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ABSTRACT. Archaeological phenomena, especially those that have been radiocarbon dated, can be utilized as indications
of human activity and occupancy in space and time. 24C dates from archaeological contexts have been used as proxies for pop-
ulation history events in several recent studies (e.g. Gamble et al. 2005; Shennan and Edinborough 2007; Oinonen et al. 2010;
Tallavaara et al. 2010; Pesonen et al. 2011). As a step towards a larger spatiotemporal modeling effort, we present examples
of spatial distributions obtained using Bayesian methodology, analyzing all available archaeological 4C dates from the Stone
Age (9000-1500 cal BC) in eastern Fennoscandia. The resulting maps follow the patterns of pioneer settlement in Finland
beginning at ~9000 cal BC and provide supporting evidence for the postulated population peak around 4000-3500 cal BC in
Finland and the subsequent population decline.

INTRODUCTION

Recently, compilations of radiocarbon dates from archaeological contexts have been utilized as
proxies for population history events (e.g. Gamble et al. 2005; Ortman et al. 2007; Shennan and
Edinborough 2007; Oinonen et al. 2010; Tallavaara et al. 2010; Pesonen et al. 2011) and ecological
processes (Macklin et al. 2010; Reyes and Cooke 2011). However, the data have typically not been
analyzed in a spatial statistical framework (except for Ortman et al. 2007), but rather as cumulative
probability density functions of calibrated 14C dates belonging to a specific period and large geo-
graphical areas (such as Alaska, circum-Arctic, southwest Europe vs. northwest Europe). Here, we
present our effort in analyzing the spatial dimension of archaeological 14C dates, utilizing Bayesian
hierarchical methodology for small area analysis, originally constructed for image restoration
(Besag et al. 1991) and widely used in epidemiology (e.g. Karvonen et al. 2002; Moltchanova et al.
2004; Best et al. 2005; Bilancia and Fedespina 2009) and ecology (e.g. Heikkinen and Hégmander
1994; Sims et al. 2008). We chose to use the Besag-York-Mollie (BYM) model because it is widely
applied in modeling the geographical distribution of rare events (i.e. data indexed at a small geo-
graphical resolution, and thus sparse by nature). Essentially, the model has been shown to be robust
despite the sparsity of the data (Best et al. 2005).

Ortman et al. (2007) present an approach where the relationship between small-scale surface evi-
dence and excavation results are translated in a framework inspired by Bayesian inference, in order
to reconstruct settlement patterns from survey data. Compared to Ortman et al. (2007), our focus is
on a larger geographical scale, describing the overall spatial variation in human activity.

There is an abundance of archaeological sites indicating past human activity in eastern Fennoscan-
dia, ~40,000 in total. Detailed information on nearly all of the archaeological finds has been recorded
into a national database: Registry of Ancient Monuments (RAM, Muinaisjaannésrekisteri in Finn-
ish). One of the goals of our Argeopop project (http://www.helsinki.fi/bioscience/argeopop) is to
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augment this database by complementing information on artifacts and archaeological sites. Typolog-
ically identifiable artifacts are documented and their exact find location is verified. The ongoing
work already allows 14C-dated parts of the data to be utilized in preliminary statistical analyses. We
focused on the time interval 9000-1500 cal BC, i.e. the Mesolithic and Neolithic Stone Age in Fin-
land. A total of 820 archaeological 14C dates from eastern Fennoscandia (Finland and ceded Karelia,8
Figure 1) fall into this period. Each date was interpreted as evidence of human activity during the
time. The study interval was divided into 6 subintervals, with the goal of presenting an overview of
the variation in the intensity of human activity in time and space. The results shed additional light
on many of the characteristics of interest of the population history of eastern Fennoscandia.

MATERIALS AND METHODS
The Data

The 14C data consists of 820 dates from 9000-1500 cal BC (Figure 1) and form a subset of a larger
data set of 2565 dates (Oinonen et al. 2010; Tallavaara et al. 2010 and references therein). The 14C
analyses performed at the Dating Laboratory (Finnish Museum of Natural History, University of
Helsinki) form the backbone of the data used. The data set was extended to cover—as thoroughly as
possible—the other published archaeological 4C dates from eastern Fennoscandia measured either
at the Dating Laboratory or elsewhere. In addition, the data also contain those unpublished dates that
have been kindly released for our use by the customers of the Dating Laboratory. The whole data set
has been scrutinized (see Oinonen et al. 2010; Tallavaara et al. 2010). The present data are domi-
nated by charcoal finds: 56% are from charcoal dates. Charred crust samples from pottery represent
another large fraction of dated material, amounting to 14%. The remaining material consists mostly
of samples of burnt bone (8%) or birch bark tar (6%).

The calibration has been carried out with CalPal software (Weninger and J6ris 2004), which uses the
IntCal04 calibration curve (Reimer et al. 2004). The period 9000-1500 cal BC was split into 6 inter-
vals, according to the “traditional” Finnish chronology: 9000-6400 cal BC (Early and Middle
Mesolithic Stone Age); 6400-5100 cal BC (Late Mesolithic); 5100-4000 cal BC (Early Combed
Ware period); 4000-3500 cal BC (Typical Combed Ware period); 3500-2500 cal BC (Late Combed
Ware and Corded Ware period); and 2500-1500 cal BC (Late Subneolithic) (generalized from e.g.
Carpelan 1999, 2002). The dates were assigned into these time periods based on the posterior mean
as estimated by CalPal. We therefore treat these estimates as data and ignore any uncertainty asso-
ciated with them. This is, indisputably, a simplification.

The Model

The maps (of posterior means) in this work were produced using a Bayesian hierarchical methodol-
ogy for small area analysis, using a slight modification of the Besag-York-Mollie (BYM) model
(Besag et al. 1991). We divided the combined territory of Finland and ceded Karelia into 10 x 10 km
cells, thereby forming a grid numbering 3997 cells. Considering separately each of the 6 time peri-
ods, and indexing the grid cells by i, each cell i was assigned a response variable Y;, which was
defined as follows: Y; = 1 if the data contained at least 1 find from this cell, which had been dated to
the considered time period, and Y; = 0 if the data contained at least 1 find from this cell, but none that
would belong to the considered time period. For cells i from which there were no 1*C-dated finds,
the value of the response variable Y; was considered as missing (NA), and then treated as a random
variable, applying the method of data augmentation.

8Ceded Karelia refers to the region southeast of the current borders of Finland, which was part of the country before The
Moscow Armistice signed between Finland and Soviet Union in 1944,
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Baltic

Figure 1 Upper right inset: Finland (black) and ceded Karelia (dark gray),
northern Europe). The big map: Locations of archaeological finds that have
been 14C dated (green diamonds, n = 820) from Finland and ceded Karelia,
and which are used in this study. A few territory names are provided for ref-
erence. Some date locations overlap; thus, there are less than 820 4C-dated
locations shown.

The hierarchical Bayesian model used in this work is structured as follows:

Y; ~ Bernoulli(mw;)
logit(m;) = a+ A4
o ~N(m, 1)
A~ CAR(1, weights) = N(A_, 6°) 1)

Here, the parameter ; can be viewed as the “chance of cell i being occupied.” It is modeled by logis-
tic regression, by decomposing logit (r;) into a global baseline parameter o. and an area-specific ran-
dom effect ;. In the execution of our data analysis, various relatively vague prior distributions were
assigned for o, thereby testing the sensitivity of the results to such particular specifications. In
absence of more information and clear alternatives, we ended up calibrating our model empirically,
letting m be equal to the value logit(p) = log(p/(1-p)) where p is the observed relative fre-
quency, during the considered time period, of cells i with Y; = 1 among those with either Y; =1 or Y;
= 0. In this respect, the results reported below can be said to be empirical Bayesian.
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The joint distribution of the random effects ();), representing the spatial correlation of the local
response variables Y;, is then defined in terms of the conditional autoregressive (CAR) model (Besag
etal. 1991). According to that model, the local random effect A; is taken to be normally distributed,
with expectation equal to the mean of the corresponding random effects in the neighborhood of cell
i (without including cell i itself), and with variance o2 (the inverse of the spatial precision t). Apart
from cells forming the outer border of the mapped geographical area, there are 8 such neighbors for
each cell.

The motivation, and rationale, behind using the CAR model is that of “borrowing strength” from the
corresponding data in the neighboring cells (Besag et al. 1991). In other words, if a cell were occu-
pied in the sense that at least 1 find from the considered time period fell into it, then it would be
thought as more likely that a cell adjacent to it is also occupied. Note that by “being occupied” we
mean that an item from the time period in question in a cell has been preserved through time, and
finally found. For the time being, we do not take into account the potential taphonomic factors
affecting the survival of the archaeological signal (as in e.g. Surovell and Brantingham 2007), the
most significant being the transgressions in the Finnish lake district caused by the postglacial land
uplift. It is also obvious that a part of the archaeological heritage of the Finnish lake district from
~8000-4000 cal BC is under-represented in the archaeological database.

The model was estimated using the WinBUGS software (Lunn et al. 2000). WinBUGS utilizes
Markov chain Monte Carlo sampling to estimate the model parameters. A single Markov chain with
a burn-in of 5000 iterations and a further 15,000 iterations for monitoring was used. The conver-
gence of the chain was verified by visual inspection. There were 6 runs in total, 1 for each time inter-
val. Posterior means for the chance parameter =;, as well as 10% and 90% quantiles of the posterior
distribution, were plotted on a map of eastern Fennoscandia (Finland and ceded Karelia), Figure 2.
The data was processed using R-software (http://cran.r-project.org) and visualized with Pitney
Bowes Business Insight’s (http://www.pbinsight.com) Maplinfo 8.5. The larger values of the expec-
tations can generally be interpreted as corresponding to more certain, or higher intensity of, human
activity. The shorelines of the Baltic Sea corresponding to the different time intervals have been esti-
mated with the shoreline model by Passe and Daniels (2011) and the Geological Survey of Sweden.

RESULTS AND DISCUSSION
Model

The autoregressive model of Besag et al. (1991) has been applied successfully in many areas of sci-
entific research where the geographical distribution of objects or structures that are not directly
observed in the data is of interest. Here, its use is motivated, in particular, by the relatively sparse
data consisting of 820 14C-dated finds, divided further into 6 time intervals and then distributed
among altogether 3997 grid cells. Our goal was to find a way in which such sparse point-set data
could, by means of a statistical model, be converted to form a reasonable description of the spatial
distribution of human activity during the considered time period.

One should note that the model used here is merely one particular choice among many alternatives
that could have been used. In particular, instead of considering binary response variables we could
have taken Y; to designate the actual number of finds in a cell that were dated to a given time period,
and then modeled its behavior, for example, in terms of an inflated Poisson distribution. We aim to
consider all finds (4C dated or not) in our future work, and then a response variable of this type
appears to be more appropriate. Generalizing our work into a different direction, the major water-
ways and land routes could also be taken into account in future analyses, by redefining the concept
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of neighborhood to reflect the relative ease of moving along such pathways (cf. McColl 2008). An
excellent archaeological discussion on ridges as routes of transportation is given in Holmblad (2010).

Data

There are several possible biasing factors within the data that need to be discussed. First of all, we
have relied on the archaeological scrutiny under the sample selection to establish a link between the
dated sample and the archaeological context. Therefore, no further exclusive selections were made.
In a previous work by Oinonen et al. (2010), the temporal distributions of the 14C dates were ana-
lyzed, in particular. According to the analyses, the shape of the temporal distribution of the uncali-
brated 14C data remained nearly unchanged decade by decade from the early days of the 1“C method
in the area (1970s) to the last decade (2000s). Thus, it seems that the possible systematic biases due
to the older—and therefore possibly more unreliable—dates have been modest. In addition, judging
on the robust pattern of temporal distributions along with the decades, there have not been signifi-
cant changes in research interests.

Such an analysis, however, does not rule out individually biased dates that are more difficult to be
identified, but show the effect of older dates being more or less canceled out. These older 14C dates
possess larger statistical uncertainties (~100 yr) compared to the present data (3040 yr) and one
may argue that some of the possible systematic biases may fall within these larger uncertainties.
They, in turn, result in wider posterior probability distributions of calibrated ages.

Correction procedures for the 2 largest subsets of material, charcoal/wood and charred crust, can be
implemented. An estimate for charcoal/wood own age of ~50 + 80 14C yr was obtained by compar-
ing the shapes of the time distributions of the 14C ages of charcoal/wood and short-lived sample
materials (Oinonen et al. 2010). This provides a guideline for the possible correction of wood/char-
coal. In addition, Pesonen et al. (these proceedings) discuss reservoir effect corrections for charred
crust samples and propose a corresponding correction procedure. In the other sample materials with
shares of 5% or more, burnt bone samples of marine origin may have marine carbon incorporated.
All these factors will be dealt with in our future model development although not yet implemented.
We assume the largest effects within the period of 6400-5100 cal BC, since the period is strongly
dominated by charcoal finds (70%).

The calibrated dates have been categorized into certain periods of time based on the posterior mean
as estimated by CalPal. We therefore treat these estimates as data and, for the time being, ignore any
uncertainty associated with them. Naturally, the credible interval for a calibrated date may span 2
consecutive periods. Thus, the find belongs to each of the two with some probability p < 1. Account-
ing for this uncertainty within the Bayesian framework is certainly possible, and we intend to return
to this issue in the future.

Archaeological Interpretations

In general, the maps (Figure 2) comply with the pre-existing archaeological understanding, with
some exceptions. The earliest 14C dates from the pioneer settlement sites are around 8900 cal BC in
eastern Finland. For the Mesolithic, the division to 2 periods was taken from Matiskainen (1989),
who uses the terms Ancylus- and Litorina-Mesolithic derived from the successive phases of the Bal-
tic Sea. Here, we call the earlier period (9000-6400 cal BC), the Early and Middle Mesolithic and
the later period (6400-5100 cal BC), the Late Mesolithic. Concerning the Neolithic era, the time
periods indicate the use of certain ceramic types. In the following, we discuss the present archaeo-
logical interpretation with respect to the maps we produced.
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Figure 2 Spatial distributions of posterior means of m; (the chance of cell i being occupied) in the middle of each map,
with the 10% quantile (left) and 90% quantile (right). The gray dots denote locations of the finds dated to each period:
a) 9000—6400 cal BC (n = 76), shoreline according to 6400 cal BC, estimated here and in the following with the model
by Pésse and Daniels (2011) and Geological Survey of Sweden; b) 6400—5100 cal BC (n = 106), shoreline 5100 cal BC;
¢) 5100—4000 cal BC (n = 150), shoreline 4000 cal BC.
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Figure 2 Continued d) 4000-3500 cal BC (N = 187), shoreline 3500 cal BC; e) 3500-2500 cal BC (n = 187),
shoreline 2500 cal BC; f) 2500-1500 cal BC (n = 124), shoreline 1500 cal BC. When interpreting the maps, note
that the time periods are not equally long.
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Archaeologically, it is evident that eastern Fennoscandia was populated very soon after the retreat of
the Continental Ice Sheet. The earliest 14C dates from archaeological sites date this pioneer settle-
ment to ~8900 cal BC in eastern Finland (e.g. Takala 2004; Pesonen 2005; Jussila et al. 2007;
Pesonen et al., forthcoming). The initial settlers came from the south and east (Meinander 1984;
Huurre 1990; Carpelan 1999). It has been possible to trace 2 routes of colonization, one via the
Karelian Isthmus and the other following the land route between the lakes Onega and Ladoga (see
Figure 1). The map of posterior means (Figure 2a) shows an even distribution for the whole study
area for this period, while during the Late Mesolithic (6400-5100 cal BC) northern Finland seems
to be populated more densely than southern Finland (Figure 2b). The overall signal of human pres-
ence is distorted by the known lack of 4C dates in the coastal areas: there are several Late
Mesolithic sites on the Bothnian coast, which are not present in the 14C data (cf. Matiskainen 1989).

During 5100-4000 cal BC, pottery was adopted by hunter-gatherers of eastern Fennoscandia. Two
lines of ceramic traditions entered Finland from the east: Saréisniemi 1 ceramics in the northeast and
Sperrings 1 and 2 ceramics in the southeast (e.g. Carpelan 1999; Torvinen 2000; German 2009).
Note that the chronologies of these early ceramic styles have been re-estimated by a Bayesian
approach (Pesonen et al., these proceedings). The area of admixture was eventually formed in the
Kainuu-North Ostrobothnia region. The distribution of 14C-dated finds (gray dots in Figure 2c) cor-
respond well to archaeological knowledge, with 2 exceptions: the Finnish lake district and the Both-
nian coast in the west. The lakes in eastern Finland, especially Saimaa, have experienced transgres-
sions during the Holocene, which have buried shorebound settlement sites in large areas (e.g.
Saarnisto 1971). The map for this time period (Figure 2c) presents a stronger signal in northern than
southern Finland visualized already in the previous, Late Mesolithic, era.

The time period 4000-3500 cal BC, coinciding with Typical Combed Ware ceramics, has recently
been posited as a population peak period in the prehistory of eastern Fennoscandia (Tallavaara et al.
2010). The period is marked by substantial changes in the economy, material culture, and society of
the tribes living in the area, e.g. in the building tradition, import of exotic materials, and burial prac-
tice including signs of hierarchy (e.g. Vuorinen 1982; Meinander 1984; Carpelan 1999; Halinen
1999; Pesonen 2002; Edgren 2007). The map of posterior means (Figure 2d) reflects the strong
archaeological signal designated to this phase in southern Finland and deviates from the more north-
ern emphasis assessed in the previous eras (Figures 2b and 2c).

The period of Typical Combed Ware was characterized by a uniform cultural roof, but gradually, it
was broken down into local styles and technologies. Several separate ceramic traditions were
formed in eastern Fennoscandia. During the period 3500-2500 cal BC, Late Combed Ware, Pyheen-
silta Ware, Kierikki Ware, Polja Ware, and Corded Ware were introduced. In the north, only the
asbestos-tempered Kierikki and P6lj& Ware were used, while the south saw a more varied succession
of styles. Nevertheless, according to archaeological knowledge, no area was depopulated entirely.
The map of posterior means (Figure 2e) shows how northern Finland resurfaced again after the Typ-
ical Combed Ware period.

The period 2500-1500 cal BC marks the end of the Neolithic Stone Age in eastern Fennoscandia.
The transition to the Bronze Age began, along with a major change in economy, especially in the
coastal areas. Until that time, the signs of agriculture had been quite modest, although clearly
present at least from the Typical Combed Ware period onwards (Mdkkdnen 2010). The settlement
is concentrated along the coastal areas and is reflected in the archaeological record by Kiukais Ware
and to some extent at the beginning of the period also by Corded Ware. Lapland and southwest Fin-
land are now highlighted in the map of posterior means (Figure 2f). Eastern Finland is almost devoid
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of 14C dates, which we argue can be considered a sign of a population bottleneck. A population bot-
tleneck is a demographic phenomenon where the population size declines substantially as a result of
an event such as famine, epidemic, war, or deterioration of environmental conditions. Such an event,
especially in eastern Finland, has previously been proposed by Lavento (2001) and Sundell et al.
(2010), and is thus further substantiated. Bottlenecks, especially narrow ones, significantly reduce
the genetic diversity of a population and additionally can drift sporadic genes into high frequen-
cies—such as the genes behind The Finnish Disease Heritage (FDH, http://www.findis.org). A sub-
area-specific bottleneck might also have contributed to the well-known genetic distinction between
eastern and western Finnish populations (e.g. Kittles et al. 1998; Salmela et al. 2008; McEvoy et al.
2009; Palo et al. 2009).

CONCLUSIONS

The methodology presented provides technically sound systematic tools for spatial Bayesian analy-
sis of archaeological data. The obtained results support many known characteristics of the popula-
tion history of eastern Fennoscandia. Particularly, both the eastern and northern early stages of pop-
ulations are highlighted and the emphasized role of the Typical Combed Ware culture is illustrated.
The low posterior mean values of eastern Finland within the period 2500-1500 cal BC may be con-
nected with the proposed population bottleneck in the area.

Updated archaeological databases will be available for use in the near future. It would be intriguing
to utilize data about dwelling sites, typologically datable artifacts, and even geographical informa-
tion (water routes, ridges) in the analysis to further investigate the background and geographical pat-
terns of ancient human activity. The proposed Bayesian methodology provides a sound framework
for such an extension of studies.
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