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a b s t r a c t

I examine the relationship between the spatial pattern of aridification in the northeastern Mediterranean
ca 8600 years ago and the spread of Neolithic farmers into the region surrounding the Aegean Sea. I use a
generalized additive model to downscale winter rainfall from a state-of-the-art paleoclimate simulation.
The model performs well at reproducing the present-day pattern of rainfall in the northeastern Medi-
terranean, and it generates physically-interpretable estimates of past rainfall consistent with global and
regional proxy records of early Holocene climate. Comparing modeled rainfall with Neolithic settlement
patterns reveals spatially-heterogeneous regional impacts of this period of global aridification. Only the
humid regions of the Aegean coast experienced major drought, while more inland zones temporarily
experienced more rainfall. The result of this spatially heterogeneous climate event was, conversely, more
homogeneous regional rainfall. Neolithic colonists from southwest Asia would have encountered new
landscapes with a more familiar, and predictable, precipitation regime.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The early farmers of southwest Asia expanded into the Aegean
littoralewestern Anatolia, Greece, and Thrace e during a period of
global climate change starting 8600 years ago. This period of
cooling and aridification is distinct from the rapid-onset global
cooling event beginning 400 years later (the ”8.2 ka event”, where
ka is 1000 years before present) (Rohling and P€alike, 2005).
Although the increases in aridity after 8.6 and 8.2 ka are often
conflated in discussions of Neolithic dispersal, the former period of
climate deterioration is more consistent with the chronology of the
expansion of farming into the Aegean littoral and beyond (Düring,
2013; Weninger et al., 2014; Flohr et al., 2016). For thousands of
years prior to this period, farming had failed to spread along the
maritime and terrestrial networks connecting the Aegean to the
Neolithic core zones of southwest Asia (Schoop, 2005; Brami,
2014); in the millennium that followed, founder populations of
Aegean farmers gave rise to farming communities across the
Mediterranean and Europe (Hofmanov�a et al., 2016).

Several studies have sought to connect this drought to the
Neolithic dispersal directly, with a general focus on the potential
social impacts of this climate event (Clare and Weninger, 2010;
Düring, 2013; Lemmen and Wirtz, 2014). Less attention has been
given to the nature of the drought itself, and its manifestation on
the regional and local scales most relevant to Neolithic societies.
Although there are clear spatiotemporal patterns in the initial
expansion of farming from the Near East (Brami, 2014; Flohr et al.,
2016), the current state of paleoclimate knowledge precludes a
direct comparison between the archaeological record and patterns
of regional climate change.

Previous studies examining the relationship between climate
change and Neolithic dispersal (e.g. Weninger et al., 2014; Flohr
et al., 2016) have been limited by the use of scattered, point-
based paleoclimate proxy records such as speleothems and lake
cores, coupled with an assumption that the spatial patterns of
climate in the present are sufficient to understand climate patterns
of the past. The use of point-based proxies restricts researchers to a
one-dimensional perspective of climate as it changes over time and
not across space. One method to spatialize proxy data is to select a
set of ”representative” proxy records from multiple regions of in-
terest (Shennan et al., 2013; Lemmen and Wirtz, 2014). But
extrapolating a climate signal from a single proxy to an entire re-
gion is unreliable, and imposes a spatial structure on the data a
priori. Proxy data are noisy and variably time- and space-averaged
records of an actual climate signal. Whether a particular proxy is
sensitive to local, regional, or global climate varies with the type of
proxy and its location. The geophysical and biophysical processes
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that formed a proxy record and the taphonomic processes that
altered it are often uncertain. If the relationship between a climate
signal and a proxy signal is nonlinear, this uncertainty can nega-
tively impact the performance of statistical methods used to
recover that climate signal (Tingley et al., 2012).

Proxy data are simply ill-suited to represent spatial heteroge-
neity in climate. But spatial heterogeneity drives ecological pro-
cesses (Pickett and Cadenasso, 1995), and changes in the spatial
pattern of rainfall can impact local ecologies without any change in
the average values recorded in a proxy. Droughts in particular have
a complex spatiotemporal structure, and ignorance of this structure
will confound any attempt to model the social impacts of a drought
event. To assess the role of such a drought in the spread of the
Neolithic into the Aegean, we must know what rainfall was like
across the landscapes settled by Neolithic groups before and after
the onset of climate change 8600 years ago.

In this paper I use a general circulation model (GCM) simulation
and statistical downscaling tools as an alternative to paleoclimate
proxies to examine the spatial structure of winter rainfall over the
northeastern Mediterranean from 10.5 to 7 ka. GCMs produce
physically-consistent estimates of past climates by coupling rep-
resentations of the Earth's atmosphere, ocean, and land surface
systems (Gettelman and Rood, 2016). GCMs are spatially explicit,
and thus better-suited to investigate the role of climate change in
the spread of Neolithic communities into the Aegean. Statistical
downscaling is a computationally inexpensive method to generate
high-resolution fields from spatially coarse GCM outputs (Wilby
et al., 2004; Maraun et al., 2010). After comparing the spatial
pattern of downscaled model outputs to a dataset of Neolithic
settlement locations, I find that the climate change in the north-
eastern Mediterranean around 8.6 ka would have led to a more
regionally homogeneous winter rainfall regime and facilitated
movement of Neolithic farmers through a range of previously
distinct environments.

2. Methods

2.1. Statistical downscaling

The computational complexity of GCMs demands a trade-off
between spatial resolution and the number of simulated years.
Simulations spanning several millennia are generally run at reso-
lutions of greater than 1� at the equator tominimize computational
time. Output from these simulations must be downscaled to a
higher resolution to detect climate patterns at regional scales. Two
common downscaling techniques are dynamical and statistical
downscaling.

Dynamical downscaling embeds a high-resolution regional
climate model in a standard low-resolution GCM so that the region
of interest is represented in much more detail than the rest of the
globe (e.g. Brayshaw et al., 2011). Although regional models retain
the dynamical nature of GCMs, they are even costlier to run than
GCMs in terms of time and money. Furthermore, the choice of
regional climate model parameters and boundary conditions in-
troduces an additional level of uncertainty to the GCM outputs.

Statistical downscaling is a much more flexible alternative to
regional climate modeling. These techniques build a statistical
relationship between small-scale observed climate and large-scale
GCM simulations of the same period, then use this relationship to
infer small-scale climate from GCM simulations of a different
period (Wilby et al., 1998). A generalized additive model (GAM) is
one kind of statistical model that can effectively downscale GCM
data (Brulhet et al., 2003; Vrac et al., 2007). GAMs are primarily
data driven, in contrast to weather generators and other statistical
downscaling methods that rely to a greater degree on external
assumptions and parameterizations (Vrac et al., 2007). GAMs can
also process gridded data; other techniques are often point-based
and thus not spatially continuous.

In a GAM, an observed climate variable is modeled as a function
of multiple explanatory variables. This technique is conceptually
similar to multiple linear regression, but linear regression assumes
linear relationships between observed and explanatory variables
with normally-distributed errors, whereas a GAM uses smooth
polynomial functions and ”link” functions to account for nonlinear
relationships and non-normal errors, respectively. GAMs have
previously been used to downscale GCM simulations of the Last
Glacial Maximum in Europe (Vrac et al., 2007; Levavasseur et al.,
2011; Korhonen et al., 2013; Burke et al., 2014). These studies
used GAMs to predict past climate conditions as a nonlinear func-
tion of atmospheric variables from a GCM, small-scale topography
derived from a digital elevation model (DEM), and interactions
between the two. The logic behind this implementation is that if
local climate heterogeneity arises from the interaction of local
topography and dynamic regional atmospheric circulation, and
both topography and its statistical relationship to local climate are
effectively static through time, then a statistical model calibrated
on modern-day climates can downscale GCM atmospheric data
from any time period (Wilby et al., 2004). GAMs have yet to be used
to downscale Holocene climate simulations, but this time period is
a more reasonable target then glacial climates because the as-
sumptions of static topography and stable statistical relationships
are better satisfied.

2.2. General circulation model

The GCM data to be downscaled were derived from the TraCE-
21ka simulation of the Last Glacial Maximum to the present (He,
2011). This simulation used version 3 of the National Center for
Atmospheric Research's Community Climate System Model
(CCSM3). CCSM3 models the dynamic interactions between the
atmosphere, ocean, sea ice, and land surface on a global scale
(Collins et al., 2006). In the TraCE-21ka simulation, CCSM3 was run
for the period from 22 ka to AD 1990 at a horizontal resolution of
approximately 3.75� at the equator. It is a transient simulation in
that boundary conditions and forcings were varied over time to
simulate the real-world climate evolution over the past 20,000
years. This is in contrast to an equilibrium simulation in which
climate forcings are held constant and the model is allowed to
reach an equilibrium state without successive external inputs (an
approachmore common for Regional ClimateModel applications to
paleoclimates (Brayshaw et al., 2011)). Climate changes in TraCE-
21ka were forced by greenhouse gases, changes in the Earth's
orbit, and fluxes of glacial meltwater. The simulation's boundary
conditions included ice-sheet extent and sea level. From this
combination of transient and static inputs, TraCE-21ka reproduced
key events of the last deglaciation including the Younger Dryas and
Bølling-Allerød warm period (He, 2011).

Simulation outputs of decadal-mean winter averages of large
scale precipitation (PRECL in CCSM3), convective precipitation
(PRECC), and zonal and meridional wind velocities (U and V) were
downloaded from the Earth System Grid Repository1 for the pe-
riods 10.5 to 7 ka and AD 1950e1990 for GAM prediction and
calibration, respectively. Winter rainfall was chosen as the specific
downscaling target because most of the region's annual precipita-
tion occurs in winter, and the paucity of summer rainfall would
necessitate a more complex GAM that accounts for both the
occurrence and amount of rain.

https://www.earthsystemgrid.org/project/trace.html
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2.3. Model selection and fitting

The observed climate data used as a target for the GAM were
present-day climatologies of precipitation in a winter month
(December, January, and February), in millimeters, at 50 resolution
(approximately 10 km2) developed by the WorldClim Project
(Hijmans et al., 2005). The 50 DEM included in the WorldClim
dataset was used to derive the topographic predictors, and is itself a
derivative of the SRTM global DEM.

The topographic predictors used in the GAM were elevation,
Euclidean distance to the sea, and distance to the sea in the mean
wind direction. The latter two variables approximate the diffusive
and advective continentality indices used in previous studies,
respectively (Vrac et al., 2007; Levavasseur et al., 2011). Advective
continentality approximates the changing wetness of marine air
masses moving across land and captures the impact of Atlantic
westerlies on winter precipitation. This index thus encodes infor-
mation from both the GCM and DEM, allowing the downscaling
procedure to generate local-scale heterogeneity beyond that
imposed by present-day topographic gradients (a limitation of the
commonly-used change factor downscaling approach (Wilby et al.,
2004)). Elevation and diffusive continentality were derived directly
from the DEM; advective continentality was calculated using the
DEM and U and V variables from TraCE-21ka. All preprocessing was
carried out using the raster package in R (Hijmans, 2016; R Core
Team, 2015).

The physical predictors from TraCE-21ka were bilinearly inter-
polated to the 50 resolution of theWorldClim data to allow for direct
comparisons at each grid point (see Vrac et al., 2007). All predictors
and predictands were clipped to land areas between longitudes
E20� and E35� and latitudes N34� and N43� (Fig. 1).

A GAM was fit to the predictor and predictand data for present-
day climates using the mgcv package in R (Wood, 2006, 2011). The
observed precipitation data were defined as gamma-distributed
with a log-link function. Rainfall intensities generally follow the
gamma distribution (Alem�an et al., 1981), and defining a log-link
effectively log-transforms the rainfall data prior to model fitting.
Penalized cubic regression splines were used to represent the
nonlinear relationships between the predictand and each predictor,
and the parameters for these splines were estimated using a
restricted maximum likelihood approach (Wood, 2011). This
method for fitting the GAM eliminates uninformative predictors
automatically d an alternative to traditional model selection
techniques like forward or backward selection (Marra and Wood,
2011). This means that if an irrelevant predictor such as DEM-
derived slope convexity were included in the predictor set, the
resulting GAM would ignore that predictor.

After a GAM was fit to present-day climates, the same statistical
model was then used to downscale TraCE-21ka outputs from each
decade between 10.5 and 7 ka. The results were then remapped
onto a grid to create spatially-explicit winter rainfall estimates for
each decade.

2.4. Neolithic settlement data

Neolithic settlements are not uniformly distributed in space,
and settlement patterns can bias the site-level climate change
signal in comparison to the regional averages. To address this po-
tential bias, the stack of downscaled winter rainfall estimates was
spatially queried at the locations of known Neolithic sites in Ana-
tolia and the Aegean littoral. Rainfall data were extracted for the
entire period between 10.5 and 7 ka, rather than the spans of the
sites’ habitations, in order to isolate the climate patterns in the local
landscapes colonized, occupied, or abandoned by Neolithic groups.
The sample of 59 Neolithic sites from Brami (2014) was used for the
spatial queries to facilitate comparison with that study and the
chronological patterns discussed therein (Fig. 2). After Brami, the
sites were assigned to one of four sub-regions representing both
geographic proximity and similarity in material culture: central
Anatolia, western Anatolia, Greece, and Thrace.

3. Results

3.1. GAM performance

The computed nonlinear transfer functions (and confidence
bands) that relate each predictor to GAM-estimated winter rainfall
are presented in Fig. 3. The plots are scaled and centered to show
the relative impact of each predictor on rainfall estimates. For
reference, the function for a predictor unrelated to estimated
winter rainfall would be approximate a horizontal line. The GAM
reduces rainfall estimates when either TraCE-21ka large-scale
precipitation or convective precipitation is below 25 mm or above
35 mm, and increases rainfall estimates when these predictors are
between those values. The GAM appears to be correcting biases in
the distributions of both raw TraCE-21ka outputs. The GAM cap-
tures an inverse relationship between both continentality indices
and precipitation. In both cases, increasing continentality leads to a
nearly linear decrease in precipitation up to a distance threshold.
The effect of diffusive continentality ceases beyond 250 km from
the coast, but the effect of advective continentality continues until
400 km. The transfer function for elevation is more difficult to
interpret, but increasing elevation slightly increases precipitation
overall. The confidence bands around the elevation transfer func-
tion expand at elevations above 2000 m due to the low number of
data points in that range.

These transfer functions effectively capture the spatial distri-
bution of modern-day winter precipitation. Themodel explains 74%
of the variance in theWorldClim data, half of the GAM estimates are
within 13% of the observed rainfall total, and the root mean square
error of the model is 18.58 mm. The model residuals are normally
distributed on the scale of the linear predictor (Fig. 3).

Mapping the residuals back onto the northeastern Mediterra-
nean reveals the model's spatial reconstruction skill (Fig. 4). The
model errors are spatially autocorrelated; the model performs
poorly in discrete areas like the southern coast of Anatolia and the
Troodos Mountains of Cyprus. These errors appear to reflect an
orographic effect from coastal mountain ranges that the model
cannot capture with the current predictor set. Other, less-
pronounced error clusters such as those in the Cyclades may
reflect regions where theWorldClim data were calculated from few
or no weather stations. Regardless of these discrete clusters, model
error is small overall and a minor percentage of total observed
precipitation.

3.2. Early holocene winter rainfall estimates

The estimate of mean winter rainfall across the entire north-
eastern Mediterranean for each decade from 10.5 to 7 ka is shown
in Fig. 5. The decadal data are further smoothed to highlight long-
term precipitation trends. There is a gradual drying trend during
the initial 700 years of the simulation, followed by 1000 years of
more stable rainfall. An arid period extends from 8.7 to 8.1 ka, with
a peak at 8.6 ka, followed by a return to stable conditions. The
standard deviation of precipitation over space follows a similar
pattern, although the reduction in rainfall variability after 8.7 ka
appears to be less abrupt than the reduction in rainfall averages and
more part of a longer-term trend.

The spatial structure of this dry period was determined by
subtracting a map of rainfall before the drought from one during



Fig. 1. Observed climate data (predictand) and the 5 variables derived from the GCM and/or DEM (predictors). From left to right: observed WorldClim average winter precipitation,
SRTM elevation, TraCE-21ka large scale precipitation, TraCE-21ka convective precipitation, diffusive continentality (Euclidean distance to the sea), advective continentality
(Euclidean distance to the sea in the direction of the prevailing wind in TraCE-21ka).
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the drought (Fig. 6). The change in rainfall is not homogeneous
across space, with an increase in aridity focused on a broad belt of
land between roughly N36� and N40�. Western Greece, in partic-
ular the northern half of the Peloponnese, and the southern Aegean
region in Anatolia are most impacted by the drought, receiving an
average of 20e40 mm less precipitation during each winter month.
Notably, Thrace and parts of the Black Sea and Mediterranean
coasts of Anatolia show a mild increase in precipitation in opposi-
tion to the overall drying trend.
3.3. Winter rainfall in neolithic landscapes

The distributions of winter rainfall sampled at the 59 Neolithic
site locations display the same patterning as the area-averaged and
fully-gridded datasets (Fig. 7). Landscapes in Greece and western
Anatolia experienced drought conditions in line with the region-
wide averages, while those in central Anatolia experienced no
change in rainfall and those in Thrace experienced wetter winters.
The standard deviation in rainfall decreases in western Anatolia,



Fig. 2. Spatial distribution of the 59 Neolithic sites and regional groupings after Brami (2014). Regional groupings reflect both geographic proximity and similarity in material
culture.
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Thrace, and Greece, but not in central Anatolia. Whether a region
received more or less winter rainfall during the regional drought
reflects its absolute rainfall totals, with decreasing rainfall inwetter
regions and increasing rainfall in drier regions. As a result, the
overlap between the regional precipitation distributions also
Fig. 3. The nonlinear transfer functions (cubic regression splines), calculated bymgcv, showi
a histogram of the model residuals. The shaded areas represent 95% confidence intervals arou
spline function of the covariate cov with estimated degrees of freedom edf. The y-axes are ce
each predictor variable. The rug plots along the x-axis of each plot correspond to the distri
increases after 8.6 ka.
4. Discussion

The timing and duration of the drying event as reconstructed
ng the relative influence of the five predictor variables on estimated winter rainfall, and
nd each smooth function. The y-axis labels are of the form s(cov, edf)where s denotes a
ntered and scaled to the linear predictor, but the x-axes remain in the original scale of
bution of that covariate.



Fig. 4. Maps of WorldClim observed precipitation from the modern period (AD
1940e2000), GAM estimates of winter precipitation during the modern period, and
the absolute deviance (residuals) between the two. The residual map is grouped into
discrete color classes to emphasize zones of similar model error.

N. Gauthier / Journal of Archaeological Science 75 (2016) 1e96
from the downscaled GCM simulation is consistent with global
proxy records that show widespread climatic deterioration from
around 8.6 to 8 ka, driven by some combination of solar variability,
freshwater inputs to the Atlantic ocean from the collapsing Lau-
rentide Ice Sheet, and atmosphere-ocean feedbacks internal to the
climate system (Rohling and P€alike, 2005; Wanner et al., 2011). The
latter two processes appear to dominate in the TraCE-21ka simu-
lation, as it reproduces the temporal behavior of climatic deterio-
ration without explicit changes to solar forcing beyond those
induced by the orbital parameters. Previous analyses of TraCE-21ka
and related paleoclimate simulations using CCSM3 have shown
that this GCM is able to capture the cascading atmosphere-ocean
feedbacks initiated by glacial meltwater discharge (He, 2011;
Wagner et al., 2013; Cheng et al., 2014), lending support to the
simulation's ability to capture centennial-scale climate evolution
during the ninth millennium BP accurately.

Because the predictor and predictand data used to develop the
GAM are only approximations, the downscaled rainfall data are
more safely interpreted as estimates of past climates than as exact
reconstructions. Errors in the WorldClim data used to calibrate the
GAM may bias resulting paleoclimate estimates. So too will biases
in the GCM-derived predictors. Although TraCE-21ka reproduces
the centennial scale climate evolution of the early Holocene, the
simulation's behavior on sub-centennial time scales is more prob-
abilistic. Rainfall patterns in any particular year of the simulation
will not be the same as real-world patterns in that year, even
though the distribution of rainfall in any particular century might
be statistically indistinguishable from what did occur.

Future downscaling efforts should embrace these uncertainties
and the inherently probabilistic nature of GCMs. The method of
Steiger et al. (2012) uses GCM data to generate statistical ensembles
of possible climate states, and integrates climate signals from
paleoclimate proxies to update the ensemble prediction. Meteo-
rologists use a similar statistical framework to generate five-day
leading forecasts by integrating an ensemble of weather predic-
tion models with each successive day's observed weather. After
determining the time scale at which the TraCE-21ka simulation
becomes purely probabilistic, it will be possible to use the GAM-
downscaled data as ensemble members in this data assimilation
approach. Combining the complementary lines of evidence from
climate models and proxy records will lead to more robust and
flexible reconstructions overall.

The spatial pattern of climate change in the current simulation-
only estimates are consistent with regional proxy records, however.
The simulated drying event starting at 8.7 ka manifests differently
around the Aegean Sea (Figs. 6e7). Greece and western Anatolia,
coastal regions watered by storms driven off the Mediterranean by
westerly winds, receive less precipitation after 8.7 ka. More conti-
nental areas d Thrace and central Anatolia d are either less
impacted by drought or experience increases in winter precipita-
tion. Pollen assemblages from Aegean Sea cores are consistent with
more arid winters in Greece after 8.4 ka BP (Kotthoff et al., 2008);
diatom assemblages from the Ioannina basin in western Greece
suggest a similar trend on a more local scale (Wilson et al., 2008).
Consistent with the simulation results, there is comparatively little
evidence for pronounced climate change in central Anatolia during
the period (Düring, 2013, and references therein); the landscape
around Çatalh€oyük itself experienced stable to slightly drier win-
ters at around 8.6 ka BP (Lewis et al., 2016). In Thrace, however,
pollen-based vegetation reconstructions (Connor et al., 2013) and
diatom-based lake-level estimates (Zhang et al., 2014) both show
moister conditions after about 8.5 ka BP, and cocolithophore as-
semblages from the North Aegean attest to high freshwater inputs
from between 8.8 and 7.9 ka BP (Triantaphyllou, 2014). As discussed
in Section 1, the use of such proxy records in isolation introduces
issues of chronology, bias, and spatial representativeness, but the
overall congruence with physically-consistent and continuous
climate model outputs lends support to the overall picture of a
change in the spatial structure of rainfall around 8.6 ka.

The drought in the Aegean littoral, as represented in the
downscaled GCM simulation, appears to result from aweakening of
the winter storm tracks delivering rain to Greece and western
Anatolia. The simultaneous increase of rainfall over Thrace also
suggests a northward deflection of these storm tracks. The



Fig. 5. Areal average (top) and standard deviation (bottom) of GAM-downscaled winter rainfall over the entire study area. The black lines represent the raw decadal data. The blue
lines and shaded confidence bands are LOESS smooths of the decadal data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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existence of a climate-response boundary at roughly N40�, struc-
tured by westerly circulation, has been proposed previously on the
basis proxies primarily in Europe and the western Mediterranean
(Magny et al., 2003, 2013; Berger and Guilaine, 2009); until now the
structure of this boundary in the eastern Mediterranean has been
underdetermined.

The change in rainfall at 8.6 ka is spatially heterogeneous, but
this heterogeneity serves to blur the boundaries between previ-
ously distinct climate zones, just as a uniform decrease in rainfall
would have preserved regional contrasts. Thus a more homoge-
neous climate landscape emerges as wetter regions receive less rain
and drier regions more rain. The standard deviation of rainfall ac-
cumulations across space decreases between 8.7 ka and 8.1 ka
(Fig. 5), and any two locations in the northeastern Mediterranean
are more likely to experience similar winter rainfall accumulations
during this period than at any time before or after. Rainfall in the
landscapes occupied by Neolithic settlements follows a similar
pattern; inter-regional variability decreases and the range of rain-
fall totals in all regions is reduced (Fig. 7).

The emergence of a more homogeneous winter rainfall regime
across the Aegean littoral would have reduced barriers to farmers
by dampening the regional climate contrasts posing challenges to
innovation. Present-day Mediterranean farmers draw on extensive
knowledge of local rainfall patterns to decide when to plant and
harvest their crops, or how to tune their land-use and herd-
management strategies (Halstead, 2014). Assuming early farming
traditions were likewise sensitive to variability in local rainfall in
space and time, reduced variability would have allowed Neolithic
groups to better anticipate climate conditions in a newly-occupied
landscape and to adapt their food production accordingly. The



Fig. 6. The spatial structure of climate change in the early ninth millennium BP, rep-
resented as the difference between winter rainfall averages (mm) in the century after
9.6 ka and the century after 8.6 ka. Negative values correspond to decreasing rainfall
over this period.
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similarity between the local landscapes of the earliest western
Anatolian Neolithic sites and those of earlier Neolithic sites in
southwest Asia (Van Andel and Runnels, 1995; Groenhuijzen et al.,
2015; Horejs et al., 2015) does suggest a degree of local adaptation
and habitat tracking involved in early forays into the Aegean.
Changing rainfall could also dampen regional contrasts via second-
order environmental effects such as a reduction of forest cover and
soil stability or a disruption of game animal mobility patterns
(Schoop, 2005; Berger and Guilaine, 2009). Aridity along the
Aegean littoral would have also eliminated social barriers to
Neolithic expansion by disrupting food production in previously
established populations of Mesolithic hunter-gatherers (Düring,
2013).
Fig. 7. Kernel density estimates of the distribution of winter rainfall at 59 Neolithic landscap
8.5 ka). Median rainfall in western Anatolia and Greece decreases over time; the median rain
time step indicates a decrease in inter-regional variability, and the reduction in the spreads
sites experience very little change in the distribution of rainfall.
None of these explanations are mutually exclusive, and
regardless of the particular proximate mechanisms through which
climate impacted Neolithic dispersal, the broader correlation be-
tween rainfall patterns and Neolithic settlement patterns high-
lights the importance of climate variability and predictability, rather
than space and time averages, in social processes such as coloni-
zation and migration. This interpretation is consistent with recent
work on the role of spatial heterogeneity in the dispersal of early
modern humans (Wren et al., 2014), and may reflect deeper in-
teractions between environmental variability and dispersal in
adaptive systems (Grove, 2014). Downscaled paleoclimate simula-
tions are an essential tool for understanding these interactions, as
climate models can help to bridge the gap between the static
archaeological record and the dynamic social-ecological processes
that generated it.
5. Conclusion

In this study I used a climate model to map the spatial structure
underlying changes in regional mean winter rainfall during the
period of Neolithic dispersal into the Aegean littoral. I used a
generalized additive model to downscale winter rainfall from a
GCM paleoclimate simulation. The model performed well at
reproducing the present-day pattern of rainfall, and it produced
physically-interpretable estimates of past rainfall consistent with
regional and global paleoclimate proxy records. The model also
revealed spatially-heterogeneous regional impacts of this global
climate event; only the humid coastal regions of the Aegean littoral
experienced a major drought. The result of this spatially hetero-
geneous climate event was, conversely, more homogeneous
regional rainfall. Neolithic groups moving out from southwest Asia
during the ninth millennium BP would have encountered new
landscapes with a more familiar, and predictable, rainfall regime.
These findings emphasize the importance of estimating changes in
es in four archaeological regions for the same time steps as Fig. 6 (9.6e9.5 ka and 8.6 to
fall in Thrace increases. The increasing overlap between the distributions in the second
of each distribution indicates a decrease in intra-regional variability. Central Anatolian



N. Gauthier / Journal of Archaeological Science 75 (2016) 1e9 9
spatial variability patterns when assessing the impact of climate
change on social change in the past.
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