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Archaeological analysis of large-scale prehistoric population history requires us to estimate rates of spatial
spread during dispersals, and rates and magnitudes of temporal contraction during crashes. Using OxCal’s
MCMC sampling routine, I introduce and demonstrate a simple and easily implemented method of esti-
mating front speeds that takes due account of the uncertainty in the archaeological data (in both dates and
distances), and argue that this method is more appropriate than those most often used in front speed
estimation at present. I also propose a simple and easily implemented method of estimating event
densities as a demographic proxy, as an alternative to summed calibrated probability distributions. I argue
that this alternative is a significantly better technique, and show that its use also enables us to identify
individual archaeological dates that are exerting particularly strong influence on the results, so that we can
efficiently allocate our attention when assessing the possible effects of exogenous sampling uncertainty. To
illustrate these methods I re-analyse two published datasets relating to the early Paleoindian colonization
of North America. My results with the new technique indicate that even with a very noisy dataset, there
was clear evidence in the framework of the INTCAL04 calibration curve for a drastic reduction in
archaeological event densities following the Younger Dryas onset, followed by a prolonged period of
reduced human activity, and a possible renewed phase of rapid growth after the Younger Dryas termi-
nation and onset of the Holocene. However, the revised estimate of the Younger Dryas marine reservoir
offset in the INTCAL09 calibration curve for w12,550e12,900 cal BP changes the picture significantly, by
flattening the peak in Clovis-age events and pushing it forward in time into the early Younger Dryas itself.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Modelling large-scale human dispersals requires us to consider
the rate at which the population increases locally, and the rate at
which people migrate (in cases where more than one population is
involved, we must also consider the nature of their interactions). In
population ecology, the simplest model of the nonlinear dynamics
of such processes is a reaction-diffusion system defined by Fisher
(1937) and Kolmogorov et al. (1937), and applied to population
expansion by Skellam (1951). In recent years an enormous amount
of work has been done by biologists using this system to model the
spread of invasive species, and numerous modifications and
extensions have been proposed to improve the match between the
modelled dynamics and those observed in the real world (see
recent reviews for biologists by Hastings et al. (2005); for inter-
disciplinary physicists by Fort and Pujol (2008); and for archaeol-
ogists by Steele (2009)).

Much effort has been expended estimating speeds of spatial
population expansion for archaeologically documented dispersal
All rights reserved.
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episodes, initially to confirm predictions of front speeds in the Fisher
model from independently estimated population growth and
migration rates, andmore recently to assess how far the classic Fisher
model falls short of reality in its treatment of human mobility
patterns in a dispersal phase. Numerous archaeologists have sug-
gested that radiocarbon dating can be used for this purpose, yielding
estimates of the timing of passage of the expanding population front
at different spatial locations. For the spread of farming, Ammerman
and Cavalli-Sforza (1971, 1984) fitted a linear regression to dates
and distances from Jericho, finding a mean front speed of about
1 kmyr�1. Pinhasi et al. (2005)fitted a linear regression to dates from
a set of 735 Neolithic sites in Europe and the Near East using various
origins and two possible distance measures, and found an average
front speed in the range 0.6e1.3 kmyr�1. For earlier episodes of
hunter-gatherer dispersal, Fort et al. (2004) estimated by regression
a mean speed of late glacial recolonization of northern Europe of
0.8 yr�1 (0.4e1.1 kmyr�1 at the 95% confidence interval).

An appropriate case study for these techniques is the first
peopling of the Americas. For the last 50 years it has been the
majority academic view that the North American Clovis culture
represents the earliest successful colonization phase, in which
ntitative strategies for estimating colonization front speeds and event
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Fig. 1. (a) Map showing the sites analysed by Hamilton and Buchanan (2007) and
reanalysed here. The three youngest sites (Debert, Hedden, Vail) are indicated by red
circles. (b) The Laurentide ice sheet margins for the deglaciation period in the region
where the three youngest sites are located, redrawn after Richard (2009); dates are in
calendar years BP.
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hunter-gatherers invaded the continent south of the ice sheets from
a Beringian source population. However radiocarbon dates have
subsequently constrained the Clovis phase to an increasingly short
interval, most recently to between w11,050 14C yr bp and w10,800
14C yr bp, or (in calendar years) a maximum range of 13,250e12,800
cal BP and a minimum range of 13,125e12,925 cal BP (Waters and
Stafford, 2007). Meanwhile dates from sites in South American,
including the southernmost part of that continent, have been
confirmed for the same time range (Steele and Politis, 2009). This has
led some scholars to propose a colonization model including
multiple dispersals, perhaps synchronous but geographically sepa-
rated (Steele and Politis, 2009; for congruent arguments from
human genetics see Hellenthal et al., 2008; Perego et al., 2009). The
problemwith this new model is that it accommodates the empirical
archaeological data, but does not yet explain those data with
a plausible demographic account of the dispersal process. Such
demographic models have, on the other hand, been well-developed
for the Clovis-first model (e.g. Steele et al., 1998; Alroy, 2001).

Consequently, some scholars remain loyal to the Clovis-first
model and have re-analyzed the empirical archaeological data and
explored alternative demographic colonization scenarios to try and
reconcile them. For example, Hamilton and Buchanan (2007) found
a statistically significant trend for North American Clovis-age sites to
become younger with distance from a postulated origin at the
southern end of the ‘ice-free corridor’: their regression analysis
indicated a front speed in the range 5e8 kmyr�1. To obtain this they
analyzed a set of 23 radiocarbon-dated sites, including eleven that
Waters and Stafford (2007) had accepted as reliable in terms of the
associationwith Clovis artefacts; six that Waters and Stafford (2007)
had rejected because they either lacked precise and accurate dates
for Clovis artefacts, or lacked diagnostic Clovis artefacts to associate
with accurate and precise dates; and six additional sites that had not
been included at all in Waters and Stafford’s (2007) own survey (see
Fig. 1). They allowed the ‘Clovis age’ to extend rather later in time
than many scholars would accept, so that the period which they
were modeling covered about 600 calendar years straddling the
Younger Dryas Boundary, and interpreted their results in terms of
amodified Fisher-KPP-type colonizationmodel, which takes account
of the possibility that population expansion along the main axis of
a fractal network such as a river basin will occur at a speed that is
significantly different to that expected with conventional isotropic
diffusion over a uniform surface. For unbiased random walkers,
confinement onto a fractal network of this kind will in fact both
reduce the front’s initial velocity and cause it to decelerate over time
(Campos et al., 2004), except where there is a bias to move in one
direction (e.g. downstream) at junctions (Bertuzzo et al., 2007). In
such a situation and where this bias is very strong in relation to the
local growth rate, the whole population may even migrate in the
preferred direction along the river system’s main axis (although the
trailing front will contract at a slower rate than the expansion of the
advancing front), at a rate which is ultimately limited only by the
typical individual’s speed of movement.

In addition to tracking an expanding population front, archae-
ologists have recently begun to estimate initial local population
growth rates and subsequent dynamics (including episodes of rapid
depopulation, sometimes related to extreme climatic events). A
number of recent studies have addressed this problem by graphing
summed calibrated probability distributions (SCPDs) for all the
radiocarbon dates in their datasets (e.g. Gkiasta et al., 2003; Gamble
et al., 2005; Shennan and Edinborough, 2007). The peaks and
troughs in these SCPDs, where these are sufficiently robust to be
more than mere artefacts of the inflections of the calibration curve,
are interpreted as evidence of population fluctuations; it is sug-
gested that bias in archaeological sampling effort (for instance,
where the well-funded excavation of a site has yielded unusually
Please cite this article in press as: Steele, J., Radiocarbon dates as data: qua
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many dates in proportion to the volume of archaeological material)
can be countered by averaging dates from each site and occupation
phase. For the terminal Pleistocene settlement history of North
America, Firestone, Kennett and colleagues (Firestone et al., 2007;
Kennett et al., 2008a,b, 2009) have identified a possible extrater-
restrial impact event at or just prior to the Younger Dryas Boundary
(YDB), itself a climatic extreme event that spanned the interval ca.
12,900 cal BP (NGRIP, Rasmussen et al., 2006; cf. Bakke et al., 2009)
to ca. 12,700 cal BP (Brauer et al., 2008; Blockley et al., 2008; Hua
et al., 2009; evidence from the NGRIP core suggests that the
vegetation cover and consequent dust flux responses extended
across two centuries, Steffensen et al., 2008) and which many
believe to be associated with a population crash in early Paleo-
indian North America. Consistent with their commitment to
a Clovis-age colonization model and to the idea of a steady filling-
up of the continent by an expanding population of colonizing
hunter-gatherers, Buchanan et al. (2008) countered these claims by
charting SCPDs for a large set of radiocarbon-dated events from late
Pleistocene and early Holocene North American archaeological
sites, arguing that their chart shows a steady increase in population
size over time with no significant reversal to this growth trend at
ntitative strategies for estimating colonization front speeds and event



Fig. 2. (a) Ratio of calibrated age uncertainty to uncalibrated measurement error,
calculated as the ratio of (SD cal age) to (SE uncal age). Ratio on y-axis, uncalibrated
mean age in radiocarbon years on x-axis. Uncalibrated dates from Hamilton and
Buchanan (2007), means for calibrated dates calculated from a random sample of
1000 single-year values as drawn using the MCMC routine in OxCal, using INTCAL04.
(b) Skew of calibrated probability distributions of the 23 dates in Hamilton and
Buchanan (2007), plotted as a function of mean calibrated age. Skew calculated from
a random sample of 1000 single-year values as drawn using the MCMC routine in
OxCal, using INTCAL04.
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the onset of the Younger Dryas. Several commentators immediately
and strongly disagreed (Anderson et al., 2008; Culleton, 2008;
Jones, 2008; Kennett et al., 2008a; Kennett and West, 2008).

Whatever its causes, the YDB-onset extreme climatic event
occurred during the expansion phase of the Early Paleoindian
settlement of North America, and it is important to evaluate its
impact on human demography if wewant to fit a simple model like
Fisher’s to our data (since this model conventionally assumes
a constant environmental carrying capacity, and predicts a constant
asymptotic rate of front propagation). In Hamilton and Buchanan’s
(2007) model, the colonizing population spreads from a northern
entry point to sites at distances of up to 3500 km, which at
their empirically estimated mean population expansion rate of
5e7 km/year would have taken 500e700 years, originating at their
empirically estimated mean arrival date of about 13,400 cal BP. This
wouldmean that the travelling population front would have passed
through most of the North American continent by about
12,900e12,700 cal BP (i.e., by the onset of the Younger Dryas). The
magnitude and spatial extent of any YDB-related impact on human
populations should therefore be clearly visible in the archaeological
record.

1.1. Methodological issues

A basic requirement both of regression analysis for determining
population front speed, and of SCPD analysis for determining
population density, is the ability to estimate frequencies and timing
of cultural events at known spatial locations using radiocarbon
dates. Obtaining archaeological estimates for demographic
parameters such as population density remains a very imprecise
science, not least because of sampling biases and uncertainties in
the documented archaeological record. In this paper, however, my
main focus will not be on archaeological sampling biases, but rather
on the statistical aspects of what we should do when we have
a sample that we deem to be sufficiently representative.

For the time-of-arrival variable in estimates of front speeds, itwas
initially the practice to use the modal value of an uncalibrated
radiocarbon measurement as the point value and to control for
variation in precision by excluding any dates that had standard
errors of measurement greater than 200 radiocarbon years (e.g.
Ammerman and Cavalli-Sforza, 1971, 1984). More recently, partly as
an outcome of the extension of consensus calibration curves into the
late Pleistocene, it has also become normal to check the front speeds
estimated in this way against front speeds estimated using some
point approximation of the most likely or mid-range value of the
calibrated probability distribution for that radiocarbon measure-
ment (e.g. Pinhai et al., 2005; Hamilton and Buchanan, 2007).

The limitations of such an approach become clear in cases where
there is a systematic effect of calendar age on uncertainty in the age
estimation, independent of the laboratory measurement uncer-
tainty (which is represented by the standard error of the uncali-
brated radiocarbon measurement). We know that such systematic
effects occur, and that they relate to underlying temporal fluctua-
tions in atmospheric 14C production rates and in reservoir mixing
processes. The significance of this can be seen in Fig. 2, which plots
for Hamilton and Buchanan’s (2007) dataset the ratio of calibrated
age uncertainty to uncalibrated age uncertainty for each event (in
both cases after standardising for the magnitude of the mean age of
each event). It can be seen that there are complex but systematic
effects. For this Palaeoindian sample, the three youngest dates all
have very high added uncertainty due to the calibration process:
this is to be expected, due to thewell-known 14C age plateau during
the Younger Dryas. Such effects are potentially a significant
complication for front speed calculations, particularly where the
sample is small. Hamilton and Buchanan’s (2007) front speed
Please cite this article in press as: Steele, J., Radiocarbon dates as data: qua
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estimates are based on a point value for the age of the occupation
event at each site, but Fig. 2 shows how variable the central
tendency and symmetry of the age distribution can be for different
sites even in such an apparently temporally homogeneous sample.
For example, the uncalibrated date for Colby is already very high-
precision (10,870� 20 14C yr bp) compared with that for Vail
(10,530�103 14C yr bp), and calibration increases this contrast.
After calibration using INTCAL04 (Reimer et al., 2004), Colby has an
estimated calendar age in the one-sigma range 12,870e12,841 cal
BP while Vail has an estimated calendar age in the one-sigma range
12,734e12,380 (99.4%) cal BP and 12,257e12,253 (0.6%), which is at
least an order of magnitude more uncertain. Vail’s date therefore
has an associated uncertainty that is very large in proportion to the
age range of the entire dataset. Clearly we would like to do better
than simply using mean or modal ages cal BP, if we want to get
a reliable picture of the functional relationship between spatial
location and age of first archaeological observation of some
particular class of cultural event.

Once these statistical issues are resolved, estimating front
speeds accurately from the earliest dated events at different
ntitative strategies for estimating colonization front speeds and event
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locations still depends on the fidelity with which the available
sample of dates reflects the underlying the picture of population
distribution during the dispersal phase. If we go on to assume that
once a region is settled, the frequency with which radiocarbon-
dated cultural events occur in that region during a given period is
proportional to the size of its population, and if that assumption is
plausible in terms of the archaeological sampling processes that
yielded the corpus of radiocarbon dates, then we must once again
decide how to estimate event frequency in a way which takes
account of the statistical uncertainty inherent in each radiocarbon
measurement. A limitation of the SCPD method is that the SCPDs
are usually normalised so that it is difficult to compare visually the
absolute frequencies of events in any two such graphs; it would be
desirable to be able to estimate the actual density of occupation
over time, as this will give us a truer picture of the completeness of
the archaeological sample. It is also impossible to identify from
SCPDs which individual sites or phases are likely to be represented
in the occupation signal for any given point in time, which is
desirable because it enables us to go back to those sites and explore
(for example) the cultural correlates of a possible large-scale
demographic crash, as well as to check the quality of radiocarbon
measurements from sites and occupation phases exerting particu-
larly strong influence on interpretations of overall population
trends.

In this paper I shall therefore propose a simple and easily
implemented method of estimating front speeds that takes due
account of the uncertainty in the archaeological data (both dates
and distances): I believe that this method is more appropriate than
those most often used in front speed estimation at present. I shall
also propose a simple and easily implemented method of esti-
mating event frequencies as a proxy for population concentrations,
as an alternative to SCPDs. This is I think significantly better than
the SCPD methods currently being used, and I shall show that its
use also enables us to identify individual archaeological dates that
are exerting particularly strong influence on the results, so that we
can efficiently allocate our attention to those dates with the
greatest influence when assessing the possible effects of exogenous
sampling uncertainty. To illustrate these methods I shall re-analyse
two published datasets relating to the early Paleoindian coloniza-
tion of North America (Hamilton and Buchanan, 2007; Buchanan
et al., 2008).

2. Materials

The datasets used here are a sample of 23 radiocarbon-dated
Clovis or Clovis-age sites fromNorth America used to estimate front
speed (Hamilton and Buchanan, 2007:15,626, Table 1), and
a sample of 628 dated occupation events spanning the period
13,000e8000 14C yrs bp used to evaluate claims for a possible
environmental catastrophe induced by a large low-density extra-
terrestrial mass impacting the Laurentide ice sheet at about
12,900�100 cal BP, and by the consequent abrupt onset of the
Younger Dryas climatic reversal (Buchanan et al., 2008: Table 1 of
that paper’s online Supplementary Information).

2.1. The dataset for estimating front propagation speed in Early
Palaeoindian North America

For colonization front speed estimation, Hamilton and
Buchanan (2007) used dates for 17 sites from Waters and
Stafford’s (2007) review, which estimated the most probable age
of a Clovis-age occupation event at each site on the basis of avail-
able radiocarbon dates (Waters and Stafford had in fact only
retained 11 of these as reliably dated and associated with Clovis
artefacts). Hamilton and Buchanan’s dataset also includes six
Please cite this article in press as: Steele, J., Radiocarbon dates as data: qua
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additional dates which they asserted were of comparable quality as
indicators of the timing of Clovis-age occupation events at those six
additional localities (Big Eddy, Casper, Debert, Hedden, Hiscock,
and Vail). Hamilton and Buchanan (2007) plotted their regressions
with the time axis in calendar years BP, and with point values
plotted for the calibrated ages of occupation at each site. I have
replicated these calibrated point values as the midpoints of the
one-sigma calibrated ranges returned by Calib5.0 using the
INTCAL04 calibration curve. For example, the point value for
calendar age tabulated by Hamilton and Buchanan (2007) for Colby
(12,855.5 cal BP) is the midpoint of the one-sigma range returned
by Calib5.0 (12,870e12,841 cal BP). In the cases of all three of the
youngest dates in their sample (all of which were added to
augment the original set from Waters and Stafford, 2007), the
calculation is however incorrect. Thus for Debert (radiocarbon age
10,590� 50 14C yr bp), their value for the midpoint calendar age is
12,429 cal BP. When I repeated the calibration, Calib5.0 returned
the following values for a multimodal one-sigma age range: 16.6%
of that range is in the interval 12,445e12,413 cal BP while 83.4% of
that range is in the interval 12,763e12,618 cal BP. Hamilton and
Buchanan (2007) seem to have taken their age estimate from the
smaller and younger fraction of the one-sigma range for this date.
For Hedden (radiocarbon age 10,550� 43 14C yr bp), their value for
the midpoint calendar age is 12,437.5 cal BP. When I repeated their
calibration, Calib5.0 returned the following values for a multimodal
one-sigma age range: 41.2% of that range is in the interval
12,475e12,400 cal BP while 58.8% of that range is in the interval
12,691e12,580 cal BP. Hamilton and Buchanan (2007) have again
taken their age estimate from the slightly smaller and younger
fraction of the one-sigma range for this date. Finally for Vail
(radiocarbon age 10,530�103 14C yr bp), their value for the
midpoint calendar age is 12,255 cal BP. When I repeated their
calibration, Calib5.0 returned the following values for a multimodal
one-sigma age range for Vail: 0.6% of that range is in the interval
12,257e12,253 cal BP while 99.4% of that range is in the interval
12,734e12,380 cal BP. Hamilton and Buchanan (2007) have again
taken their age estimate from the tiny younger fraction of the one-
sigma range for this date. These errors could undermine their
conclusions, which are based on a regression analysis of distances
to sites from a western or northwestern origin point: the three
youngest sites just discussed are all in the extreme east of the
distribution and greatly influence the fit of the regression model, so
the fact that midpoint calculation errors had underestimated the
age of their occupation by up to 300 years is highly significant in the
interpretation of those results. It is therefore worth establishing
whether a re-analysis of the corrected dataset can confirm the
original conclusions about front propagation vectors.

2.2. The dataset for assessing demographic impact of a possible
climatic extreme event in Early Palaeoindian North America

For estimating climatic event-related population fluctuations,
the dataset from Buchanan et al. (2008) includes 628 dates for
distinct occupation events, derived from an underlying sample of
1509 radiocarbon dates of which 1486 were obtained from the
Canadian Archaeological Radiocarbon Database (abbreviated to
CARD; Morlan, 2005); the remaining 23 dates are from the
regression analysis study by Hamilton and Buchanan (2007) and
from that study’s main source, Waters and Stafford (2007).
Buchanan et al. (2008) comment that they screened the CARD
database by removing those labelled as anomalous in the original
CARD records, and that they used a pooled mean date for 237 site
occupations or discrete cultural components with multiple radio-
carbon assays which were construed as deriving from a single
occupation event (the other 391 dates were interpreted as each
ntitative strategies for estimating colonization front speeds and event
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already relating to a distinct occupation event). To understand this
set of screening and averaging operations and to reconcile the
CARD sample with the dates used in Hamilton and Buchanan’s
(2007) regression analysis I obtained a duplicate copy of the orig-
inal CARD database for the relevant time range, and collated it with
the screened, selectively averaged sample used by Buchanan et al.
(2008) in their analysis. This exercise also confirmed that
Buchanan et al. (2008) had excluded all Alaskan and Canadian
Yukon dates from their sample, regardless of the quality of the
archaeological association. A statistical spot check on their deci-
sions about averaging of the dates that were retained suggested
that in some cases, Buchanan et al. (2008) averaged radiocarbon
determinations which are highly unlikely to have come from
a single occupation event. To illustrate the scale of the problem, I
first re-analysed their averaging of radiocarbon assays from a fairly
random pick of three sites (China Wall, Clarks Flat, and Clouds-
plitter Rockshelter) that appear in successive rows of their alpha-
betically ordered data Table. The date of 8806.153� 22.77569
which they give for the China Wall Paleoindian site in Wyoming,
USA, is indeed the unrounded pooledmean returned by Calib5.0 for
the four original dates in the CARD database (10,630� 50, Beta-
134719; 8400� 40, Beta-136542; 8300� 60, Beta-124346;
8270� 40, Beta-132431), but Calib5.0 ‘s ‘test sample significance’1

option also flags these dates as very significantly different
(T¼ 1684.5, which massively exceeds the test’s significance
threshold of c2¼ 7.81 at a¼ 0.05). The CARD database tags the
oldest and the youngest dates as Paleoindian, and tags the other
two dates as of unknown cultural association. The date of
10,142.28� 83.61623 which Buchanan et al. (2008) give for the
Clarks Flat Paleoindian site in California, USA, is also indeed the
unrounded pooled mean returned by Calib5.0 for the three original
dates in the CARD database (11,720�145, Beta-14299; 9570�150,
Beta-15536; 9170�140, Beta-13192), but Calib5.0’s ‘test sample
significance’ option also flags these dates as significantly different
(T¼ 181.2, which again markedly exceeds the test’s significance
threshold of c2¼ 5.99 at a¼ 0.05). The CARD database tags
9570�150 (Beta-15536) as Paleoindian, and tags the oldest and
youngest dates as of unknown cultural association. The date of
9072.575� 87.15654 which Buchanan et al. (2008) give for the
Cloudsplitter Rockshelter Early Archaic site in Kentucky, USA, is also
indeed the unrounded pooled mean returned by Calib5.0 for three
original dates in the CARD database, all tagged there as Early
Archaic (9228� 100, UCLA-2313; 9215� 290, GX-5785;
8200� 225, GX-5874), but Calib5.0’s ‘test sample significance’
option also flags these dates as significantly different (T¼ 17.7,
which again exceeds the test’s significance threshold of c2¼ 5.99 at
a¼ 0.05). I therefore made a systematic check of all the pooled
mean ages obtained for the first time by Buchanan et al. (2008), to
see how many of them meet the requirement that the original
assays should be statistically sufficiently similar to justify the
averaging. In 90 cases, the determinations that were averaged were
statistically ‘not different’ at a¼ 0.05; in 70 cases, the radiocarbon
determinations used should not have been averaged as they are
significantly different at a¼ 0.05. In 54 cases I was not able easily to
reconstruct the basis of the original averaging by Buchanan et al.
(2008): this was for a variety of reasons, but mainly because
Buchanan, Collard and Edinborough made decisions about
1 Calib reports the test statistic T, which has a c2 distribution with n� 1 degrees
of freedom under the null hypothesis, and which is recommended by Ward and
Wilson (1978) for testing the hypothesis that each of a set of determinations
represent the same underlying value; Calib also reports the value of T below which
an observed value must fall if the null hypothesis of no difference is to be upheld
with respect to a threshold a¼ 0.05.

Please cite this article in press as: Steele, J., Radiocarbon dates as data: qua
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stratigraphic associations among samples based on the limited
information in the CARD database, andwhichwould require amore
detailed and time-consuming re-evaluation. Fig. 3 shows the
distribution of the statistic that evaluates the statistical appropri-
ateness of averaging, for the 160 instances where I was able to
reproduce Buchanan et al.’s (2008) original operation. It is clear
that the issue of statistical identity of determinations was not given
due consideration. Even if it had been, it remains the case that
averaging should only be done where there are sound archaeo-
logical reasons for believing that multiple determinations derive
from the same underlying event; but I am unable to address this
archaeological aspect of ‘chronometric hygiene’ in this paper, which
is primarily about statistical techniques. For my own purposes in
this paper, I shall nonetheless re-analyse Buchanan et al.’s (2008)
published dataset in an uncorrected state, as I intend to show
that even had the published dataset been free of mistakes, the
conclusions drawn about cultural event frequency across the
Younger Dryas boundary using the INTCAL04 calibration curve
would have been misleading for other reasons. Subsets of the CARD
database are released to researchers on the understanding that
they will not publish this information independently; however I
will make available on request such information as is necessary to
evaluate the relationship between the original CARD records and
the set of values published by Buchanan et al. (2008).
3. Methods

3.1. Front propagation speed

In this study I will use reduced major axis regression (RMA) to
estimate functional relationships between dates and distances
from an assumed origin, using as the date variable a set of single
calendar year values for each radiocarbon-dated event, drawn at
random from the calibrated probability distribution for each
radiocarbon determination. Distances are great-circle distances
from Edmonton (Canada), taken as a proxy for the southern end of
the ice-free corridor. By repeating this regression analysis many
times (here I shall limit the iterations to 1000), each time with
a fresh draw of a single calendar year for each of the events in the
Fig. 3. Cumulative percentages of 160 event dates averaged from multiple radiocarbon
determinations by Buchanan et al. (2008), and plotted in terms of the ratio of the
actual T-statistic (Ward and Wilson, 1978) to the value below which the T-statistic
must lie for the dates to be deemed to be statistically the same at a¼ 0.05. Averages for
which this ratio is greater than ‘1’ are of determinations which the test would flag as
‘statistically different’ at this a-level. Statistics calculated in Calib 5.0 (Stuiver et al.,
2005).

ntitative strategies for estimating colonization front speeds and event
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dataset, I can estimate a confidence interval for the model param-
eters (slope, intercept, p-value, Pearson’s and Spearman’s correla-
tion coefficients) that takes account of this measured error in the
date variable. The method of drawing single values from the cali-
brated distribution is the MCMC routine in the most recent online
beta-version of OxCal (Version 4.1b3; Bronk Ramsey, 1995, 2001),
which will take a snapshot every (user-specified) n iterations of all
of the parameters of the model obtained by the MCMC analysis
(this is the analysis that calculates the calibrated probability density
functions), and which will save a user-specified number of such
snapshots to a file for subsequent analysis. Fig. 4 shows a histogram
of 1000 draws for the calibrated age of the event at Indian Creek
(10,980�110 14C yr bp), and the calibrated age graph produced
more routinely by OxCal, in both cases using the INTCAL04 and
INTCAL09 calibration curves. The MCMC sampling reproduces well
the full range of the calibrated distributions.

The RMA regressions are then calculated in Microsoft Excel
2007. The speed of propagation of an expanding front is estimated
in archaeology by fitting a regression line to a set of estimated
dates and of values for some measure of the dated sites’ relative
position in space. Most often this is done by bivariate regression
using distance as measured from an origin point, which is what
was done by Hamilton and Buchanan (2007). The appropriate
regression model to use when estimating this functional relation-
ship is one which takes account of error and uncertainty in both
variables. Reduced major axis regression (RMA), whose slope is the
geometric mean of the two ordinary least-squares slopes, is pref-
erable to the principal or major axis regression technique used by
Fig. 4. (a) The calibrated probability distribution for the event dated to 10,980 � 110
bp at the Indian Creek site (Hamilton and Buchanan, 2007 dataset) as output by OxCal
using INTCAL04 (black fill) and INTCAL09 (grey fill; note that both distributions have
been normalised), with the relevant sections of the two calibration curves also shown
(INTCAL04: black lines, no fill; INTCAL09: blue lines, blue shaded fill), and (b)
a histogram of the frequencies of single-year values drawn in 1000 random draws from
that probability distribution by Oxcal’s MCMC routine also using INTCAL04 (solid line)
and INTCAL09 (dashed line).
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Ammerman and Cavalli-Sforza (1971, 1984) because RMA is scale-
invariant. Simulations (Babu and Feigelson, 1992) have shown that
RMA performs well in recovering the true functional relationship
between two error-prone variables: the angular bisector of the two
ordinary least-squares regression slopes (obtained by regressing x
on y and y on x) performed slightly better but given the coarse
order of approximation that archaeologists require when inter-
preting front speeds, and given that the latter method is less
widely implemented in statistics and spreadsheet packages, I
propose that it is satisfactory to use the reduced major axis tech-
nique here. To illustrate the relevance of this choice, Cantrell
(2008) has used simulations to assess the ability of ordinary least
squares (OLS) regression to estimate a functional relationship
between two variables where each contain error, and where the
underlying relationship is unity (a slope of value 1): he found that
OLS underestimated the true slope, with a systematic fractional
error of underestimation of the order [1� r], where r is Pearson’s
correlation coefficient. RMA can easily be implemented in Excel
either by inputting the relevant formula for the slope and intercept
directly, or by using an add-in such as Sawada’s (1999) which
returns the full basic set of regression statistics (slope and SD,
intercept and SD, r2).

It is important for archaeologists to understand why we should
prefer methods of line-fitting that take account of error in both
variables. The presence of sampling error and measurement
uncertainty in a sample of radiocarbon dates is obvious to an
archaeologist, but the presence of error and uncertainty in the
estimation of distance between two locations should be equally
obvious to any archaeologist who stops to consider the effects on
large-scale dispersal patterns of terrain relief, of soil type and
vegetation cover, and of rivers and large bodies of water. If we try to
estimate front propagation speeds using great circle distances from
a point origin (as used by Hamilton and Buchanan, 2007), then
clearly the distance measurements will be error-prone and a line-
fitting technique such as reduced major axis should therefore be
used. In practice it is commonplace for archaeologists to estimate
front speeds as within the range indicated by the two OLS slopes (x
on y and y on x) and that is perfectly acceptable provided that this
range is of the same order of approximation as the reaction-diffu-
sion model’s predictions. However, this approach yields an exces-
sively wide range of estimates for the values of the true underlying
functional relation.

Finally, in some cases, it may make sense to cluster sites into
bins of equal distance from the assumed origin of the dispersal, and
only take the age of the oldest early site (or the average of all their
ages) for each such bin. This is because if a colonizing population
expands at a constant rate, the area colonized will tend to increase
as the square of time, so that the number of sites will be correlated
with time intervals andwith distances from the origin. This can bias
the regression results. In the case considered here, however, this
does not appear to be an issue.

3.2. Event density and fluctuations

My approach in this paper is once again based on a large
number (here, again, 1000) of independent random draws of
single calendar year ages for each dated event in the database,
which enables me to plot frequency distributions of events over
time in terms of the mean and median number of events occurring
in each of a series of binned time intervals (e.g. 25-, 50- or 100-
year bins). I can also identify the sites or events that feature most
regularly in any given temporal bin in the 1000 draws that I use to
estimate event frequencies. This means that for a particularly
sensitive time period (such as that immediately before and after
a climatic extreme event) I can then examine more closely the
ntitative strategies for estimating colonization front speeds and event



Fig. 5. The summed probability distribution for 628 radiocarbon-dated events generated in CalPal (Weninger et al., 2007), replicating the chart published by Buchanan et al. (2008),
compared with the summed probability distribution for the same set of 628 radiocarbon-dated events generated in OxCal (Bronk Ramsey, 1995, 2001) and in Calib (Stuiver et al.,
2005); the graphs have been approximately aligned by eye.The bottom row of graphs shows my output using the same dataset and OxCal’s MCMC routine. In these graphs, the bars
represent the mean and 2 SD range for the numbers of events that fall in each 100-calendar-year bin as calculated from 1000 random draws of single-year values for each event.
Output generated using the INTCAL04 calibration curve (left hand column), and using INTCAL09 where available as part of the existing software distribution (right hand column).
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archaeological records associated with sites that are exerting
a particularly strong influence on the overall picture of population
stability or fluctuation at that particular moment. Once again, the
method of drawing single values from the calibrated distribution
is the MCMC routine in the most recent online beta-version of
OxCal (version 4.1b3). Fig. 5 shows the original SCPD generated in
CalPal (Weninger et al., 2007) and as published by Buchanan et al.
(2008); the output from Calib’s (Stuiver et al., 2005) and from
OxCal’s (Bronk Ramsey, 1995, 2001) SCPD operations; and
a summary of the results of my MCMC sampling of 1000 individual
single-year values for the 628 events using OxCal. In each case,
INTCAL04 was used for consistency with the original published
results, but the results obtained using the new INTCAL09 cali-
bration curve are also included for comparison where possible (at
time of going to press this was not yet included in the CalPal
distribution). It is immediately obvious that the CalPal output
published by Buchanan et al. (2008) has not summed the cali-
brated probability distributions in the same ways as Calib and
2 I have replicated Buchanan, Collard and Edinborough’s CalPal output using
what appears to be the correct procedure for that software package. The CalPal
website however includes the following warning: “CalPal is designed, in parts, for
explorative research. Please note that the procedures implemented in CalPal may
not in all cases be identical to the procedures officially recommended by the 14C-
community. For such purposes, you may prefer to use a different radiocarbon
calibration program.” (http://download.calpal.de/calpal-info checked 9th August
2009).
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OxCal, and that this will have had a significant influence on any
visual inference of peaks and troughs in event density.2 A similar
observation about CalPal’s idiosyncratic smoothing algorithm was
already made by Culleton (2008). OxCal’s SCPD, and my own
summary based on binned absolute frequencies of events, both tell
the same story e which is unsurprising since OxCal’s calibrated
probability distributions and my own set of 1000 individual draws
were generated using the same underlying MCMC routine.
4. Results

4.1. Front speed

Using all 23 dated events, the 1000 RMA regressions of date
against distance from Edmonton, each time taking a random pick
of a single calendar year value for the age of each event as cali-
brated using INTCAL04, yielded a distribution of values for the
slope (i.e. the mean rate of advance of the travelling front) with
a mean of 5.71 km/year and a standard deviation of �1.04 km/
year. The median values of Pearson’s correlation coefficient and of
the associated probability of no underlying correlation were r¼
�0.56 and p< 0.00005 (with all of the 1000 RMA regressions
having p< 0.05); for Spearman’s rank correlation coefficient they
were r¼ 0.50 and p¼ 0.0002 (with all of the 1000 RMA regres-
sions having p< 0.05) (Fig. 6a). Fig. 6(b) shows the relationship of
the mean calendar age of each site as calibrated using INTCAL04,
to the distance from Edmonton (the two OLS slopes are also
ntitative strategies for estimating colonization front speeds and event
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Fig. 6. (a) Distribution of values for the RMA slope (front speed) for RMA regressions fitted to 1000 different sets of draws of single-year values for each of the 23 dated events in
Hamilton and Buchanan’s dataset (2007). The mean fitted front speed is 5.71, SD �1.04 km/year. Median value of Pearson’s r is 0.56, median p< 0.00005; median value of
Spearman’s rho is 0.50, median p¼ 0.0002. (b) RMA regression model (solid line) fitted to all 23 sites, with mean calibrated age BP as the time variable. The plot also shows the fitted
OLS regression lines, with date as the dependent variable (dotted line) and with distance as the dependent variable (dashed line). The RMA model is y¼ 13,240� 81�0.166� 0.027
(x), Pearson’s r¼�0.61, p< 0.00005. (c) Distribution of values for the RMA slope (front speed) for RMA regressions fitted to 1000 different sets of draws of single-year values for 20
of the dated events in Hamilton and Buchanan’s dataset (2007), with the three youngest sites omitted. The mean fitted front speed is 9.3, SD �1.4 km/year. Median value of
Pearson’s r is 0.33, median p¼ 0.009; median value of Spearman’s rho is 0.30, mean p¼ 0.013. (d) RMA regression model (solid line) fitted to 20 sites (with the three youngest sites
omitted), with mean calibrated age BP as the time variable. The plot also shows the fitted OLS regression lines, with date as the dependent variable (dotted line) and with distance as
the dependent variable (dashed line). The RMA model is y¼ 13,111�47� 0.092� 0.019(x), Pearson’s r¼�0.38, p¼ 0.004. (e) Distribution of values for the RMA slope (front speed)
for RMA regressions fitted to 1000 different sets of draws of single-year values for 17 of the dated events in Hamilton and Buchanan’s dataset (2007), with the six sites not in Waters
and Stafford (2007) omitted. The mean fitted front speed is 11.0, SD �2.1 km/year. Median value of Pearson’s r is 0.21, median p¼ 0.046; median value of Spearman’s rho is 0.18,
median p¼ 0.066. (f) RMA regression model (solid line) fitted to 17 of the dated events in Hamilton and Buchanan’s dataset (2007), with the six sites not in Waters and Stafford
(2007) omitted, with mean calibrated age BP as the time variable. The plot also shows the fitted OLS regression lines, with date as the dependent variable (dotted line) and with
distance as the dependent variable (dashed line). The RMA model is y¼ 13,074� 41�0.073� 0.017(x), Pearson’s r¼�0.25, p¼ 0.027. Output generated in each case, Figs. 6(a) to 6
(f) inclusive, using the INTCAL04 calibration curve.
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plotted for comparison). That single regression model yields
a slope of 6.02� 0.99 km/year, with a date for the origin at
Edmonton of 13,240� 81 cal BP (r¼�0.61, p¼ 0.00001). These
results are closely comparable to those of Hamilton and Buchanan
(2007), who estimated a front speed in the range 5e8 km/year and
an origin at about 13,380 cal BP. Using INTCAL09 calibrations gives
a mean front speed (slope) of 4.77 km/year and a standard devi-
ation of � 0.55 km/year. The median values of Pearson’s correla-
tion coefficient and of the associated probability of no underlying
correlation were r ¼ �0.52 and p < 0.0001 (with 999 of the 1000
RMA regressions having p < 0.05); for Spearman’s rank correlation
coefficient they were r ¼ 0.47 and p ¼ 0.0003 (with 996 of the
1000 RMA regressions having p < 0.05) (INTCAL09 results not
shown in graphs).

Leaving out the three youngest events and repeating the anal-
ysis yielded a less robust set of results. Using the remaining 20
dated events, the 1000 RMA regressions of date against distance
from Edmonton, each time taking a random pick of a single
calendar year value for the age of each event as calibrated using
INTCAL04, yielded a distribution of values for the slope (i.e. the
mean rate of advance of the travelling front)with ameanof 9.3 km/
year and a standard deviation of �1.4 km/year. The median values
of Pearson’s correlation coefficient and of the associated proba-
bility of no underlying correlation were r¼�0.33 and p¼ 0.009
(with 20% of the 1000 RMA regressions having p> 0.05); for
Spearman’s rank correlation coefficient they were r¼ 0.30 and
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p¼ 0.013 (with 22% of the 1000 RMA regressions having p> 0.05)
(Fig. 6c). Fig. 6(d) shows the relationship of the mean calendar age
of each site as calibrated using INTCAL04, to the distance from
Edmonton (the two OLS slopes are also plotted for comparison).
That single regression model yields a slope of 10.87�2.25 km/
year, with a date for the origin at Edmonton of 13,111�47 cal BP
(r¼�0.38, p¼ 0.004). Hamilton and Buchanan (2007) also found
an effect on the regression slope of removing their easternmost
data bin, although they commented that this exclusion did not
affect their overall conclusions because their fitted slope remained
significant (p¼ 0.034). However, it is noteworthy that distance
from Edmonton now explains only 14% of the variation in dates
among these 20 sites (r2¼ 0.14), compared to the 37% that was
explained when all 23 sites were included (r2¼ 0.37). Using
INTCAL09 calibrations gives amean front speed (slope) of 5.57 km/
year and a standard deviation of � 0.66 km/year. The median
values of Pearson’s correlation coefficient and of the associated
probability of no underlying correlation were r ¼ �0.28 and
p ¼ 0.017 (with 31% of the 1,000 RMA regressions having p> 0.05);
for Spearman’s rank correlation coefficient they were r ¼ 0.26 and
p ¼ 0.022 (with 35% of the 1000 RMA regressions having p > 0.05)
(INTCAL09 results not shown in graphs).

Finally, I also calculated the same regressions with only the 17
sites taken from Waters and Stafford’s (2007) Table, and ages as
calibrated using INTCAL04. This yielded a distribution of values for
the slope (i.e. the mean rate of advance of the travelling front) with
ntitative strategies for estimating colonization front speeds and event



Fig. 7. (a) Mean numbers of events falling in each successive 50-calendar-year interval, based on 1000 different sets of draws of single-year values for each of the 628 dated events
in Buchanan et al.’s dataset (2008). Solid line ¼ results generated using INTCAL04; dashed line ¼ results generated using INTCAL09. (b) Mean numbers of events falling in each
successive 25-calendar-year interval, based on 1000 different sets of draws of single-year values for each of the 628 dated events in Buchanan et al.’s dataset (2008). Solid
line ¼ results generated using INTCAL04; dashed line ¼ results generated using INTCAL09.
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amean of 11 km/year and a standard deviation of�2.1 km/year. The
median values of Pearson’s correlation coefficient and of the asso-
ciated probability of no underlying correlation were r¼�0.21 and
p¼ 0.046 (with 48% of the 1000 RMA regressions having p> 0.05);
for Spearman’s rank correlation coefficient they were r¼ 0.18 and
p¼ 0.066 (with 57% of the 1000 RMA regressions having p> 0.05)
(Fig. 6e). Fig. 6(f) shows the relationship of themean calendar age of
each of the sites taken from Waters and Stafford (2007) as cali-
brated using INTCAL04, to the distance from Edmonton (the two
OLS slopes are also plotted for comparison). That single regression
model of the mean calendar age of each site against the distance
from Edmonton yields a slope of 13.64� 3.21 km/year, with a date
for the origin at Edmonton of 13,074� 41 cal BP (r¼�0.24,
p¼ 0.03). Distance from Edmonton now explains only 6% of the
variation in dates among these 17 sites (r2¼ 0.06). Using INTCAL09
calibrations gives a mean front speed (slope) of 6.36 km/year and
a standard deviation of � 0.97 km/year. The median values of
Pearson’s correlation coefficient and of the associated probability of
no underlying correlationwere r ¼ �0.17 and p ¼ 0.08 (with 59% of
the 1000 RMA regressions having p > 0.05); for Spearman’s rank
Please cite this article in press as: Steele, J., Radiocarbon dates as data: qua
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correlation coefficient they were r ¼ 0.16 and p ¼ 0.08 (with 62% of
the 1,000 RMA regressions having p > 0.05) (INTCAL09 results not
shown in graphs).

These differing results emphasise the importance of maintain-
ing consistent and rigorous archaeological sampling criteria when
compiling datasets of this kind, especially when the numbers of
potential sites are so small that one or a few inconsistent decisions
could significantly skew the results. As an example of a more
inclusive (but much less well-filtered) sample, Buchanan et al.’s
(2008) database includes about 100 events from nearly 90 sepa-
rate sites each as old as, or older than, the youngest date in
Hamilton and Buchanan’s (2007) ‘Clovis-age’ sample. I have not
attempted to fit regressions to detect spatial structure in this larger
sample. It seems unlikely that the majority of these events (which
typically correspond, subject to preparation and measurement
errors, to the dates of death of individual plants or animals) will
have highly reliable cultural associations. However, the validity of
Hamilton and Buchanan’s conclusions clearly depends on the
archaeological criteria which they deployed for sample inclusion
and exclusion when compiling their dataset.
ntitative strategies for estimating colonization front speeds and event



Table 1
List of all sites with dates which have a probability of at least 0.1 (10%) of falling within one of the following centuries when calibrated using the INTCAL04 curve: 12,900e12,800 cal BP; 12,800e12,700 cal BP; 12,700e12,600 cal
BP; 12,600e12,500 cal BP, based on 1000 different sets of draws of single-year values for each of the 628 dated events in Buchanan et al.’s dataset (2008). Results generated using INTCAL04; values in brackets are the cor-
responding results generated using INTCAL09, shown here for comparison.

12,900e12,800 cal BP, Median no. of sites¼ 20 12,800e12,700 cal BP, Median no. of sites¼ 8 12,700e12,600 cal BP, Median no. of sites¼ 7 12,600e12,500 cal BP, Median no. of sites¼ 6

Smith Creek Cave (10,859.64 bp) 0.974 (0.206) Bolton Spring (10,700 bp) 0.572 (0.071) Debert (10,590 bp) 0.409 (0.140) Sunshine Locality (10,502.91 bp) 0.373 (0.371)
Sheriden Cave (10,847.12 bp) 0.973 (0.162) Lake Abert (10,671.49 bp) 0.541 (0.051) Daisy Cave (10,599.79 bp) 0.390 (0.170) Charlie Lake Cave (10,500.38 bp) 0.357 (0.349)
Hiscock (10,795 bp) 0.911 (0.049) Eppley Rockshelter (10,743.16 bp) 0.483 (0.172) Hedden (10,550 bp) 0.373 (0.044) 12 Mile Creek (10,503.72 bp) 0.262 (0.247)
OIL Ridge (10,906.56 bp) 0.903 (0.314) Handprint Cave (10,740 bp) 0.473 (0.164) Sheaman (10,618.49 bp) 0.281 (0.207) Wilson Butte Cave (10,440.33 bp) 0.195 (0.125)
Murray Springs (10,885 bp) 0.886 (0.277) Buhl burial (10,675 bp) 0.440 (0.082) Agate Basin (10,575 bp) 0.257 (0.103) Hedden (10,550 bp) 0.193 (0.475)
Folsom (10,890.61 bp) 0.885 (0.291) Rappuhn mastodon (10,674.21 bp) 0.417 (0.068) Buhl burial (10,675 bp) 0.237 (0.406) Lubbock Lake (10,540 bp) 0.185 (0.262)
Jake Bluff (10,765 bp) 0.843 (0.010) Agate Basin (10,780 bp) 0.350 (0.249) Rappuhn mastodon (10,674.21 bp) 0.229 (0.365) Vail (10,530 bp) 0.183 (0.286)
Sheriden Cave (10,765.87 bp) 0.836 (0.012) Daisy Cave (10,599.79 bp) 0.337 (0.003) Lubbock Lake (10,540 bp) 0.219 (0.057) Agate Basin (10,575 bp) 0.172 (0.369)
Sheriden Cave (10,788.8 bp) 0.835 (0.054) Debert (10,590 bp) 0.289 (0.004) Lake Abert (10,671.49 bp) 0.217 (0.482) Agate Basin (10,445 bp) 0.168 (0.146)
Shawnee-Minisink (10,935 bp) 0.822 (0.419) Sheaman (10,618.49 bp) 0.273 (0.027) Vail (10,530 bp) 0.197 (0.047) Connley Cave 4B (10,436.01 bp) 0.154 (0.090)
Niska (10,880 bp) 0.805 (0.279) Blackwater Draw 1 (10,822.91 bp) 0.246 (0.297) Sunshine Locality (10,502.91 bp) 0.194 (0.002) Indian Creek (10,419.66 bp) 0.154 (0.083)
Howard Gully (10,860 bp) 0.674 (0.229) Vermilion Lakes Loc. A

(153R) (10,771.45 bp)
0.216 (0.203) Charlie Lake Cave (10,500.38 bp) 0.191 (0.004) Pleasant Lake (10,395 bp) 0.146 (0.068)

Lehner (10,950 bp) 0.618 (0.377) Agate Basin (10,575 bp) 0.212 (0.005) 12 Mile Creek (10,503.72 bp) 0.184 (0.012) Lookingbill (10,405 bp) 0.136 (0.381)
Domebo (10,960 bp) 0.581 (0.407) Sheriden Cave (10,788.8 bp) 0.163 (0.241) Bolton Spring (10,700 bp) 0.153 (0.594) Sheaman (10,618.49 bp) 0.134 (0.085)
Blackwater Draw 1 (10,822.91 bp) 0.563 (0.199) Sheriden Cave (10,765.87 bp) 0.162 (0.145) False Cougar Cave (10,530 bp) 0.153 (0.063) False Cougar Cave (10,530 bp) 0.132 (0.196)
Little River Rapids (10,910 bp) 0.504 (0.249) Jake Bluff (10,765 bp) 0.157 (0.149) Vermilion Lakes Loc. A (153R)

(10,771.45 bp)
0.138 (0.238) Big Eddy (10,414.82 bp) 0.131 (0.045)

Handprint Cave (10,740 bp) 0.417 (0.046) Lubbock Lake (10,540 bp) 0.130 (0.005) Big Bone Lick (10,600 bp) 0.125 (0.110) Indian Sands (10,430 bp) 0.131 (0.121)
Arlington Springs (10,960 bp) 0.410 (0.303) Hell Gap (10,896.9 bp) 0.127 (0.227) Eppley Rockshelter (10,743.16 bp) 0.115 (0.576) Hatwai (10,355.65 bp) 0.112 (0.066)
Agate Basin (10,780 bp) 0.377 (0.147) Big Bone Lick (10,600 bp) 0.122 (0.062) Agate Basin (10,780 bp) 0.113 (0.370) Blackwater Draw 1 (10,376.83 bp) 0.111 (0.064)
Kanorado (10,980 bp) 0.370 (0.398) False Cougar Cave (10,530 bp) 0.122 (0.016) Big Bone Lick (10,600 bp) 0.110 (0.134)
Eppley Rockshelter (10,743.16 bp) 0.368 (0.059) Vail (10,530 bp) 0.122 (0.003) Ventana Cave (10,390.87 bp) 0.107 (0.051)
Hell Gap (10,955 bp) 0.346 (0.228) Howard Gully (10,860 bp) 0.112 (0.355) Whipple (10,376.7 bp) 0.103 (0.086)
Indian Creek (10,980 bp) 0.317 (0.256)
Dent (10,990 bp) 0.316 (0.447)
Paleo Crossing (10,980 bp) 0.289 (0.282)
Hell Gap (10,896.9 bp) 0.289 (0.201)
Warm Mineral Spring (10,980 bp) 0.250 (0.188)
Colby (10,985.12 bp) 0.248 (0.257)
Vermilion Lakes Loc. A

(153R) (10,771.45 bp)
0.223 (0.130)

Bolton Spring (10,700 bp) 0.213 (0.012)
Cactus Hill (10,920 bp) 0.191 (0.169)
Enoch Fork Rockshelter (10,960 bp) 0.186 (0.166)
Koehn-Schneider (11,050 bp) 0.166 (0.183)
Bonneville Estates (11,010 bp) 0.145 (0.318)
Buhl burial (10,675 bp) 0.142 (0.021)
Rappuhn mastodon (10,674.21 bp) 0.138 (0.020)
Wallmann mammoth (11,080 bp) 0.130 (0.118)
Lake Abert (10,671.49 bp) 0.126 (0.012)
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4.2. Densities of radiocarbon-dated events

Fig. 7 and Table 1 summarize the results of 1000 separate sets of
possible dates for the 628 events in the Buchanan et al. (2008)
database, each time taking a random pick of a single calendar
year value for the age of each event as calibrated using INTCAL04.
Results obtained using the new INTCAL09 calibration curve are also
included for purposes of comparison. With the INTCAL04 results
we see increasing densities of events (peaking at median densities
of 11 events during the half-century 12,900e12,850 cal BP and nine
events during the half-century 12,850e12,800 cal BP), with a rapid
decline a century or so after the YDB (median densities of four
events per half-century from 12,800 to 12,700 cal BP and three
events per half-century thereafter until 12,000 cal BP). With the
INTCAL09 results the initial peak is both much less marked, and is
shifted forward in time by about 250 years to about 12,600e12,650
cal BP, with a modest decline thereafter for the rest of the Younger
Dryas. Results from both calibration curves (which are in any case
identical from 12,000 cal BP onwards, Reimer et al. 2009) show
event densities beginning to increase again after the end of the
Younger Dryas and onset of the Holocene (ca. 11,700 cal BP; Vinther
et al., 2006), and reaching another peak of 9e10 events per half-
century from 11,300 to 11,200 cal BP (about 400 years after the end
of the Younger Dryas). The INTCAL04 results therefore imply that
human occupation of North America declined to one-third or one-
quarter of preceding levels after the onset of the Younger Dryas, and
did not recover to those peak levels until the end of the Younger
Dryas. However, the INTCAL09 results are not congruent: they
imply that the early peak in occupation occurred 250e300 years
after the YDB, and that the subsequent decline was much less
dramatic.

To examine the effects of the onset of the YDB on demography, it
is also useful to identify individual sites whose dates can be reliably
located on one or other side of that boundary. Table 1 lists all sites
which have a probability of at least 0.1 (10%) of falling within one of
the following centuries when calibrated using the INTCAL04 curve:
12,900e12,800 cal BP; 12,800e12,700 cal BP; 12,700e12,600 cal
BP; 12,600e12,500 cal BP. The INTCAL09 probabilities are also
given, as a basis for comparison. It is noticeable that with the
INTCAL04 results in particular, fewer individual events are clearly
individually assignable to the last of these centuries, which may
reflect the added uncertainty due to the Younger Dryas 14C plateau.
What we can calculate is the most likely number of events that
occurred during that century, given the number of events which fell
within the broader ‘plateau’ period. However, because each such
event has a large calibrated age range we cannot reliably estimate
which of the many possible candidate events did in fact occur
during that particular 100-year interval.

Finally, in addition to giving the probabilities that the age of
each such dated event fell within those periods (i.e. the proportion
of the 1000 draws from the calibrated distribution that fall within
each such interval), I have re-examined the original CARD records
for the ‘top five’ sites in each period (as estimated using INTCAL04,
for comparison with the original published results) and will now
comment on the archaeological and statistical issues that deter-
mine whether or not the underlying radiocarbon determination is
reliable. This is to gain an insight into the scale of the problem of
‘chronometric hygiene’ involved when compiling and using data-
sets of this kind to address questions about prehistoric climatic
events at an adequate temporal resolution.

4.3. 12,900e12,800 cal BP

The median number of events drawn that fell within this
century after calibrating using INTCAL04was 20. When calibrating
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using INTCAL09, the median number was 10. The ‘top five’ events
that fell most consistently into this interval when using INTCAL04
(Buchanan et al.’s (2008) dates in brackets) included Smith Creek
Cave (10,859.64 14C yr bp), Sheriden Cave (10,847.12 14C yr bp),
Hiscock (10,795 14C yr bp), OTL Ridge (10,906.56 14C yr bp), and
Folsom (10,890.61 14C yr bp). Of these, two (Hiscock and Folsom)
appear to be statistically consistent averages. The Hiscock value is
the average of three culturally modified bone dates (according to
Hamilton and Buchanan, 2007). For Folsom the value is the
average of a suite of charcoal dates associated with a bison kill,
although more recently obtained dates on amino acids extracted
from the bison bone itself now suggest that the kill occurred at
10,490� 20 14C yr bp (Meltzer, 2006). Another value (for Sheriden
Cave) is one among several averaged ages for separate occupations
at this site calculated by Buchanan et al. (2008), but I am unable to
reconstruct the basis for this separation. However there is no
doubt that occupation at Sheriden Cave took place at approxi-
mately this time: Redmond and Tankersley (2005) give two dates
from a charcoal lens at the base of the Clovis cultural layer 5a
which average satisfactorily to 10,916� 48 14C yr bp, while the
most recent date reported from this layer is 10,915� 30 14C yr bp
(UCIAMS-38,249) for a worked bone point (Waters et al., 2009).
The two other values in this ‘top five’ (Smith Creek Cave and OTL
Ridge) are evidently based on mistakenly averaging multiple
determinations which are statistically different. For Smith Creek
Cave the age given can be reconstructed by averaging 14 deter-
minations ranging from 12,150�150 bp to 9940�160 14C yr bp,
but Calib5.0’s ‘test sample significance’ option flags these dates as
very significantly different (T¼ 220.7, which exceeds the test’s
significance threshold of c2¼ 22.4 at a¼ 0.05; see also Goebel
et al., 2007; the clearest evidence for first occupation comes
from six consistent charcoal dates on a hearth complex which
average to 10,711�73 14C yr bp; the earliest date on a tool is
10,420�100 yr 14C yr bp [TO-1173] on a fragment of plant
cordage). For OTL Ridge the average given can be reconstructed
from three determinations on soil humics and organic carbonates,
ranging from 11,415� 35 14C yr bp to 9330� 80 14C yr bp but
Calib5.0’s ‘test sample significance’ option also flags these dates as
very significantly different (T¼ 829.95, which exceeds the test’s
significance threshold of c2¼ 5.99 at a¼ 0.05).

4.4. 12,800e12,700 cal BP

The median number of events drawn that fell within this
century after calibrating using INTCAL04 was eight. When cali-
brating using INTCAL09, the median number was 11. The ‘top five’
events that fell most consistently into this interval when using
INTCAL04 (Buchanan et al.’s (2008) dates in brackets) included
Bolton Spring (10,700 14C yr bp); Lake Abert (10,671.49 14C yr bp);
Eppley Rockshelter (10,743.16 14C yr bp); Handprint Cave (10,740
14C yr bp); and Buhl burial (10,675 14C yr bp). Of these, one is
evidently a statistically consistent average of three determinations
which appears archaeologically reasonable (Lake Abert), and two
are single dates which also appear archaeologically reasonable
(Handprint Cave and the Buhl Burial). The other two in this ‘top five’
appear less reliable. The date for Bolton Spring is also for a single
determination, but the cultural layer contains Middle Archaic
lithics and Holocene fauna and the excavators interpret this date as
potentially based on intrusive non-cultural forest fire charcoal
(Thorson and McBride, 1988). Finally, the mean date for Eppley
Rockshelter can be replicated by averaging two determinations
(12,185�130 14C yr bp and 9890�100 14C yr bp), but Calib5.0’s
‘test sample significance’ option flags these dates as very signifi-
cantly different (T¼ 195.8, which exceeds the test’s significance
threshold of c2¼ 3.84 at a¼ 0.05).
ntitative strategies for estimating colonization front speeds and event
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4.5. 12,700e12,600 cal BP

The median number of events drawn that fell within this
century after calibrating using INTCAL04 was seven. When cali-
brating using INTCAL09, the median number was 12. The ‘top five’
events that fell most consistently into this interval when using
INTCAL04 (Buchanan et al.’s (2008) dates in brackets) included
Debert (10,590 14C yr bp); Daisy Cave (10,599.79 14C yr bp); Hedden
(10,550 14C yr bp); Sheaman (10,618.49 14C yr bp); and Agate Basin
(10,575 14C yr bp). Of these, four (Daisy Cave, Debert, Hedden,
Sheaman) seem to be statistically consistent averages of multiple
original determinations in the CARD database. The CARD notes
state that Beta-25,836 [10,690�105 bp] is probably the closest
approximation to the age of the Sheaman site, although radio-
carbon determinations from a new exposure at Sheaman now
suggest that the Clovis occupation dates to 11,200� 50 yr 14C yr bp
(Haynes et al., 2004; discussion in Waters and Stafford, 2007). The
determination for Agate Basin is from a single charcoal sample from
between the Folsom and Hell Gap levels.

4.6. 12,600e12,500 cal BP

The median number of events drawn that fell within this
century after calibrating using INTCAL04 was six. When calibrating
using INTCAL09, the median number was 12. The ‘top five’ events
that fell most consistently into this interval when using INTCAL04
(Buchanan et al.’s (2008) dates in brackets) included Sunshine
Locality (10,502.91 14C yr bp); Charlie Lake Cave (10,500.38 14C yr
bp); 12 Mile Creek (10,503.72 14C yr bp); Wilson Butte Cave
(10,440.33 14C yr bp); and Hedden (10,550 14C yr bp). Three of these
(Charlie Lake Cave, 12 Mile Creek, and Hedden) appear to be
stratigraphically and statistically consistent averages of multiple
samples, while two (Sunshine Locality and Wilson Butte Cave) are
evidently based on mistakenly averaging multiple determinations
which are statistically different. For Sunshine Locality the value
given can be replicated by averaging five determinations in the
CARD database ranging from 11,330� 60 14C yr bp to 10,240� 80
14C yr bp, but Calib5.0’s ‘test sample significance’ option flags these
dates as very significantly different (T¼ 239.3, which exceeds the
test’s significance threshold of c2¼ 9.49 at a¼ 0.05; cf. Huckleberry
et al., 2001). ForWilson Butte Cave the value given can be replicated
by averaging two determinations in the CARD database
(10,700�100 14C yr bp and 10,230� 90 14C yr bp), but Calib5.0’s
‘test sample significance’ option also flags these dates as signifi-
cantly different (T¼ 12.2, which exceeds the test’s significance
threshold of c2¼ 3.84 at a¼ 0.05).

5. Discussion

Hamilton and Buchanan (2007) and Buchanan et al. (2008)
provide evidence which they suggests supports (respectively) the
Clovis-age model of a colonizing front originating in the north at
about 13,400 cal BP, and a subsequent gradual filling-up of the
North American continent south of the ice sheets with no major
reversals due to climatic extreme events (Firestone et al., 2007). If
this interpretation is correct, then by the Younger Dryas onset most
of North America would have been settled by Clovis-age hunter-
gatherers, with the last phase of settlement characterized by in-
filling of less favourable habitats. In that case we should find
a strong correlation between date of first occupation and distance
from the origin, a correlation which gets weaker in the last (in-
filling) phase; we would also expect to find evidence of increasing
numbers of radiocarbon-dated events as a function of time during
this colonization period (when we sum the evidence available for
the whole continent).
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Alternatively, however, itmaybe that evidence of the arrival time
and vector of dispersal of Clovis-age hunter-gatherers is inconclu-
siveand that therewas also awidespreadpopulation crash following
the onset of the Younger Dryas, associated with environmental
change. In that case, the occurrence of sites in the extremenortheast
of the purportedly Clovis-age site distribution in the latest phase
(during the Younger Dryas itself) could be indicative of response to
such changes by relocating to pursue relictmegafaunal populations.
In this second case, we should find a weaker overall correlation
between date of first Clovis-age occupation and distance from any
postulated origin, and also evidence of a population crash after the
Younger Dryas onset (and perhaps also a concentration of post-YDB
sites in areas where there were either relict populations of soon-to-
be-extinct megafauna, or high concentrations of those prey species
that were sufficiently well-adapted to survive the terminal Pleisto-
cene extinction episode).

The evidence re-analysed in this paper is equivocal, because of
the very significant changes introduced in the new INTCAL09
calibration curve for the period w12,550e12,900 cal BP (Reimer
et al. 2009; for a fuller explanation, see especially Hua et al.
2009). As already noted, following the YDB sensus stricto at ca.
12,900 cal BP (NGRIP data, Rasmussen et al., 2006) oxygen isotope
and dust evidence from the same NGRIP core suggest that the
vegetation cover and consequent dust flux responses extended
across two subsequent centuries (Steffensen et al., 2008). Re-
analysis of Buchanan et al.’s (2008) dataset and continuing to use
INTCAL04 suggested that there was a drastic reduction in event
densities within a century or so of the Younger Dryas onset, fol-
lowed by a prolonged period of reduced activity that only ends after
the Younger Dryas termination. However, the effects of the revision
to the marine reservoir offset in INTCAL09 (Reimer et al. 2009) are
very significant, and change that result (and will likely also affect
any archaeological inference about events at and in the three or
four centuries following the onset of the Younger Dryas). Mean-
while in terms of dispersal trajectories, the evidence for a vector of
dispersal from the north is much weaker if the three latest sites are
removed (and using INTCAL09 does not improve the fit). All three
are located in the extreme northeast of the distribution and it is
plausible to ask whether these locations represent either in-filling
of marginal habitats, or a delayed expansion into recently degla-
ciated environments whose prey stocking was tied to the local
chronology of ice-sheet retreat (see Fig. 1b).

The new statistical approach demonstrated here has clear
merits over those techniques previously used. We have been able
to evaluate more carefully the robustness of the regression anal-
ysis results, and have been able to derive a more reliable single
mean value for the calibrated age distributions of individual
archaeological events. We have also been able to graph changes in
the absolute frequencies of individual archaeological events over
time, and to identify individual events that have the largest like-
lihood of having occurred during those intervals that are of
greatest relevance to our research question. This e and OxCal’s
implementation of the summing operation e has enabled us to
identify within the INTCAL04 calibration framework a possible
demographic crash following the Younger Dryas onset which had
been missed in the original analysis. This is, of course, without
prejudice to the question of what specific factors may have caused
any such crash. However, within the new INTCAL09 calibration
framework the evidence for such a crash looks much more
equivocal.

More prosaically, we have also been reminded of the need to
screen and process archaeological radiocarbon datasets using
appropriate statistical andstratigraphic criteria, particularly ifweare
exploring a hypothesis of an abrupt and relatively short-lived
extreme event. Themain aim of this paper has been to outline a new
ntitative strategies for estimating colonization front speeds and event
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statistical methodology and to show that it gives added inferential
power. Todo this I have chosen touse the samedatasets as thepapers
being re-evaluated, in order to show how the new approach gives
different (as well as statistically more robust) results. A complete
revision of the samples of sites and dates through rigorous source
criticismwould no doubt have yielded very valuable new results, but
they would not have been directly comparable with those obtained
by the earlier authors. Consequently the readerwouldnot knowhow
far any differences between results were due to different archaeo-
logical samples, and how far theywere due to differences inmethod.
The main archaeological outcome of this re-analysis is, nonetheless,
to highlight several unresolved issues in detecting any sustained
Younger Dryas-age population reduction, which must now be
explored further using the new calibration corrections (e.g.
Muscheler et al., 2008; Reimer et al., 2009) and higher-precision and
statistically valid datasets of stratigraphically well-resolved archae-
ological radiocarbon dates. The quantitative techniques outlined
here are, of course, generally applicable and suitable for use inmany
other prehistoric case studies.
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