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Abstract

Holocene climate variability in the Mediterranean Basin is often cited as a potential driver of
societal change, but the mechanisms of this putative influence are generally little explored.
In this paper we integrate two tools—agro-ecosystem modeling of potential agricultural yields
and spatial analysis of archaeological settlement pattern data—in order to examine the
human consequences of past climatic changes. Focusing on a case study in Provence
(France), we adapt an agro-ecosystem model to the modeling of potential agricultural pro-
ductivity during the Holocene. Calibrating this model for past crops and agricultural practices
and using a downscaling approach to produce high spatiotemporal resolution paleoclimate
data from a Mediterranean Holocene climate reconstruction, we estimate realistic potential
agricultural yields under past climatic conditions. These serve as the basis for spatial analy-
sis of archaeological settlement patterns, in which we examine the changing relationship
over time between agricultural productivity and settlement location. Using potential agricul-
tural productivity (PAgP) as a measure of the human consequences of climate changes, we
focus on the relative magnitudes of 1) climate-driven shifts in PAgP and 2) the potential
increases in productivity realizable through agricultural intensification. Together these offer
a means of assessing the scale and mechanisms of the vulnerability and resilience of Holo-
cene inhabitants of Provence to climate change. Our results suggest that settlement pat-
terns were closely tied to PAgP throughout most of the Holocene, with the notable exception
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of the period from the Middle Bronze Age through the Early Iron Age. This pattern does not
appear to be linked to any climatically-driven changes in PAgP, and conversely the most
salient changes in PAgP during the Holocene cannot be clearly linked to any changes in set-
tlement pattern. We argue that this constitutes evidence that vulnerability and resilience to
climate change are strongly dependent on societal variables.

1. Introduction

Past climatic changes are often cited as drivers of societal change in the Mediterranean Basin
(e.g., [1-7]). While Holocene climate variability in the region is certainly sufficient to raise
questions about if and how inhabitants responded, the mechanisms of this putative influence
are generally little explored, reflecting the general interdisciplinary challenge of integrating
paleoclimatic and archaeological data and models that are of varying and often incommensu-
rate scales and resolutions (cf. [8]). In this paper we integrate two tools—agro-ecosystem
modeling of potential yields and spatial analysis of archaeological settlement pattern data—in
order to examine the human consequences of past climatic changes. Focusing on a case study
in Provence (France), we adapt the agro-ecosystem model LPJmL (the Lund-Potsdam-Jena-
managed-land model, [9]) to model potential agricultural productivity during the Holocene.
Calibrating this model for past crops and agricultural practices (see [10]) and using a down-
scaling approach to produce high spatiotemporal resolution paleoclimate data (see [11]), we
estimate reasonable potential agricultural yields under past climatic conditions. These serve as
the basis for spatial analysis of archaeological settlement pattern data derived from Patriarche
(the French national archaeological atlas, a continuously updated database that integrates exca-
vation and survey data from diverse sources: http://www.culturecommunication.gouv.fr/
Politiques-ministerielles/ Archeologie/Etude-recherche/Carte-archeologique-nationale),which
we use to examine the changing relationship over time between potential agricultural produc-
tivity and settlement location.

Potential agricultural productivity (PAgP) is strongly related to climatic factors (particu-
larly, in a Mediterranean climate, precipitation) while also more directly relevant to human
activity than raw climatic variables. Although PAgP is largely a function of these climatic vari-
ables, using a derived variable allows moving beyond simplistic threshold approaches to more
realistic assessments of the spatiotemporally variable and not necessarily linear consequences
of climate change. By exploring if and how settlement location was related to PAgP in different
periods of the Holocene, we approach the problem of relating diachronic cultural patterns to
climatic changes empirically. Using a site location analysis approach in which we statistically
summarize geographic variables and PAgP within buffers around archaeologically-docu-
mented settlements, we explore a) how settlement locations relate to spatially- and temporally-
variable PAgP, b) whether changes over time in PAgP had any apparent effect on settlement
locations, and c) the implications of the reconstructed variability in PAgP and past agricultural
practices for understanding the vulnerability and resilience of Holocene Mediterranean popu-
lations to climate changes.

Site location analysis and related approaches have a long history in archaeology (cf. [12]
and reviews in [13-15]), where they have often been manifest as predictive modeling that aims
to use locational characteristics of known sites to establish criteria able to predict other proba-
ble site locations [14,16,17]. In addition to predictive modeling for practical research and man-
agement ends, locational analysis has also been used for analytical purposes, for example to
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characterize settlement locations and infer the preferences of the inhabitants. Here we focus
on such characterizations, particularly with respect to the spatially-explicit and temporally-var-
iable estimates of PAgP derived from the LPJmL agro-ecosystem model [10]. PAgP meets cri-
teria recently argued to be necessary for relating climate changes to cultural trajectories
[8,18,19]: it addresses human consequences, providing a derived variable that is climate-sensi-
tive but also directly relevant to human experience.

Based on those analyses, we argue that climate-driven variability in PAgP, although clearly
a reality for Holocene inhabitants of Provence, was of relatively modest magnitude-well
within, we estimate, the reach of possible adaptive shifts in agricultural practice. Tolerance for
declines and variability in agricultural production would thus have been primarily dependent
on production targets and labor availability. Links between environmental changes and cul-
tural changes would have been, as a consequence, contingent at least as much upon social/
political/economic variables as environmental ones.

2. Holocene provence
2.1 The study area

This case study focuses on Provence, where variability in topography and geography produces
marked bioclimatic diversity within short distances (cf. [20]) and which experiences significant
interannual climatic variability. These contrasts make the development of methodologies able
to capture fine-grained spatial and temporal variability vital for examining long-term human-
environment interaction in the region. In addition, Provence has a richly documented archae-
ological record, much of which is available in digital form through Patriarche, as well as rela-
tively high-resolution 20™-century climate data that can be used as the basis for downscaling
paleoclimate reconstructions [11]. By focusing on an area that encompasses topographic diver-
sity, abundant evidence of pre- and proto-historic settlement, and historically desirable and
productive agricultural land, this case study addresses the consequences of Holocene climate
change in the western Mediterranean at scales relevant to human inhabitants while taking into
account the potential spatial diversity in the effects of climate change.

2.2 A brief cultural history

Before turning to empirical analyses, we contextualize our data with a brief overview of the
broad archaeological patterns that can be described in Provence throughout the Holocene-i.e.,
a synthesis that aggregates across a topographically diverse landscape of >30,000 km?, from
the Mediterranean to the headwaters of the Durance River in the Alps and from the Rhone
into the southern Alps. While these patterns are not necessarily reflected precisely within the
study area on which we focus here, the relationship of these broad patterns to the data for our
study area suggests that our study area is, in general terms, representative of regional trends.

The date ranges in the discussion below reflect synthesis of research in Provence [21,22].
Although convention dictates use of dates in years BC by the Roman period if not earlier, we
provide dates in years BP throughout to emphasize chronological continuity, and give dates in
years BC in parentheses only where needed to orient the reader with respect to the cited litera-
ture. The Patriarche chronological assignments (in brackets) for sites within our study area,
however, reflect the France-wide chronology employed in the Patriarche database, which does
not precisely match an up-to-date chronology for Provence. Discussion of chronological
issues, as well as additional detail on the archaeology of Holocene Provence, can be found in
S1 Text.

Until the 8™ millennium BCE the inhabitants of Provence were exclusively Mesolithic-i.e.,
mobile foragers, with correspondingly modest population densities [23]. Throughout the
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Mesolithic and into the Early Neolithic (EN; approximately 7900-6750 BP), Provence was
apparently relatively sparsely populated, albeit by increasing numbers of sedentary agricultur-
alists occupying small hamlets. The beginning of the Neolithic in Provence, probably some
combination of in-migration by agriculturalists and adoption of agricultural technologies and
lifeways by indigenous inhabitants [23-25], is marked by the first signs of widespread anthro-
pogenic transformation of landscapes that until then had been little modified by human activ-
ity [26].

Neolithic agriculture focused on exploitation of cereals [27], primarily emmer wheat (Triti-
cum dicoccum) [28], while einkorn (Triticum aestivum) and naked barley (Hordeum vulgare
nudum) served as supplementary components. Archaeobotanical evidence suggests that Neo-
lithic agriculture across a broad region of southern Europe comprised intensive small-scale
farming [28-31], though there is still debate over the role of extensive slash-and-burn agricul-
ture (see, for example, [32-34]).

In the Early Bronze Age (EBA; 4050-3550 BP [4250-3450 BP in Patriarche]), a reduction of
human activity and population was accompanied by an overall increase in forest coverage
[35]. Throughout the Bronze Age agriculture followed prior Neolithic traditions [36,37] and
cereals remained dominant [38], but with a gradual diversification of crops and practices and
significant innovations: the first evidence for animal traction [39], the introduction of addi-
tional cereals (broomcorn millet [Panicum miliaceum], and the beginnings of olive [Olea eur-
opea] cultivation in the region [40]). During the EBA and the Middle Bronze Age (MBA;
3550-3300 BP [3450-3150 in Patriarche]) the density of human occupation in Provence was at
its lowest, following a notable decrease relative to previous phases. In contrast, the Late Bronze
Age (LBA; 3300-2675 BP [3150-2700 in Patriarche]) is characterized by notable demographic
growth and the emergence of new sites [21,41].

At the beginning of the Early Iron Age (EIA; 2675-2550 BP), a demographic decline is evi-
denced by the abandonment of many settlements. This was followed by the founding of the
Greek colony of Marseille in 2550 BP, after which population growth is evidenced by both the
foundation of new sites and the aggregation of population into larger sites [42]. However, this
did not preclude a notable demographic decline around the year 2450 BP [43], just before the
beginning of the Late Iron Age (LIA; 2400-2002 BP). Between 2071-2068 BP (121-118 BC),
Provence became a Roman province (Transalpine Gaul). Several Celtic towns were abandoned
at this time, but others continued to be occupied, and overall population density increased sig-
nificantly, especially in the lowlands where agricultural exploitation increased.

In sum (see S1 Text for more detail), a period of several millennia of gradual increase in
population size and density followed the introduction of cereal agriculture into the region, a
trend that accelerated in the 5™ millennium BP. The demographics of the Bronze Age, roughly
the subsequent millennium, were more variable, as population decline in the EBA was mir-
rored by population increase and settlement aggregation in the LBA. The subsequent aban-
donment of settlements in the EIA marks the beginning of a period for which we have more
precise chronology of demographic change; from the beginning of the Iron Age onward
archaeological chronologies based on material culture are sufficient to identify century-scale
demographic changes (e.g., [44,45]), including demographic fluctuations following Greek col-
onization ca. 2550 BP (in the 6™ century BC) and significant population increase following
Roman conquest ca. 2070 BP (towards the end of the 2" century BC). The landscape archaeol-
ogy of Montagne Sainte-Victoire [45] provides a more local and detailed point of comparison,
largely mirroring the regional pattern: comparatively minor Neolithic occupation is followed
by a Bronze Age abandonment, after which settlement does not substantially increase until ca.
2150 BP (the end of the 3™ century BC). The rich record for the later periods emphasizes that
settlement decisions—foundation, abandonment, and location-took place within a complex
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web of social, political, and economic relationships. The relationships between site locations
and PAgP that we describe here certainly did as well; the settlement patterns that we focus on
below undoubtedly took form within social, political, and economic milieus. Nevertheless the
strong patterning of settlement locations with respect to PAgP that we document below argues
that agricultural productivity was a salient concern for the region’s inhabitants.

2.3 A Brief climate history

In the western Mediterranean at these latitudes, the most salient Holocene pattern is the estab-
lishment of Mediterranean vegetation-i.e. replacement of deciduous trees with evergreen
sclerophyllous trees and shrubs-ca. 4500-4000 BP; this likely reflects some combination of cli-
matic and anthropogenic forcings. Debate continues over the relative importance of these fac-
tors, with the shift in vegetation associated with the establishment of modern Mediterranean
conditions alternately ascribed to general aridification or to impacts of expanding human pop-
ulations and impacts (for recent reviews from both perspectives see, e.g., [46-49]). Centennial-
scale variations in fluvial activity in the region are also argued to reflect climate variation (e.g.,
[50,51]), though imprecision in dating, regional variation, and issues of equifinality produce
disagreement about the specific timings and causes of these episodes (cf. [51,52]) and the gen-
eralizability of particular local records across the region (cf. [53]). The overall picture is one of
Holocene variability in the western Mediterranean, but diversity within the region in exactly
how and when global or macro-regional patterns are manifest [54]. Magny and colleagues [55]
have illustrated the complexity of climate change in the western Mediterranean by showing
opposing aridification trends on either side of the 40°N parallel: the 4.2 ka event was the begin-
ning of a dry period in southern Italy and the end of a dry period in France and Northern
Italy. They relate that to larger-scale variation (e.g., the North Atlantic Oscillation (NAO)),
while also noting that contrasts in seasonality may produce apparent contradictions in differ-
ent proxy records.

This complexity extends to the local manifestations in the western Mediterranean of two
climate “events”, at ca. 8200 BP and 4200 BP, that have been associated in the eastern Mediter-
ranean with numerous arguments for climate impacts on human populations (e.g., [7,56])
(though some have questioned the focus on these periods at the expense of others (e.g.,
[4,57])). For instance, Magny and colleagues [58] identify the 4.2 ka event with a broader
period of climatic oscillation from 4300-3800 BP in the central and western Mediterranean,
Frigola and colleagues identify the same “event” from 4200-4000 BP in their Minorcan record,
and it does not appear in the Alboran and Tyrrhenian Sea SST records [54]. The compilation
undertaken by Weinelt and colleagues [59] is similarly ambiguous for the western
Mediterranean.

2.4 Climate-Culture links

Arguments linking climate and culture change are much more common in the eastern than
the western Mediterranean (e.g., [4,5,7,56]). This is likely due to some combination of the
greater abundance of high-resolution paleoclimate records, larger and denser populations at
times of significant Holocene climate change, and greater sensitivity to changes in precipita-
tion in a generally more arid region. However, even in the eastern Mediterranean the causal
links posited between climate and culture continue to generate significant debate. Fundamen-
tal critiques of the more speculative examples focus on the limitations of arguments that rest
only on broad chronological correlations and claims of oversimplification, environmental
determinism, and catastrophism, while even the more robust arguments have been subject to
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criticism about whether they sufficiently articulate specific links between climatic changes and
cultural consequences, or are overly focused on “collapse” (cf. [60,61], inter alia).

This debate has been less salient in the western Mediterranean, where arguments for cli-
matic influences on cultural phenomena are less common. Nevertheless, cultural trajectories
have been linked to Holocene climate in the western Mediterranean in various ways, including
both climate impacts on inhabitants and anthropogenic contributions to regional environment
and climate; here we focus on the former. Berger [1] and Berger and Guilaine [2] argue that
changes in subsistence and social patterns as well as the demographic increase associated with
the Neolithic were linked to regional climate changes ca. 8200 BP. However, they point out
also that a) any particular link between climate and the spread of Neolithic lifeways must be
developed in detail for that case, keeping in mind the ways in which particular climates
affected particular lifeways, b) the archaeological record itself may be biased by taphonomic
effects associated with these climatic changes, and ¢) our chronologies for both climatic events
and cultural trajectories remain relatively coarse, producing a potentially misleading abun-
dance of correlations. In spite of these challenges, recent demographic reconstructions (e.g.,
[62, 63]) highlight correlations with climatic events at coarse spatial and temporal scales. Car-
ozza and colleagues [3] more specifically link Mediterranean climate changes ca. 4200 BP to
the EBA decline in population and anthropogenic landscape impact in southern France, citing
particularly increased aridity and increased frequency of extreme precipitation events. In con-
trast, Weinelt and colleagues’ [59] attempt to link demographic changes at the beginning of
the Bronze Age to climate changes ca. 4200 BP is, as they discuss, compromised by chronologi-
cal imprecision and geographic variability; some of this difficulty may relate to the regional cli-
matic complexity that Magny and colleagues [58] describe.

3. Data

We explore potential relationships between the inhabitants of our study area in Provence and
climate changes through most of the Holocene (8400-1400 BP) by integrating empirical and
modeled data. These include modern geographic data, climate-sensitive agro-ecosystem
modeling of PAgP with annual resolution, and archaeological site data from the Early Neo-
lithic through the Gallo-Roman period. For the study area of approximately 1400 km? (Fig 1),
we incorporate:

1. modern geographic data, primarily a 30m digital elevation model (SRTM30 [64]) and ter-
rain characteristics derived from it,

2. high-resolution (300m pixels and annual steps) Holocene paleoclimate data produced by
downscaling a 0.5° centennial-step modeled dataset derived from inverse modeling of pol-
len data for the Mediterranean throughout the Holocene ([65]; see [11] for methodological
details),

3. annual 300m pixel results of the LPJmL agro-ecosystem model for the period 8400-1400
BP, parameterized for past agriculture through use of archaeological and ethnographic data
(see [10]), produced using the high-resolution paleoclimate data described in (2) above,
and

4. Archaeological site data spanning the period between 7250-1450 BP (the Early Neolithic
period through the end of the Gallo-Roman period) from the Patriarche database, which
provides coordinates, site classification, and chronological information for approximately
2250 sites (excluding those of uncertain date) in the study area.
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Fig 1. Study area and sites included in analyses (occupation and agricultural sites only, filtered to remove sites with uncertain chronology) from all periods (Early
Neolithic through Gallo-Roman) from the Patriarche data. Note that where sites persist across multiple periods they overlap spatially, reducing the number of sites
visible. Spatial data from NASA SRTM30 [64] and Natural Earth (http://www.naturalearthdata.com/).

Centennial scale episodes of aridity are reflected in the subset of data from Guiot and
Kaniewski’s Mediterranean-wide Holocene model [65] that we use here (see Fig 2). Although
the accuracy and precision of the results might be improved by using more local proxy data,
such data are unevenly distributed in space and time, generally lack the seasonal resolution
produced by modeled data and necessary for agroecosystem modeling, and restrict the gener-
alizability of the method. Employing Guiot and Kaniewski’s reconstructed climate dataset [65]
makes it possible to easily replicate this method in any part of the Mediterranean Basin. Down-
scaling these data (cf. [11]) produces single probabilistic realizations based on the input paleo-
climate data; individually these are realistic rather than accurate, but in aggregate they are as
accurate as the input data allow, and enable re-aggregation across different intervals (e.g. in
archaeological periods rather than centennial steps).

4. Methodology

Since a significant way in which climatic variables impact human inhabitants is through their
effects on subsistence production (cf. [66]), we focus here primarily on the LPJmL results.
LPJmL is a process-based agroecosystem model that builds on a dynamic natural vegetation
model [67] to include agro-ecosystems [9,68], adding crop functional types (CFTs) to the
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Fig 2. Holocene temperature and precipitation in the study area (centennial steps of annual means calculated from monthly values, from [65]), with cultural
periods as defined in Patriarche. Data availability is detailed in S2 Text.

established modeling process for natural plant functional types (PFTs). Using high-resolution
and continuous paleoclimate data (see Section 3) and calibrating CFT's for past crops and agri-
cultural practices allows us to produce spatially-explicit estimates of potential yields for cereals
and pulses under various conditions of temperature and precipitation [10]. As archaeological
evidence suggests that cereal crops were a more important staple in pre- and proto-historic
Provence than pulses [36] and temperate cereal parameterizations have been the subject of
greater development [9], we focus here on the results for wheat, taking that crop as broadly
indicative of the productivities of other cereals. Moreover, given the relative scarcity of data
about past agricultural practices and their diversity in time and space, we prefer to analyze a
range of possible outcomes and therefore use two parameterizations, representing a low esti-
mate (Wheat Par 2 [W2], approximating minimally intensive agriculture) and a high estimate

Table 1. Variables summarized within each site buffer. W1/W2 and P1/P2 denote the high (1) and low (2) assump-
tions about agricultural intensity for wheat (W) and peas (P).

Variable Data source

elevation (masl) SRTM 30m DEM

slope () SRTM 30m DEM

aspect () SRTM 30m DEM

terrain ruggedness index (TRI) SRTM 30m DEM

distance to fresh water (m) SRTM 30m DEM + modern watercourses

soil texture (FAO classification) ISRIC (https://soilgrids.org)

mean PAgP (tFM/ha)-W1/W2 and P1/ | LPJmL (calculated per pixel from annual values spanning the relevant

P2 period)

o0 PAgP-W1/W2 and P1/P2 LPJmL (calculated per pixel from annual values spanning the relevant
period)
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(Wheat Par 1 [W1], approximating maximally intensive preindustrial agriculture, i.e. employ-
ing tilling, manuring, weeding, etc.) (for a detailed discussion of these parameterizations, see
[10]). We focus primarily on contrasts between periods for a given parameterization, as these
are the least dependent on necessary assumptions of the modeling process; discussion below is
on the basis of W1 results unless otherwise specified.

After excluding sites of uncertain date and filtering the database of sites for occupational
and agricultural sites—i.e., those most likely to be responsive to PAgP-we characterize the
immediate catchment of each site by summarizing a series of variables for all pixels within a
200m circular buffer (i.e., a 12.6 ha area centered on the site; results for larger- 500m and
1000m -buffers are also reported in S1 Table, but we observed little variability contingent on
buffer size and here discuss analyses only with the 200m buffer). These include both topo-
graphic variables and LPJmL results (see Table 1); we thus characterize both static variables
and dynamic ones. In the case of the LPJmL results, the summary statistics for the space within
each buffer are calculated from rasters that summarize each pixel value over time for the speci-
fied period; we examine both average values and variability. Although the modern data
employed (the DEM and hydrologic network) are sub-optimal inasmuch as the modern land-
scape, particularly with respect to soil depth and vegetation cover, may be a far-from-perfect
anal