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Abstract
In this investigation, we use a socio-environmental multi-proxy approach to empirically test
hypotheses of recurrent resilience cycles and the role of climate forcing in shaping such cycles on
the Iberian Peninsula during mid-Holocene times. Our approach combines time series
reconstructions of societal and environmental variables from the southern Iberian Peninsula across
a 3000 yr time interval (6000–3000 cal yr BP), covering major societal and climate reorganisation.
Our approach is based on regional compilations of climate variables from diverse terrestrial
archives and integrates new marine climate records from the Western Mediterranean.
Archaeological variables include changes in material culture, settlement reconstructions and
estimates of human activities. In particular, both detailed chronologies of human activities
evolving from the Late Neolithic to the Bronze Age and mid- to Late Holocene climate change
across the mid-Holocene are compared, aiming to assess potential human responses and coping
processes associated with abrupt mid-Holocene climate changes.

1. Introduction

Climate change is regarded as one of today’s major
challenges threatening the stability of human com-
munities. It is particularly ranked among the main
causes of large-scale populationmovement and inter-
national migration. Predictions of the IPCC 2019
report estimate up to 200 million people who will be
displaced by shoreline erosion, coastal flooding and
agricultural disruption by 2050 (IPCC 2019). Implic-
ations for societies and environments (feedbacks and
amplification) are therefore increasingly discussed
with hypotheses of climate impact on social stabil-
ity, social resilience, environmental vulnerability and
economic wealth. A coupling of social and ecological
resilience is often postulated (e.g. Adger 2000), based
on definitions of social resilience as the ability of
groups or communities to cope with external stresses
and disturbances resulting from social, political and
environmental change. Accordingly, environmental
variability can increase the risk of being dependent on
particular resources through the incidence of extreme

events in nature, such as drought or flood, or from the
impact of pests and diseases on agricultural systems.
A long-term perspective as provided by concerted
palaeoecological and archaeological reconstructions
extending over a period of several millennia can help
to better understand such independencies (e.g. Finné
et al 2011, 2019, Izdebski et al 2016, Bevan et al 2017).

The western Mediterranean area and the Iberian
Peninsula, in particular, are hot spots of ongoing
and predicted climate change. Proneness to deser-
tification with predictions for temperature increase
and precipitation decrease above global averages are
reckoned hazardous for social and environmental
stability alike. Exposure to severe climate changes,
marking the interfaces of subtropical and temper-
ate climate domains under variable influence of
Mediterranean and Atlantic climate constraints, has
been a challenge for western Mediterranean popu-
lations throughout the Holocene. These challenges
must have demanded highly adaptive and trans-
formational processes. Arguably, these challenges
were amplified during mid-Holocene times under
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the constraints of major climate reorganisation and
interfering responses of increasingly complex and
rapidly expanding societies (e.g. Chapman 1990,
Carrión et al 2007, Lull et al 2015).

1.1. Mid-Holocene climate constraints in the
westernMediterranean area
A growing body of new climate records and model
approaches, including an array of recent climate syn-
theses for the western Mediterranean area, have con-
tributed to a more coherent picture of Holocene
climate dynamics and its environmental implications.
This is particularly true for the Common Era for
which detailed climate and environmental recon-
structions of marine and terrestrial climate vari-
ables have revealed complex patterns with inter-
fering and closely coupled effects of high and low
latitude climate forcing, including a major role of the
North Atlantic sea surface temperature (SST) field
(Abrantes et al 2017). The preceding mid-Holocene
timeframe was marked by a long-term trend of insol-
ation decrease and also punctuated by events of rapid
climate change (Wanner et al 2011). Yet the patterns
and forcing ofmid-Holocene climate variability in the
western Mediterranean area are not entirely under-
stood, thus hampering direct comparisons of societal
and climate variables on a supra-regional scale (Bini
et al 2019). Recent compilations, integrating a variety
of terrestrial and new marine climate archives, con-
tribute to amore coherent picture of temperature and
precipitation patterns in the Western Mediterranean
(Bini et al 2019, Schirrmacher et al 2020). They
highlight the severe manifestations of rapid climate
change in thismarginal region and the hazards related
to precipitation failure, in particular. Detailed recon-
structions of hydroclimate changes inferred from a
stalagmite record of the El Refugio cave in Southeast
Iberia imply a southward displacement of the North
Atlantic Subtropical High transgressively, influencing
Iberian climates over the course of the mid-Holocene
(Walczak et al 2015). This record pinpoints the onset
of Mediterranean climates at 5300 cal yr BP that went
along with enhanced seasonality when precipitation
is mainly received during winter. Based on a mar-
ine record near the Azores Islands, Repschläger et al
(2017) have similarly reconstructed a southward shift
of the Azores Front marking the northern rim of
the North Atlantic subtropical gyre. Yet, this trans-
ition is registered here only around 4200 cal yr BP
(Weinelt et al 2015). Iberian vegetation reconstruc-
tions spanning that time generally indicate a decrease
in arboreal pollen and an increase of species influ-
enced by changes in both climate and human impact
(e.g. Carrión et al 2007, Schneider et al 2016). These
records are, however, controversially interpreted in
terms of either enhanced human land use intensity or
as vegetation responses to dryer and cooler conditions
(e.g. Schneider et al 2016, Schirrmacher et al 2019).
Marine records suggest a tight link between North

Atlantic circulation patterns and the inflow of surface
waters into the Mediterranean that played a major
role in controlling mid-Holocene climatic variabil-
ity of this region (Català et al 2019, Jalali et al 2019,
Schirrmacher et al 2019). Based on a detailed δ18O
record from Lake Sidi Ali (Middle Atlas, Morocco),
Zielhofer et al (2019) postulate, in contrast, a decoup-
ling of subtropical and North Atlantic climate con-
straints. Perşoiu et al (2019) hypothesised that atmo-
spheric blocking induced by a strengthened Siberian
High led to drying in West Asia with implications
for the western Mediterranean area. Schirrmacher
et al (2020) traced the spatial manifestations of the
4.2 kyr BP event in a sequence of 200 yr time
slices based on an extensive survey across Iberian cli-
mate and environmental records, integrating mar-
ine records as well as a broad range of differ-
ent proxies from different climate archives. They
found a culmination of dry and cool conditions
around 4000–3800 cal yr BP, which affected the
southeastern Peninsula, in particular. Carrión et al
(2007) have shown that the impact of increasingly
drier conditions on southern Iberian vegetation was
reinforced by enhanced human interventions from
4000 cal yr BP onwards, as monitored in particu-
lar by enhanced grazing as well as by the repeated
appearance of fires. Much attention is being focused
on this arguably global 4.2 kyr BP climate event,
roughly marking the mid- to Late Holocene trans-
ition, and in the western Mediterranean area mark-
ing the onset of the Mediterranean climate. Given
its coincidence with the transition from the Chalco-
lithic to the Bronze Age in that region, it provides an
excellent archive to explore human responses, coping
strategies and adaptive potentials to deal with adverse
climate challenges in the past.

1.2. Resilience hypotheses andmid-Holocene
socio-environmental dynamics
In social sciences, for the exploration of the resilience
of modern societies some diagnostic elements of resi-
lience variability at the community level are observed
through proxies, such as formal sector employment,
recorded crime rates, and demographic factors (e.g.
Machlis et al 1997). While these indicators enable the
examination of links to changes in the production of
the resources on which communities are ‘dependent’,
such diagnostic proxies are generally not accessible
for ancient societies. Instead, archaeological studies
tacklingwith the reconstruction of pertinent variables
over longer past time spans have to rely on remains of
material culture, which reflect, for example, ideolo-
gical changes and economic practices. Such variables
are generally not continuously recorded over longer
time intervals. In archaeological theory, resilience is
often viewed using conceptual models of adaptive
cycles, where a tipping point is preceded by a phase of
increasing diversity/complexity and followed by a col-
lapse of diversity/complexity (e.g. Gronenborn et al
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2017). According to archaeological resilience theory,
a single adaptive cycle evolves in four behavioural
phases, namely growth/exploitation, conservation,
release, and reorganisation, with each domain exhib-
iting a different value of resilience and degree of con-
nectedness (Bradtmöller et al 2017). Such concepts
have been exemplified with a variety of archaeological
scenarios, generally using changes in material culture
as proxies to assess changes in societal complexity.
In a resilience study based on a high-resolution data
set of Early Neolithic ceramic style and demographic
changes and an obvious coincidence of a change in
social diversity (as inferred from ceramic style pat-
terns) with a climate event, Gronenborn et al (2017)
concluded that climate may well have played a role
in shaping this particular social trajectory. In their
case study, socio-cultural variables preceded demo-
graphic changes by several generations. Yet a num-
ber of recent archaeological studies claim that climate
does not play a major role in shaping such patterns.
They rather invoke internal socio-political decision
patterns to fully explain changes in past resilience
dynamics and prehistorical boomand bust cycles (e.g.
Shennan et al 2013, Armit et al 2014, Hofmann et al
2019). In contrast, Turchin and Nefedov (2009), who
explored population dynamics of secular scale across
premodern and back to Roman societies in England,
France, and Russia, state that climate may become a
significant factor under higher population pressure.
For the Iberian Peninsula, modelled population pat-
terns suggest that population changes of prehistoric
hunter–gatherers were intimately linked to profound
environmental changes (Fernández-lópez de Pablo
et al 2019). A rapid postglacial population decrease,
for instance, was related to the cold reversal of the
Younger Dryas. An array of studies have explored the
emergence of complex agrarian and socio-economic
systems for Iberian Chalcolithic (García Sanjuán and
Murillo-Barosso 2013, Valera 2015) and Early Bronze
Age societies (Lull et al 2015), highlighting sophistic-
ated and highly efficient strategies of resource man-
agement. Yet little reference is made by these studies
to the impacts of climate change on these complex
systems, and potential responses to environmental
stress. Parcero-Oubiña et al (2019) explored the relev-
ance of the notions of social resistance and resilience
at the transition from the Bronze Age to the Iron Age
on the northwestern Iberian Peninsula and found no
general patterns of social division and inequality to
have fostered resilience prior to the Late Iron Age.

Today, it is widely accepted that the 4.2 kyr BP
event, rather than a mere climate event, was a
socio-environmental event with complex interac-
tions and feedbacks of socio-economic and socio-
environmental processes (e.g. Weiss et al 1993,
Weiss 2016). A pivotal role of climate along this
socio-environmental ‘marker’, namely a long-
lasting drought (i.e. spanning several decades, see
Weiss 2015), is well-documented in the Eastern

Mediterranean and Near East to have triggered major
migration waves. Here, demographic pressure res-
ulting in enhanced mobility led to the collapse of
urban centres and intensified conflicts. The roughly
contemporaneous ‘collapse’ of Chalcolithic life-styles
on the western Iberian Peninsula, as paralleled by a
phase of considerable climate variability, has there-
fore likewise been tentatively attributed to this event
of arguably hemispheric or even global extent and
different regional manifestation (e.g. Bini et al 2019).
The divergent trajectories of societies across the
southwestern and southeastern Iberian Peninsula,
however, open questions if this might be explained
by different resilience levels or rather by differential
exposure to environmental stress.

Poor empirical underpinning exists so far
for the sequential behaviour of complex socio-
environmental systems potentially shaping recur-
rent resilience patterns. Little is known about the
occurrence, duration and timing of such resilience
cycles. The response times of social change with
regard to climate and environmental disturbances,
the recurrence of such patterns in the long run, and
its potential acceleration across the Holocene under
increasing population pressure and variable climate
constraints remain widely open questions. Siegmund
(2013) systematically explored the absolute dura-
tion of individual archaeological phases in archae-
ological chronology systems and found highly vari-
able durations across archaeological epochs, ranging
from decades to centennials, irregularly distributed
in space and time. The centennial scale dynamics in
historical agrarian societies and causal connections
between demographic, economic, and political vari-
ables have been explored by Turchin and Nefedov
(2009). By examining an array of 32 archaeological
scenarios across the globe, Peregrine (2018) found
evidence for bi-modal resilience behaviour, depend-
ing on the extent of the effects of a climate/envir-
onmental event. Weiberg and Finné (2018) explored
resilience patterns of the ancient Late Bronze Age
(LBA) Peloponnese under climate stress, using socio-
political variables spanning a time interval of 750 yr
(3750–3000 cal yr BP). Testing the hypotheses that
stable climate conditions favour the formation of
agrarian states, while persistently volatile climatic
conditions can contribute to the episodic collapse of
these complex societies they found differential evid-
ence over time. In particular ongoing arid conditions
during much of the LH II, had no lasting effect on
societal expansion. The authors argue that the lower
levels of societal complexity made the society of the
LHII less sensitive to arid conditions.

A set of variables considered as important indic-
ators of resilience that can be at least partially
approached through archaeological reconstructions
over longer time spans and wider regional areas as
well as across differential cultural entities include
demographic change, mobility and migration. In this
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context, enhanced mobility and migration may be
also seen as mitigation strategies to cope with nat-
ural hazards (e.g. Bettini 2014), contrasting the idea
of ‘climate refugees’, a term suggesting vulnerability
of migrants rather than resilience.

Large progress has been made in recent years to
quantitatively reconstruct the intensity of prehistor-
ical human activities across Europe (and beyond),
based on land use reconstructions (e.g. Kaplan et al
2010, Zanon et al 2018, Feeser et al 2019), set-
tlement intensities (e.g. Hinz et al 2019), and on
past demographic changes (e.g. Shennan et al 2013).
Population dynamics evolving in ‘boom and bust
cycles’ have been explored by an array of investig-
ations, including Neolithic and Bronze Age studies.
Estimates of these variables are approached through
a variety of quantitative or semi-quantitative proxies,
ranging from local to global scales (e.g. Balsera et al
2015, Bevan et al 2017, Hinz et al 2019). Moreover,
socio-economic variables related to inequality have
been empirically explored (e.g. Kohler et al 2017).
Such proxy approaches enable comparisons of these
variables across a variety of archaeological scen-
arios and regions and for various cultural entities,
in order to better assess regional, supra-regional and
global developments. In addition, numerical mod-
elling approaches are greatly improving our under-
standing of the dynamics and interactions of these
variables in time and space (e.g. Lemmen and Wirtz
2014). Such efforts are also encouraged by climate
studies aiming to assess the impact of human activ-
ities on climate change. Numerical climate models
increasingly revert to archaeological data and estim-
ates of population changes, in particular, in order
to describe changes in land use intensity and their
potential feedbacks on climate and on carbon cycle
scenarios (e.g. Kaplan et al 2010, Harrison et al 2020).

An array of studies has tackled with the recon-
struction of demographic developments on the
Iberian Peninsula based on sum calibrated archae-
ological 14C data, and has shown large-scale popula-
tion dynamics with boom and bust cycles from the
Neolithic to the Common Era (Balsera et al 2015,
Lillios et al 2016, Blanco-González et al 2018, Hinz
et al 2019). While the data sets (i.e. 14C data from
archaeological contexts) underlying these studies
partially overlap, they provide robust evidence of
large-scale population developments on the Iberian
Peninsula. On the SW Iberian Peninsula, in partic-
ular, where the prominent and numerous ditched
enclosures widely disappeared within a brief time
interval, a ‘collapse’ of Chalcolithic life styles is sug-
gested around 4200 cal yr BP. This rapid decline
abruptly ended a time of extraordinarily long-lasting
occupation suggesting prolonged social stability
(approx. 1000 yr). Some of these sites have become
key sites to explore the development of social differen-
tiation and complexity on the Iberian Peninsula (e.g.
Perdigoes, Alentejo (Valera 2015) and Valencina de la

Concepción, Andalusia (García Sanjuán et al 2018)).
In the case of Valencina, highly dynamic and ulti-
mately unstable social differentiation has been sug-
gested. For both sites, a final occupation phase
is already suggested to have been marked by an
erosion of socio-cultural practices (Valera 2015,
García Sanjuán et al 2018). Subsequently, low popu-
lation levels, as suggested by rare and more dispersed
settlement findings, only reversed centuries later in
the LBA. Different developments are reported from
southeast Iberia, a region where Chalcolithic life-
styles apparently experienced some continuity with
the contemporaneous rise of the Bronze Age El Argar
culture (e.g. Lull et al 2015). This was marked by a
boost of human activities, the rapid establishment
and spread of new cultural entities, and the develop-
ment of novel social organisation concerning nearly
all spheres of human activity, reflecting the estab-
lishment of profoundly new ideologies (e.g. Lull et al
2015). Its boom phase started around 4200 cal yr BP
with maximum expansion levels prevailing dur-
ing several centuries, which rather brusquely ended
around 3500 cal yr BP.

The scenarios of profound social and environ-
mental transformations undermid-Holocene climate
reorganisation provide an appropriate background
to explore the socio-environmental dynamics in the
long term. Hypotheses are tested concerning the
role of climate-induced socio-environmental stress
on resilience. In this context, we compare the devel-
opments of human activities on the southwestern
and southeastern Iberian Peninsula against climate
change using a multi-proxy approach combining
reconstructions of societal and environmental vari-
ables. Detailed time series of human activities and
of climate change spanning a 3000 yr time inter-
val, namely lasting from 6000 to 3000 cal yr BP,
are explored. Our study aims to reconstruct socio-
environmental variability and its potential relation-
ship with resilience, and the potential role of climate
induced migration. Questions are addressed regard-
ing the response times of social change with regard
to climate and environmental disturbances, and the
recurrence of socio-environmental patterns.

1.3. Methods
To explore the variability of social and environmental
changes on the southern Iberian Peninsula, we use
subsets of a recent data compilation by Schirrmacher
et al (2020), exploring the spatial patterns of cli-
mate and settlement dynamics on the Iberian Penin-
sula during the Chalcolithic and the Bronze Age. In
particular, we use stacks of the z-scored time series
of precipitation and temperature changes for the
southwestern and southeastern regions respectively
(figure 1), which are labelled SW/SE ensembles in the
following. They cover an area south of 40◦ N, with
SE and SW areas extending west and east of −5.5◦

longitude, respectively, and include marine sites from
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the adjacentMediterranean and Iberianmargin areas.
The ensembles span a 3000 yr time period, extend-
ing between 6000 and 3000 yr BP and correspond-
ing to 4050–1050 yr on BCE scale, ranging from the
mid-Holocene to the earlier Late Holocene/the Late
Neolithic to the LBA. Only well-dated time series
were retained in the data base with high-resolution,
spanning the major part of the 3000 yr interval as
categorised by quality flags 1 and 2 (Schirrmacher
et al 2020). The stacked and smoothed records are
considered to narrow down the uncertainties and
noise of local effects, individual age models and from
different proxies. Thus, the stacked data are con-
sidered to robustly record climate variability on a
wider regional scale. Specifically, the SW (SE) tem-
perature ensemble is comprised of data from six
(8) individual records, the SW (SE) annual precip-
itation ensembles from nine (20) records, and the
winter precipitation ensemble from 20 (17) indi-
vidual records. Site locations, proxies underlying the
individual records, and original citations are listed
in table 1. To ease comparison of environmental and
archaeological variables all time series are reported on
BP scales (cal yr BP), accordingly the archaeological
variables originally calibrated to BCE scales have been
converted to BP (i.e.+1950 yr).

Time series of precipitation and temperature were
assembled from proxy reconstructions originating
from a range of different climate archives, including
terrestrial records from lakes, speleothems, and some
marine records (table 1). To enable inter-comparison
of highly diverse proxy data, the individual records
were z-scored, yielding a standardised dimension-
less measure of variability. An upgraded version
of Schirrmacher et al’s (2019), Schirrmacher et al
(2020)) data base is available through PANGAEA.
Marine records include, in particular, new multi-
proxy records from two sites from the Gulf of Cadiz
(GeoB5901-2) and from the Alboran Sea (ODP site
161-97A) (Schirrmacher et al 2019). They provide
quantitative estimates of of annual and seasonal SST
(method according to Pflaumann et al 1996, Salgueiro
et al 2014), and of relative precipitation changes based
on n-alkane concentrations preserved in marine sed-
iments (Schirrmacher et al 2019). These well-dated
records (Schirrmacher et al 2020) enable quantitative
estimations of the magnitude of the climate shifts, as
considered relevant for climate changes at the south-
western and southeastern Iberian coastal areas. The
time series enable an average temporal resolution of
30 yr (ODP site 161-97A) to 70 yr (GeoB5901-2) as
required to assess multi-decadal to multi-centennial
climate variability.

Reconstructions of human activities are based
on sum probability densities (SPDs) calculated by
sum calibrating 14C data from archaeological con-
texts. The use of this proxy to reconstruct population
fluctuations through prehistorical times is based on
the simple assumptions that more people produced

more archaeological finds, and that the 14C sample
has been taken in a balanced way across time. SPDs
are generally considered to robustly record changes in
population density when applied on large data sets,
ideally with random distributions of finds. Over the
past decade extensive data surveys and compilations
have generated an excellent data base, which is avail-
able through an array of archaeological data repos-
itories (e.g. Radon and RadonB, hosted at the Insti-
tute of Prehistoric and Protohistoric Archaeology of
Kiel University). Here we use this proxy in a broad
sense as a proxy of human activities, further assum-
ing that the intensity of human activities is positively
correlated to resilience. The data base used here was
originally compiled by Hinz et al (2019), and slightly
modified by Schirrmacher et al (2020). The data set
is comprised of 984 entries for the SW Iberian Penin-
sula and 1376 for the SE. It merges existing data sets
from the Iberian Peninsula from various data bases as
outlined by Hinz et al (2019). Given the sensitivity of
this proxy to various biases, independent archaeolo-
gical evidence is necessary to test its regional perform-
ance. Complementary archaeological information is
provided on settlement activities to test the robust-
ness of the SPD data and aoristic data based on selec-
ted material culture. Aoristic approaches are based
on dividing archaeological finds according to their
archaeological sub-period (here Neolithic, Early, Full
and Final Chalcolithic, Early, Middle Bronze Age
(EBA, MBA) and LBA into a sequence of 100 yr time
spans. Differential dating accuracy assigned to each
registered artifact enables to depict the abundances
of finds in a chronological distribution curve (e.g.
Kneisel et al 2019). Aoristic settlement sum prob-
abilities are based on 1437 archaeological sites with
settlement character from Southern Portugal (Hinz
et al 2019). Aoristic sum data is based on data col-
lections from Brandherm (2003, daggers); Schuh-
macher (2012, ivory), and fromMurillo-Barroso and
Martinón-Torres (2012, amber). While amber and
ivory are proxies for exchange, daggers indicate the
emergence of first weapon-usable bronze tools. Con-
tinuous archaeological evidence of socio-cultural tra-
jectories is provided by the well-dated record of the
Andalusian mega-site ‘Valencina de la Concepción’, a
key site which represents the ideological changes and
social inequality of Southern Iberia (García Sanjuán
et al 2018). This site located at the lower Guadalquivir
basin near Seville (i.e. at the eastern rim of our
SW region) extended over an area of up to 450 ha
and exhibits an extraordinarily long occupation time
spanning a 1500 yr period from the Late Neolithic
to the Middle Bronze Age. Bayesian modelling, based
on an overall suite of 170 14C data of archaeolo-
gical finds from that site, has enabled a 25 yr step
resolution of major cultural changes, variable funer-
ary practices, and changes of non-funerary activit-
ies, in particular (data set from García Sanjuán et al
2018).
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Sá
n
ch
ez

G
oñ

i(
20
03
)

C
añ
ad
a
de

la
C
ru
za

38
.0
66
66
7

−
2.
70
00
00

SE
La
cu
st
ri
n
e

X
er
op

hy
te
s

C
ar
ri
ón

et
al
(2
00
1b
)

M
D
95
-2
04
2

37
.7
99
83
3

−
10
.1
66
50
0

SW
M
ar
in
e

C
h
en
op

od
ia
ce
ae

C
h
ab
au
d
et
al
(2
01
4)

A
n
ta
s

37
.2
08
33
3

−
1.
82
36
11

SE
Te
rr
es
tr
ia
l

X
er
op

hy
te
s

Pa
n
ta
lé
on

-C
an
o
et
al
(2
00
3)

P
O
1-
5

37
.0
85
10
5

−
8.
13
85
09

SW
Te
rr
es
tr
ia
l

A
rt
em

es
ia

Sc
h
n
ei
de
r
et
al
(2
01
6)

B
or
re
gu
il
de

la
V
ir
ge
n

37
.0
54
16
7

−
3.
37
77
78

SE
La
cu
st
ri
n
e

A
rt
em

is
ia

Ji
m
én
ez
-M

or
en
o
an
d
A
n
de
rs
on

(2
01
2)

L
ag
u
n
a
H
on

de
ra

37
.0
48
00
0

−
3.
29
43
33

SE
La
cu
st
ri
n
e

C
al
ci
u
m
/t
it
an
iu
m

ra
ti
o

M
es
a-
Fe
rn
án
de
z
et
al
(2
01
8)

L
ag
u
n
a
de

R
ío
Se
co

37
.0
40
50
0

−
3.
34
28
33

SE
La
cu
st
ri
n
e

A
rt
em

is
ia

A
n
de
rs
on

et
al
(2
01
1)

Pa
du

l
37
.0
11
04
7

−
3.
60
39
06

SE
Te
rr
es
tr
ia
l

X
er
op

hy
te
s

R
am

os
-R
om

án
et
al
(2
01
8)

D
oñ

an
a

36
.9
41
66
7

−
6.
41
33
33

SW
Te
rr
es
tr
ia
l

A
m
ar
an
th
ac
ea
e

Ji
m
én
ez
-M

or
en
o
et
al
(2
01
5)

Si
er
ra

de
G
ád
or

a
36
.9
00
00
0

−
2.
91
66
67

SE
La
cu
st
ri
n
e

X
er
op

hy
te
s

C
ar
ri
ón

et
al
(2
00
3)

R
oq

u
et
as
de

M
ar

36
.7
94
44
4

−
2.
58
88
89

SE
Te
rr
es
tr
ia
l

X
er
op

hy
te
s

Pa
n
ta
lé
on

-C
an
o
et
al
(2
00
3)

Sa
n
R
af
ae
l

36
.7
73
61
1

−
2.
60
13
89

SE
Te
rr
es
tr
ia
l

X
er
op

hy
te
s

Pa
n
ta
lé
on

-C
an
o
et
al
(2
00
3)

Sa
n
R
af
ae
l

36
.7
73
61
1

−
2.
60
13
89

SE
Te
rr
es
tr
ia
l

Po
lle
n
W
A
P
LS

Il
vo
n
en

et
al
in

re
vi
ew

L
ak
e
M
ed
in
a

36
.6
17
77
8

−
6.
05
36
11

SW
La
cu
st
ri
n
e

O
st
ra
co
d
as
se
m
bl
ag
es

Sc
h
rö
de
r
et
al
(2
01
8)

E
lR

ef
u
gi
o
C
av
e

36
.5
83
33
3

−
4.
58
33
33

SE
Sp
el
eo
th
em

C
T
de
n
si
ty

W
al
cz
ak

et
al
(2
01
5)

T
T
R
14
-3
00
G

36
.3
58
86
7

−
1.
79
17
83

SE
M
ar
in
e

La
n
th
an
u
m
/l
u
te
ti
u
m

ra
ti
o

C
or
té
s-
Sá
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Figure 1.Map of the study area showing the archaeological and environmental data base employed for this study (reprinted from
Schirrmacher et al 2020, Copyright (2020), with permission from Elsevier). Asterisks indicate locations of sites of records shown
in figure 2 and discussed in the text.

In order to explore the recurrence of potential
cycles and to identify periodicities inherent to records
of climate and archaeological variables, time series
analyses were performed using Lomb periodograms
for unevenly sampled records and employing auto-
matic detrending as provided in the palaeontological
statistics software package PAST4.03 (Hammer et al
2001). The stacked ensembles of z-scored precipit-
ation and temperature records, and the speleothem
records, in particular, with a resolution of <5–10 yr
allow to explore high frequency decadal to multi-
centennial variability. To reduce noise, smoothing has
been applied.

2. Results

Multi-proxy time series (figure 2) suggest that major
mid-Holocene climate reorganisation on the south-
ern Iberian Peninsula went along with major social
transformations. SE and SW ensembles, marine cli-
mate variables, speleothem records as well as the
records of human activities show large fluctuations
on millennial to multi-decadal scale over the entire
course of the 3000 yr time window. The long-term
trends in both archaeological and environmental
variables are superimposed by fluctuations of multi-
decadal to centennial time scales. While the climate
variables in the long run generally show similar
cooling and drying condition trends in the west-
ern and eastern sectors, respectively, differential SW

and SE trajectories of human activities are evident
over time.

2.1. Climate variability on the southern Iberian
Peninsula
The ensembles of stacked z-scored records of annual
and winter precipitation and of annual temperat-
ure in light of the SW and SE high-amplitude vari-
ability and decadal to centennial scale superimpose
long-term cooling and drying trends. The ensembles
of precipitation records as well as the lower resolu-
tion marine n-alkane records reasonably well match
the variability of the high-resolution (ca. 2–4 yr)
speleothem records (monitoring annual precipita-
tion). Precipitation records overall suggest similar
variability in the SW and SE with major rapid
transitions at 5300, 4800, 4440, and 3800 cal yr BP
(figures 2(A)–(E)). In addition to an earlier inter-
val of enhanced climate instability from ca. ∼5700
to 5200 cal yr BP, an interval of pronounced pre-
cipitation variability is reported between 4400 and
3800 cal yr BP, generally related to the 4.2 kyr BP
event. In our records, it was marked by overall gradu-
ally decreasing precipitation values and prolonged
events of maximum amplitudes. This is particu-
larly distinct in the two speleothem records of El
Refugio (Walczak et al 2015) and Buraca Gloriosa
(Thatcher et al 2020) (figure 2(D)). The ensembles
of precipitation records during this interval show
a gradual decrease in winter precipitation with

9
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largest fluctuations in annual precipitation in winter,
in particular (figures 2(A) and (B)), which were
more pronounced in the SE. The marine n-alkane
records (figure 2(E)) indicate two distinct dry events
bracketing an interval of relatively moister condi-
tions. These events appear more pronounced in the
SW, a pattern well constrained by the ensembles
of z-scored winter records, otherwise marked by
pronounced oscillations between dry and humid
excursions.

Annual temperature reconstructions, based on
fewer records (n = 8 in the SE, and n = 6 in
the SW) and thus to be considered as less robust,
reveal a complex pattern of short-term variability.
Two longer cooling episodes are reported by the SE
ensemble paralleling the intervals of drier conditions.
Marine records based on planktonic foraminifera
assemblages suggest cool winter SST of 15 ◦C in the
Alboran Sea (figure 2(F)). In contrast, in the SW
only the earlier interval is paralleled by cooling SST
records in the SW/Gulf of Cadiz, which reveals a
distinct and rapid shift towards altered seasonality
from 4000 cal yr BP onwards. Accordingly, summer
to winter contrasts increased in the SE during that
period, yet at the same time they decreased in the SW.

2.2. Changes in human activities
A pronounced asymmetry of the eastern and west-
ern activity trajectories is evident in the SPDs over
time, suggesting major ‘boom and bust’ cycles dis-
tinctly out of phase. Patterns start to diverge par-
ticularly after 4400 cal yr BP, suggesting partially
antidromic developments of human activities in
both regions (figure 2(G)). While in the southw-
est, an early increase in activities starting around
5700 cal yr BP is disrupted by a 200 yr reversal,
well paralleling a period of cooling and drier con-
ditions (figures 2(A) and (F)), subsequent activity
levels stepwise and steadily increase culminating
around 4800 cal yr BP. The aoristic settlement pat-
tern (figure 2(H)), as only available for the SW, well
supports the SW SPD patterns (Hinz et al 2019).
Maximum settlement activities in Southern Portugal
are shown from 4750 to 4250 cal yr BP (corres-
ponding to the regional archaeological phases of the
Initial to the Final Chalcolithic) with a culmina-
tion during the later phases. In the transition from
the Chalcolithic to the Early Bronze Age, settlement
activities dramatically dropped. In the SPDs, this
decline started around 4500 cal yr BP with a sharp
and subsequent more gradual decline lasting until
∼3300 cal yr BP. This pattern is well paralleled by
the onset of a gradual decrease of precipitation val-
ues. High temperature variability is marked by winter
cooling events (figures 2(C) and (F)), whereby the

Figure 2.Multi-proxy time series of climate and
archaeological variables records from the southwestern (left
panels) and southeastern (right panels) Iberian Peninsula.
(A), (B) Ensembles of z-scored annual and winter
precipitation records; (C) ensemble of z-scored annual
temperature records (from Schirrmacher et al 2020);
(D) speleothem records from El Refugio cave (density data
fromWalczak et al 2015), and La Buraca Gloriosa (∂13C
data from Thatcher et al 2020; available through NOAA
paleodata); (E), (F) marine precipitation and sea surface
temperature (SST) records based on n-alkane
concentrations; winter temperature based on planktonic
foraminifera assemblages (from Schirrmacher et al 2019)
with adjusted age models from Schirrmacher et al 2020),
(G) SPD records used as proxy for intensity of human
activities (from Hinz et al 2019); (H) aoristic record of
settlement numbers in southern Portugal.
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low resolution SST record suggests winter cooling by
−2 ◦C. A recovery of human activities is registered
only during the LBAwith a preceding transient recov-
ery during the Middle Bronze Age, evolving under
relatively inconspicuous climate conditions.

In the SE, Chalcolithic activities started with
a relative delay of approximately 500 yr around
5000 cal yr BP as compared to the SW (figure 2(G)).
Afterwards, they steadily increased until 3800 yr BP,
an initially inert trend and superimposed by minor
halts and a backslide. This phase is followed by a sharp
increase at∼4100 cal yr BP, and a further step of rapid
increase around 3900 cal yr BP. High levels lasting for
some 600 yr reflect the boom of the El Agar culture in
the area, as well-documented to have evolved in two
phases (Lull et al 2011, 2013). Notably more conver-
gent SE and SW trajectories of activities are reported
between 5000 and 4400 cal yr BP, corresponding to a
boom phase of Los Millares cultures.

These changes in human activities were paralleled
by profound cultural shifts as indicated by changes
in material culture (figure 3(A)) and by the detailed
archaeological record of the Andalusian mega-site
Valencina de la Concepción, located at the eastern
margin of the SW region (figures 1 and 3(B)). To ease
comparison of archaeological and environmental tra-
jectories in the SW and SE regions, in the SW and
SE regions, the E–W gradients of selected variables
between these areas are displayed in figures 3(C) and
(D). Aoristic abundances of exotic ivory and amber
items in Iberian archaeological inventories are cal-
culated for 100 yr steps (figure 3(A)), as considered
to particularly reflect changes in the Iberian net-
works (Murillo-Barroso and Martinón-Torres 2012,
Schuhmacher 2012). A contemporaneous increase of
ivory and amber items is considered to have reflec-
ted the establishment of long distance networks after
5100 yr BP with an intensification after 4100 yr BP,
culminating around 3800 yr BP, as particularly evid-
ent in a brief increase of ivory items. Coevally with
the decline of ivory and amber around 4100 yr BP,
the abundance of daggers (with some 20% represent-
ing SW finds) started to boom at ∼3750 yr BP and
culminated during the MBA.

At Valencina within an overall 2000 yr record,
major funerary activities are monitored evolving
from 5200 to 4300 cal yr BP, double peaking around
4850 yr BP and well matching SW SPD patterns. The
non-funerary record shows a double peak of max-
imum activities at the site as well, with the first peak
preceding the funerary curve by ∼100 yr. It is note-
worthy to mention that this site in our SW SPD data
base is only represented by a sample of 21 14C data.
Both chronologies are thus widely independent.

The E–W gradients of human activities involve
a shift of activities from W to E along with a tend-
ency towards more pronounced dry spells in the
SE. Within temporal resolution and dating accuracy,
these changes appear intimately linked to changes

in the intensity of human activities. A tipping point
when the focus of the southern Iberian trajector-
ies shifted from west to east is pinpointed around
4400 cal yr BP, matching the onset of drier conditions
in the SE.

2.3. Time series analyses
Both the climate and the societal records over
the course of the 3000 yr interval explored here
show high-frequency oscillations superimposed to
long-term patterns. Different from the climate time
series, where short-term variability generally exceeds
the amplitudes of the long-term trends, the pat-
terns of human activities are dominated by long-term
cycles that are modulated by secondary fluctuations
of lower amplitude. Here, short-term oscillations
superimpose long-term patterns that correspond to
time-lagged boom and bust cycles in the SW and SE,
each of ∼1500–2000 yr duration. In the frequency
domain, detrended time series of societal and envir-
onmental variables reveal a broad range of signific-
ant power maxima indicating periodic oscillations
in the range of multi-decadal to multi-centennial
scales (figure 4). Spectra of similar periods occur in
all environmental and archaeological variables, but
are rarely identical for the individual variables (as
expected in untuned time series from a variety of
archives, proxies and age models). Nonetheless, the
individual spectra concentrate power in defined fre-
quency bands. A common forcing or a similar rhythm
of different forcings is thus suggested, modulating the
social and environmental time series. In contrast, the
lower resolution and unevenly sampled marine cli-
mate records (in average solving 20–70 yr) are less
suitable to explore cycles in that range. In the fre-
quency domain, the records show particularly signi-
ficant power in the frequency bands ranging from
0.001 to 0.006 (figure 4). Moreover, fewer and less
distinct peaks are revealed in the SW, probably due
to the generally lower resolution and less well con-
strained age models of the individual records. The
high-resolution El Refugio cave (Walczak et al 2015)
and Buraca Gloriosa speleothem records (Thatcher
et al 2020), both with age models relying on U/Th
datings, cover the 3000 yr window continuously with
an average temporal resolution of 2–4 yr. Both in
the frequency domain, they reveal a suite of peaks
corresponding to ∼600–200 yr periods, with dom-
inant power around periods of 250 and 190 yr as
well as further maxima in the higher high-frequency
range with periods <∼170 yr (figure 4(D)). The SE
ensembles show maxima in the range of 290–160 yr-
periodicities with outstanding peaks of 200 and 220 yr
(annual precipitation, figure 4(A)), 172 (winter pre-
cipitation, figure 3(B)), and 160 (annual temperat-
ure, figures 4(A)–(C)). These are however, differ-
ent from the Buraca Gloriosa record, not developed
in the other SW climate records. In contrast, peaks
in the lower frequency range of 378 are shown by
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Figure 3. (A) Material culture changes reflected in the archaeological inventories of daggers (according to production time, grey),
ivory (red) and amber (blue) based on aoristic sum probabilities. (B) Numbers of funerary sites occupied (grey curve) and
non-funerary indicators (red curve) per 25 yr intervals at Valencina de la Concepción (from García Sanjuán et al 2018). Red
arrows indicate first occurrences of new funerary practices at the site. (C) E–W differences of precipitation ensembles (annual)
based on equidistant smoothed time series (D) E–W differences of SPDs. Red bars indicate times of major climate instability.

the ensembles in both areas, for both precipitation
and temperature records, here resembling the pat-
terns of the speleothem records. The spectra of the
SPD time series (figure 4(E)) show a similar spectrum
of power in the SW and in the SE with periodicities
of 390–490, and of 200–230 yr. These resemble the
spectra of the climate variables. No significant dif-
ferences were found when separately exploring inter-
vals of 4500–3000 and 6000–4500 yr BP (spectra
not shown; SW: 444(419), 200/235(218), 160(160);
SE: 270(280); 230(235)). Periodicities of∼200/400 yr
are typically related to de Vries/Suess cycles (average
period 208 yr), resulting from variable sun spot activ-
ity and present in many Holocene climate records.

3. Discussion

Our reconstructions underline that the mid-
Holocene on the Iberian Peninsula was a time of
socio-environmental turnover with complex interac-
tions of pre-state societies and their environments.
Time series of climate changes over the course of
a 3000 yr time span from the mid- to Late Holo-
cene feature two intervals of marked instability
(∼5700–5300 cal yr BP and ∼4400–3800 cal yr BP),
the latter generally related to the 4.2 ky BP event

(Bini et al 2019). A hazard for Agrarian Chalco-
lithic and Early Bronze Age communities must have
been constituted under enhanced North Atlantic
climate forcing, alternating episodes of reduced
winter precipitation. These were marked by winter
coolings and higher seasonality, as well as hot and
moist conditions, when transitions occurred within
a decade and draught episodes sometimes lasted
for decades. Increasing environmental stress with
impacts on vegetation cover, soils, and agriculture are
well-known from numerous palaeobotanical studies
available for the region. Phases of widespread decline
of arboreal pollen in the (western) Mediterranean
pollen archives (Zanon et al 2018), paralleling these
intervals, suggest that forest decline was a result of
reinforcing effects of human land use activities and
draught.

‘Boom and bust’ cycles of human activities (likely
also reflecting demographic patterns) on the Iberian
Peninsula evolved against this background of climate
deterioration with more severe impacts in the SE and
differential and time-lagged trajectories in the west-
ern and eastern sectors. SPDs reveal sequential pat-
terns of surges, plateaus, sharp declines, and recovery.
This pattern can be well related to phases of growth/
exploitation, conservation, release, and reorganisation,
corresponding to the four adaptive phases and
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Figure 4. Power spectra of time series in figure 2 in the frequency domain. The left panel shows spectra of SW records, the right
panel spectra of SE records. Numbers indicate periods of significant power in years. Stippled red lines indicate 0.01 and 0.05
significance levels. Green bars indicate frequency bands of 0.004–0.005 and 0.002–0.003, corresponding to periods in the range of
250–200 yr and 500–333 yr.

resilience levels according to Bradtmöller et al
(2017).

Phases of rise and expansion of the Los Millares
culture, the long and continuous Chalcolithic occu-
pation phase of the Portuguese ditched enclosures,

and the rapid rise and 600 yr record of the El Argar
culture all partially occurred under preponderantly
unfavourable climate constraints (figures 2 and 3)
and considerable environmental stress, thus attesting
the high resilience of these societies against external
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disturbances. In particular, the rise of the El Argar
culture had considerablemomentum and culminated
(3800–3400 cal yr BP) in a phase of severe climate
deterioration (figure 4), marking the major tipping
point in our records related to the 4.2 ky BP event,
when the southwest communities were in rapid des-
cent. The rapid onset of a climate regime leading
to enhanced draught and pronounced seasonality
with cool winters appears to be related to a rapidly
decreasing influence inMediterranean-sourcedmois-
ture (Schirrmacher et al accepted). This pattern sug-
gests a high exposure of people living in the southeast.

In this context, sophisticated water manage-
ment strategies, draught resistant barley monocul-
tures, central policies regulating the distribution
of and access to resources, food storage systems,
and labour division together with the regulation
of socio-environmental stress through socio-political
and socio-cultural strategies fostering connectivity
may well be interpreted as adaptive strategies to
successfully cope with environmental change and
increasing demographic stress. A multitude of such
evidence is reported in archaeological narratives and
data for the Early Bronze Age, but also for earlier time
spans (e.g. Lull et al 2011, 2013, 2015, García Sanjuán
and Murillo-Barosso 2013, Valera et al 2015, García
Sanjuán et al 2018, Valera 2020; and for syntheses
Blanco-González et al 2018). Yet, more statistically
solid evaluationswith a supra-regional and long-term
view are awaited. Here they nicely underline our res-
ults. This evidence may also imply that the pre-state
societies were well aware of the risks of climate and
environmental change.

Only after several centuries, failures of these
highly efficient strategies are evident under increas-
ing climate stress. The widespread abandonment/col-
lapse of Chalcolithic mega-sites in Southern Portugal
as well as the end of the El Argar culture may have
been induced and/or accelerated by parallel severe
climate events. The ‘collapse’ of megastructures in
the SW coincided with the phase of rapid climate
reorganisation and may be well explained by a lack
in resilience of the Chalcolithic economies against
repeated failures of winter precipitation. The pro-
gressive decrease of activities in the SW started with
a sharp decline at ∼4400 yr BP. Arguably (because
of a dependency on precise age models), signs of
erosion of cultural developments preceded this final
‘collapse’ (e.g. manifested in a decrease in the quality
of ceramic production (Ribeiro, unpublished data)
and the abandonment of ritual practices (García
Sanjuán et al 2018), reflecting a gradual decline in
the intensity and quality of cultural activities (Valera
2015). Though poorly dated, this evidence preceded
the SPD and the environmental deterioration, per-
haps reflecting a preceding decay of resilience and
connectivity. Subsequent to this initial drop, activit-
ies decreased steadily and inexorably until reaching
stable minimum values, a trend merely counteracted

by some halts and weak reversals. A similar pattern
is evident in the well-dated record of the Andalus-
ian mega-site Valencina de la Concepción. Here, a
trajectory paralleling the decline of SW activities is
well constrained by the coeval cessation of funer-
ary activities. In addition, distinct changes in funer-
ary practices underline the cultural and ideological
changes that the site underwent. Notably, the record
of the non-funerary activities at the site peaking at
4600 yr BP/2650 BCE predate the funerary activities
by∼200 yr (figure 3(B)).

The ‘decline’ of the El Argar culture briefly after
its maximum boost phase, and eight centuries after
the SW ‘collapse’, evolved similarly with an initial
sharp decline and further phases of rapid decline over
the course of ∼300 yr. It was preceded by a marked
draught and cooling event as reported by the El Refu-
gio record and the SE ensembles (figure 2), mark-
ing the beginning of a phase with a new level of
reduced precipitation levels with yet warmer tem-
peratures. Thus, it again appears plausible that rein-
forcing effects of climate, environmental degradation
and demographic stress rapidly brought the system
to its limits. The preponderance of cereal cultivation
in extensive dry land farming in this context is con-
sidered a risk to economic strategies depending on a
limited number of resources and reduced biodiversity
(Lull et al 2013).

The consequences of these socio-environmental
‘collapses’ in both cases were long lasting. The recov-
ery of human activities are first registered only cen-
turies later despite more stable climates. Our res-
ults further support hypotheses that rapid climate
change may constitute a particular risk under high
demographic pressure as postulated by Turchin and
Nefedov (2009), based on an array of historical scen-
arios where similar patterns applied. In such con-
stellations, climate-driven environmental degrada-
tion is reinforced by human induced environmental
degradation thus accelerating a decay of resilience and
rapidly reaching socio-environmental thresholds.

When comparing Iberian trajectories in the SW
and SE (figures 3(C) and (D)), a main tipping point
is pinpointed at 4400 BP/2250 BCE. Thereupon, the
focus of human activities shifted from SW to SE,
matching the onset of the Mediterranean climate in
the SE. The anti-phased patterns of human activities
on the southwestern and southeastern Iberian Penin-
sula along with major transformations and rapid and
profound social and cultural turnover (figure 3) raises
questions whether these patterns may be explained
by large-scale population displacements from west to
east. According to an IOM report (2020), significant
population movement can be evidence of instabil-
ity depending on the type of mobility. Displacement
population movement is interpreted as an indicator
of the breakdown of social resilience. While our SPD
records of human activities donot provide any further
clue on the mechanism responsible for the observed
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large-scale shift of human activities (as probably also
related to changes in population density), we can
only speculate whether enhanced inner Iberian or
western Mediterranean migration may have contrib-
uted in shaping the regional boom and bust pat-
terns on the southern Iberian Peninsula. So far, aDNA
studies provide little information on possible west-
ern Mediterranean migration activities (Olalde et al
2019). If the observed climate deteriorations triggered
a major migration wave on the SW Iberian Penin-
sula, the origin andwhereabouts of the people remain
unclear. In the case of SW trajectories, it appears
unlikely that refugees chose an area where climate
conditions were even more hostile, making the idea
of ‘climate refugees’ invading SE territories less com-
pelling. Movements from the pre-urban centres into
rural regions are an alternative explanation, yet dif-
ficult to trace with existing data. A decay of large set-
tlement centres previously concentratingmajor activ-
ities with the establishment of subsequent more dis-
persed settlements have been shown by Hinz et al
(2019). The latter are, however, underrepresented in
the archaeological record, thus necessarily underes-
timating the rural population fluctuations. In the
case of El Argar, increased conflict and warfare have
also been invoked as strategies to cope with socio-
environmental stress that could have impacted abso-
lute population levels. The vast increase of daggers
produced during the final phases of the El Argar cul-
ture in addition to heavily fortified El Argar settle-
ments may hint in this direction (Brandherm 2003,
Aranda-Jiménez et al 2009, Lull et al 2015).

Apart from the outlined long-term patterns,
our records also show variability on shorter scales.
The presence of significant de Vries-like periodicit-
ies (a ∼200 yr oscillation) in the spectra of both
palaeoenvironmental and societal variables suggests
recurrent cycles of socio-environmental instability
(∼160–250 yr periods, figure 4), ultimately forced
by periodic climate disturbances. Moreover, longer
periodicities in our records of 300–500 yr duration
may constitute subharmonics of the de Vries cycle.
A broad array of northern hemispheric proxy data
sets shows climate impact of this cycle related to
solar activity and terrestrial 14C production. A mid-
Holocene interval from 5700 to 4500 cal yr BP has
been found to display particularly strong de Vries cyc-
licity (Knudsen et al 2011), modulating monsoonal
precipitation patterns monitored in subtropical spe-
leothems. A climate forcing may indeed explain the
presence of such periodicities in the SPD time series
at the interface of subtropical and North Atlantic
climate constraints. Yet, it is also conceivable that
social mechanisms modulated archaeological cycles
of multi-centennial scale duration, involving socio-
economic, socio-political and socio-cultural factors.
Turchin and Nefedov (2009) outlined historical scen-
arios and processes exhibiting recurrent patterns of
change, including century-long periods of population

expansion preceding long periods of stagnation and
decline as well as economic variables mirroring pop-
ulation oscillations. Assessing the role of ENSO cli-
mate variability in exerting stress on people found
reduced source availability and increasing human
populations most reinforcing factors in many Holo-
cene archaeological scenarios (Anderson et al 2007).
Siegmund (2013) explored the absolute duration of
individual phases of archaeological chronology sys-
tems based on material finds. In particular, he found
that long phases (80–175 and >175 yr) particularly
marked times of the introduction of major tech-
nological innovation, such as the beginning of the
Bronze Age, i.e. periods with fewer changes in the
material culture. Recurrent cycles in human activ-
ities on the Iberian Peninsula may be interpreted
in terms of cycles of increasing and decaying resili-
ence, modulated by climate. In their study of early
farming societies in SW Central Europe, Gronen-
born et al (2017) found that time-lagged patterns
of diversity and population size as well as severe
climate excursions shaped the location of tipping
points in the social system. On the Iberian Penin-
sula, centennial-scale variability marked both boom
and bust patterns (considered to reflect cycles of
decay and growth of resilience) in both southern
sectors of the Peninsula as well as the time win-
dows prior to and after the 4.4 ky tipping point.
Regardless of the pronounced cultural differences
marking the four scenarios (e.g. Blanco-González et
al 2018), similar variability persisted under differ-
ent socio-cultural developments. Hence, a persist-
ent level of instability appears inherent to socio-
environmental systems. Thus far, our time series ana-
lyses are not precise enough (i.e. spectra are not sharp
enough) to explore phase relationships between dif-
ferent socio-economic and environmental variables
or to identify potential sequences of broader valid-
ity and to determine response times within these sys-
tems. Yet at this point, our study underlines that mid-
Holocene social and environmental processes are
closely coupled at various scales, and justify an inter-
pretation of the occurrence of socio-environmental
cycles.

4. Conclusions

Regionally stacked climate records and archaeological
variables provide valuable time series to empirically
test hypotheses of socio-environmental dynamics and
the development of resilience on a long timescale, in
particular when combined with evidence of mater-
ial culture. Our results lend robust support to hypo-
theses indicating that mid-Holocene climate changes,
environmental shifts and social trajectories at the
transition from the Chalcolithic to the Early Bronze
Age were intimately linked.

Two phases of enhanced climate instability
occurred from∼5700–5200 BP to∼4400–3800 yr BP,
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interfering with boom and bust cycles of human
activities and reflecting resilience changes.

The continuous rise and boost of Chalcolithic cul-
tures on the SW Iberian Peninsula and the EBA El
Argar culture in the SE during these intervals indic-
ate high resilience of these societies during the earlier
phases.

A decay of resilience is suggested along with
culminating and reinforcing effects of enhanced cli-
mate stress, environmental degradation and popula-
tion growth, which initiated phases of sharp decline.
These were preceded by cultural changes as reflec-
ted in material culture, indicating reorganisation of
exchange networks together with ideological changes.
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