbon record (Cavalli-Sforza et al., 1993; Collard et al., 2010;
Fort, 2012; Fort et al., 2004; Hamilton and Buchanan, 2007, 2010;
Pinhasi et al., 2005).

In this paper, we focus on the diversification of stone tool technol-
ogies in North America from the initial colonization by humans in the
late Pleistocene through the Holocene. Specifically, we examine the
spatiotemporal diversification of projectile point types in western North
America over a period of about 13,000 years. While the specific timing
and nature of the initial colonization of the Americas is an area of active
debate (Braje et al., 2017, 2018; Potter et al., 2017, 2018), most experts
agree that late Paleolithic hunter-gatherer populations from northeast
Asia entered North America via the Bering Land Bridge, first appearing
in western Alaska sometime during the late Pleistocene (Hamilton and
Buchanan, 2010; Madsen, 2004; Meltzer, 2009). A small founding po-
pulation later entered the North American continent south of the ice
sheets and rapidly expanded across the continent (Hamilton and
Buchanan, 2007). Both the genetic and archaeological records show
that this small founding population exhibited low levels of diversity.
However, recent research shows that early Paleoindian populations had
already diversified into distinct, spatially discrete regional variants
across North America by ~12,000 cal BP (Buchanan et al., 2016a).
Moreover, this diversification suggests an adaptive radiation as regional
variation in stone tool technologies and projectile point shapes corre-
late with regional variation in the body size spectrum of major mam-
malian prey species (Buchanan et al., 2011).

We chose western North America as our study region as there are
various data sets available with which to study diversification over
time. First, we summarize the available data. Second, we analyze pro-
jectile point type diversification over time. Third, we analyze projectile
point type diversification over space. Fourth, we then consider the
spatiotemporal dynamics in relation to population growth and regional
climate changes over the study period. We also address potential
sampling bias in the identification of projectile point types over dif-
ferent time periods.

2. Results

2.1. Data

2.1.1. Projectile point types
We extracted data from Justice's projectile point typologies of the

US Southwest (Justice, 2002a), and California and the Great Basin
(Justice, 2002b). For each projectile point type, we recorded maximum
date (origination) and minimum date (extinction) (Fig. 1), and cali-
brated them using the calpal Intcal 13 calibration curve (Danzeglocke,
2018). We then digitized the projectile point distribution maps for each
type (where available) built shape files of their spatial distribution and
measured the areas in a GIS (Fig. 2). The database is available in the
Supplementary Material. Fig. 3A shows the probability distribution of
projectile point types in 1000-year bins.

2.1.2. Relative population size estimates
We used the CARD database (Gajewski et al., 2011) to generate a

proxy timeseries of relative population sizes using radiocarbon dates
from the region covered by the Justice data. This included data from
Arizona, New Mexico, California, Idaho, Colorado, Utah, Nevada, and
Oregon (Fig. 3B). From the CARD data we used only those dates from
archaeological contexts, (n=17,360). These dates were then calibrated
using the calpal Intcal 13 curve (Danzeglocke, 2018). We then created
the time series by binning the total number of dates in 1000-year in-
crements (Fig. 4A, blue data points). We employed a simple taphonomic
correction to these data, based on a method described by Surovell and
colleagues (Surovell et al., 2009; Surovell and Brantingham, 2007). We
fitted an exponential decay model to the Bryson et al. database (Bryson
et al., 2006) of dated volcanic eruptions over the last 14,000 years. The
model has the form y(t)= ce−βt and provides a good fit to the data
(regression: r2= 0.96, β1= 0.16, p < 0.0001, Fig. 4B). We adjust the
CARD relative population estimates by multiplying the binned data
through by the taphonomic decay curve (Fig. 4A, black data points).

2.2. Projectile point type diversity through time

Fig. 5A shows the cumulative origination rate of projectile point
types over time. In effect, this measures the accumulation rate, or ap-
pearance of new projectile point types in the archaeological record. The
rate of increase is well-fit by an exponential function, indicating a
constant growth rate of 28% per millennia (2.8× 10−4yr−1), or new
projectile point types appear every 343 years over the 13,000 years in
our sample window. Fig. 5B show the cumulative extinction of pro-
jectile point types, marking the rate at which projectile point types are
no longer manufactured after their initial appearance. Similarly, this
extinction process is also well-fit by an exponential function, indicating
that extinction rates are 30% every millennium (3.0×10−4yr−1). The
diversity of projectile points, D(t) used at any one time is D(t)= S
(t)− E(t− 1); the net difference between cumulative origination and
extinction rates. Fig. 5C shows the time series of projectile point type
diversity is also well-fit by an exponential function with a diversifica-
tion rate of 24% each millennium (2.4× 10−4yr−1), such that the
evolution of projectile point type diversity over time is a constant
branching process resulting from constant -and similar- rates of origi-
nation and extinction.

2.3. Projectile point type longevity

Fig. 6 shows that projectile point type longevity varies over time,
first increasing, then decreasing. To estimate rates of change and the
inflection point we fit a piecewise regression model to the logged data
(2 segment piecewise regression: r2= 0.79, p < 0.0001). Results show
that projectile point type longevity increases slowly over the first
10,000 years at a rate of about 8% per millennia, peaking at 3216 BP
(2839–3683 BP, 95% C.I.) and then decreasing rapidly over the late
Holocene at a rate of about 80% per millennia.

2.4. Projectile point type diversity in space

Fig. 7A shows that the spatial extent of projectile point types de-
creases exponentially toward the present at a rate of 30% per millen-
nium (3.0×10−4yr−1), similar to the rate at which projectile point
type diversity increases with time (Fig. 5C). Fig. 7B shows a slight
positive relationship between area and longevity, but the slope is not
statistically different from 0, and the amount of variation explained is
low (r2= 0.04). Therefore, the spatial extent of projectile point types is
independent of longevity.

Because diversity increases at a similar exponential rate to the rate
at which spatial extent decreases, projectile point diversification is a
space-filling process, where each new projectile point type occupies a
constant fraction of the area of its ancestral type (Fig. 8).
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Fig. 1. The calibrated age ranges of western North American projectile point types used in this paper (n=93), sorted top to bottom by average calibrated age.
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2.5. Relative population size

Using the taphonomically-corrected radiocarbon record as an in-
direct measure of relative population size through time, a regression fit

estimates an exponential growth rate of 18% per thousand years, or an
annual growth rate of 0.0018%. This slow growth rate suggests that
human populations were near carrying capacity (i.e., dN/dt=0) over
most of human prehistory in the region (see Hamilton and Walker,

Fig. 2. Maps of the spatial extent of projectile point
type shape files in the study region over time. Pink
polygons are the distributions of individual point
types. A) 13,000–10,000 BP; B) 9000–7000 BP; C)
6000–4000 BP; D)< 3000 BP. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Probability distributions of projectile point type diversity (A) and CARD estimates (B) over time. A Mann-Whitney test shows no significant difference
between the two distributions (Mann-Whitney: P=0.346).

Fig. 4. Relative population size and taphonomic correc-
tion curve over time. A) Blue data points are raw CARD
data estimates, and the black data points are the tapho-
nomically-corrected relative population size estimates. B)
The taphonomic correction curve (the number of dated
volcanic events over time) modeled as an exponential
decay process. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)
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2018).
Fig. 9A shows that projectile point type longevity, L, decreases with

population size, N, as L(N)∝N−0.45. This means that the projectile
point type replacement rate, 1/L, increases with population size R
(N)∝N−0.55. Therefore, the turnover of projectile point types through
time increases with population size. Similarly, Fig. 9B shows that pro-
jectile point type, diversity D, increases with population size as D
(L)∝N1.16, a superlinear rate. Therefore, both projectile point type
turnover and diversity increase through time as functions of population
size, though diversity increases at twice the rate of turnover.

2.5.1. Paleoclimates
We used average July temperature estimates derived from pollen

counts reported in Viau et al. (2006). Viau et al. provide temperature
records for six regions of North America in 100-year increments over
14,000 years using calibrated dates. We used the southwest record and
took average temperatures by binning the data into 1000-year incre-
ments. Fig. 10A shows the time series of reconstructed average July
temperatures over 14,000 years. Initially, temperatures drop pre-
cipitously over the late Pleistocene until ~11,000 BP, thereafter in-
creasing linearly toward the present. We average the temperature data
across 1000-year bins and plot them with population size in Fig. 10B,
and diversity in Fig. 10C. Fig. 10B shows that while population size
increases with temperature over time, the relationship is not statisti-
cally significant at the 0.05% confidence level. Similarly, Fig. 10C
shows that projectile point type diversity also increases with tempera-
ture through time, but at a non-significant rate. However, if we exclude
the outlier along the x-axis (which is the earliest data point, 14,000 cal
BP), the relationship between diversity and temperature becomes
highly significant (Fig. 9C, dashed line), showing D(T)= ce0.48T.

Fig. 5. Origination, extinction, and diversity of projectile point types through time. A) Cumulative origination of projectile point types over time. B) Cumulative
extinction of projectile point types over time. C) Net diversity of projectile point types over time (i.e., diversity(t)= origination(t) – extinction(t-1)).

Fig. 6. Projectile point type longevity through time. The red line is 2-segment
piecewise regression model (r2= 0.79, tcrit=3.216(dotted line)). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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3. Discussion

Our results describe a complex diversification process where, fol-
lowing the initial human colonization of North America and expansion
throughout western North America over the late Pleistocene, as tem-
peratures increased over the Holocene, populations grew, innovated,
and subdivided into increasingly localized subpopulations. Projectile
point diversity consequently increased in proportion to population size,
as did the replacement rates of projectile point types.

Cultural diversification of any kind is a 2-dimensional evolutionary
process occurring simultaneously in time and space. The results we
provide here give insights into how this spatiotemporal diversification
process works in material culture. Our results show that projectile point
type diversity increases exponentially over time consistent with a
evolutionary branching process. Moreover, the spatial extent of pro-
jectile point types decreases exponentially over time. Because diversity
increases with time as, as D(t)= ceαt, and area decreases with time as
A(t)= ce−βt, we can rearrange to express spatial extent, A, as a function
of diversity D, yielding A(D)∝D−γ, γ= α/β=1.25. Therefore, the
evolutionary diversification of projectile point types is a space-filling,
branching process described by a power law with an exponent of
−1.25. As the human population grew in size and expanded in space,
subpopulations diversified into increasingly localized regional sub-
groups at a constant rate, likely reflecting increasingly specific adap-
tations to local landscapes and resources.

The evolution of projectile point type longevity over time is parti-
cularly interesting. Fig. 6 shows that projectile point type longevity
increases at a slow but exponential rate for about the first 10,000 years
of prehistory in the region, until ~3200 BP. After this inflection point,
longevities begin to decrease rapidly toward the present. There are
several ways of interpreting this pattern. If projectile point type long-
evity reflects the strength of stabilizing selection on projectile point

form, then stabilizing selection increases exponentially (albeit slowly)
for the first 10,000 years of prehistory in western North America. If so,
this suggests that each new type was an increasingly successful solution
finely engineered to meet its specific technological role, resulting in a
slow but steady increase in longevity over time. As such, under this
scenario, innovations are adaptive solutions. The reversal in longevity
after ~3200 cal BP would then imply that in the later Archaic projectile
point longevity is no longer under stabilizing selection and projectile
point forms are replaced at an increasingly frequent rate. If so, this
might suggest a greater emphasis on trial-and-error learning. An al-
ternative interpretation is suggested by Fig. 9A where projectile point
longevities decrease with population size (or the inverse; replacement
rates increase with population size). Under this scenario the reversal of
projectile point longevities around 3200 cal BP is a function of a change
in population growth rate at this time. Indeed, Fig. 4A seems to show
increasing population growth toward the present.

Interestingly, the inflection point also coincides with the end of
complex global-level climate changes in the mid-Holocene (Bond et al.,
1997; Marsicek et al., 2018; Rehfeld et al., 2018; Steig, 1999; Viau
et al., 2006; Wanner et al., 2008). During this period, most of western
North America experienced extensive hyper-aridity (Dean et al., 1996),
though increased monsoonal activity may have led to greater-than-
present levels of precipitation in the Southwest (Harrison et al., 2003),
with climates approaching present day-like conditions by the late Ho-
locene (Holliday, 1997; Polyak and Asmerom, 2001). The archae-
ological record suggests these changing climatic conditions may have
led to widespread population movements throughout western North
America (Kennett et al., 2007) coinciding with the adoption of agri-
culture in the Southwest (Polyak and Asmerom, 2001). As such, de-
creased projectile point type longevities may reflect widespread popu-
lation movements and/or novel technological innovations in response
to new climatic conditions experienced by populations throughout the

Fig. 7. Spatial extent of projectile point types. A) Spatial extent as a function of the initial appearance; and B) Spatial extent as a function of projectile point type
longevity.

Fig. 8. A graphic of the spatiotemporal diversification process described by our results: t= time and D=diversity.
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region. Indeed, many archaeologists have argued technological di-
versification is a response to ecological risk (Bamforth and Bleed, 1997;
Buchanan et al., 2016b; Collard et al., 2005, 2011, 2013; Hiscock, 1994;
Torrence, 1983). The complexity of toolkits is seen as a technological
response to the risk of resource failure (Collard et al., 2005, 2011,
2013), and at a broader scale, the number of projectile point types
captures the diversity of adaptive solutions to larger-scale changes in
climates (Buchanan et al., 2016b). Fig. 10C would seem to support this
scenario as there is a strong relationship between diversity and tem-
perature over the Holocene.

Other researchers emphasize that technological innovation rates are
related to population size (Boserup, 1981; Kline and Boyd, 2010; Powell
et al., 2009; Shennan, 2001). This is clearly the case in modern urba-
nized industrialized economies where innovation rates exhibit in-
creasing returns to scale with the population size of cities (Bettencourt
and West, 2010; Bettencourt et al., 2007, 2014). Moreover, recent re-
search suggests similar trends are characteristic of innovation rates in
both ancient and historic cities (Cesaretti et al., 2016; Hanson et al.,
2017; Ortman et al., 2014, 2015, 2016; Ortman and Coffey, 2015,
2017). In our results, diversity does increase significantly with popu-
lation size (Fig. 9B), as well as temperature (Fig. 10C). Therefore, these
results suggest a scenario where projectile point type diversity increases
in western North America over time as populations grow and as the
climate warms.

The projectile point types that exhibit the largest spatial distribution
in western North America are not those that are the longest lived, but
the oldest, namely Clovis, Folsom, Plainview, Agate Basin, and
Scottsbluff, all Paleoindian types. This observation has interesting im-
plications for understanding the diffusion of projectile point types
through populations (Buchanan et al., 2017); because spatial extent is
not a function of longevity (Fig. 6B), the diffusivity of a projectile point
type must be limited by the size of the social network within which it
occurs. Thus, successful new projectile point types reach saturation in
social networks long before they are replaced by new innovations.

An alternative hypothesis for the concavity of projectile point
longevity (Fig. 6) could be research bias if it were the case that the
majority of specialists focused either on the initial stages of human
occupation in North America, or on the later stages related to the de-
velopment of agriculture and the protohistoric and historic periods. If
so, the early- to mid-Holocene would be relatively understudied re-
sulting in fewer archaeologists specializing in early- to mid-Holocene
projectile point technologies. If so, the increased longevity of projectile
points would result from decreasing research focus leading to fewer
recognized types. This is a constant potential source of bias in any ar-
chaeological study, especially over long expanses of time. However, our
data provides no evidence of sampling bias over time. Fig. 3 shows that
there is no significant difference between the probability distributions
of projectile point type diversity and the radiocarbon record over time
(Mann-Whitney: P=0.69), suggesting both are sampled at the same
frequency.

The rates of diversification we report here are remarkably similar to
the branching rates of languages, as measured by cognate replacement
rates, ∼3×10−4yr−1 (Pagel et al., 2007). Projectile point types
therefore seem to evolve on the same temporal scale as languages,
approximately two orders of magnitude slower than maximum in-
stantaneous population growth rates (∼0.04−yr). This finding is con-
sistent with recent research that shows that the spatial extents of pro-
jectile points in the archaeological record are significantly greater than
ethnohistoric tribal areas in North America, and more consistent with
regional affiliations of languages, or language phyla (Buchanan et al.,

Fig. 9. Projectile point type diversity, longevity (in years), and population size.
A) Projectile point longevity as a function of population size. B) Projectile point
type diversity as a function of population size. C) Projectile point diversity and
projectile point type longevity.
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2017). It is not hard to imagine that aspects of lithic technology crucial
to the economics of foraging, such as the design and engineering of
hunting weaponry, maybe under as much stabilizing cultural selection
as the core cognates in languages, informational elements critical to the
accurate transmission of information among individuals and across
generations. In any case, the evolutionary rate of projectile point type
diversification occurs on the level of millennia, and at spatial scales
much greater than individual populations.

Here we have shown projectile point type diversification in western
North America occurred at similar rates in time and space, which
combine to describe a diversification process as a rich, fractal-like
space-filling process. The rate of diversification of point types is similar
to rates of linguistic diversification suggesting that both may be related
to the same principles of ethnolinguistic evolution. Our results show
how the diversification process was related to long-term population
growth in the region, and constrained by climate change over the
Holocene.
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