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1 Abstract

2 In light of recent climate changes, it is important to also gain knowledge about the spatial 

3 manifestation of past climate events and their potential impact on ancient societies across a 

4 wide range of different scenarios. Following this approach, we compare compilations of 

5 seasonal (winter and summer) as well as annual precipitation and temperature changes to a 

6 measure of human activity based on AMS 14C data of settlement sites from the Iberian Peninsula 

7 during the Chalcolithic and the Bronze Age – a period of major social turnover. Palaeoclimatic 

8 reconstructions show a long-term decrease in winter precipitation between 6000 and 3000 cal. 

9 BP (4050 – 1050 BCE). Superimposed to this long-term trend in aridification was the 4.2 ka 

10 BP climate event, which manifested itself as a period of abrupt decrease in summer precipitation 

11 and/or an elongation of the summer dry period, but probably with constant winter precipitation 

12 from 4000 to 3800 cal. BP (2050 – 1850 BCE), particularly affecting the southeast of the Iberian 

13 Peninsula. Additionally, a winter cooling event across the Iberian Peninsula and its marginal 

14 seas occurred between 4400 and 4000 cal. BP (2450 – 2050 BCE) coinciding with Bond Event 

15 3. By comparing human activities to the changes in seasonal and annual precipitation, new 

16 insight is gained into the causal relationships between climatic and social dynamics in the past. 

17 We show that winter precipitation potentially played a major role for the societies during the 

18 Chalcolithic and the Bronze Age of the southern Iberian Peninsula. While the El Argar culture 

19 at the south-eastern Iberian Peninsula boomed in spite of enhanced summer drought associated 

20 to the 4.2 ka BP climate event, decreasing winter precipitation was potentially contributing to 

21 a demographic decline in the southwest after 4800 cal. BP (2850 BCE) as well as to the bust of 

22 the El Argar culture in the southeast after 3600 cal. BP (1650 BCE) by limiting the agricultural 

23 strategies.

24



1 1. Introduction

2 The current climate change is considered to severely affect people living on the Iberian 

3 Peninsula by reducing precipitation and increasing the duration and number of heat waves and 

4 dry spells particularly in its Mediterranean region (Giorgi and Lionello, 2008). As a 

5 consequence, people likely will increasingly suffer from bad crop yields and bad health status 

6 (Kovats et al., 2014). A better understanding of how climate change affected people in the past 

7 in marginal environments, which are characterized by large-scale seasonal precipitation and 

8 temperature changes, may contribute to the current climate change debate. Such a marginal 

9 environment with particular challenges for human societies can be found on the Iberian 

10 Peninsula with the spatial and seasonal distribution of precipitation varying considerably. 

11 Recently, the south-eastern region, for instance, is the driest area of Europe with an annual 

12 average precipitation of less than 400 mm, while the north-western region receives a great 

13 amount of annual precipitation (> 1500 mm) (Fick and Hijmans, 2017).

14 Studying past abrupt climate events in such marginal environments and their potential impact 

15 on societies can provide crucial information on the long-term impact of current climate change. 

16 In this regard, one of the prime targets for this study is the 4.2 ka BP event, which manifested 

17 itself across the Eastern and Central Mediterranean as a prolonged dry episode between 4300 

18 and 3800 cal. BP (calibrated years before present) corresponding to 2350 – 1850 years before 

19 the Common Era (BCE) (Cheng et al., 2015; Ruan et al., 2016; Zanchetta et al., 2016). On the 

20 Iberian Peninsula a variety of climate records including the 4.2 ka BP event have been published 

21 over the last years. These include botanical records in particular, in which discrete climate 

22 signals are often masked by variable and highly local land use signals (López-Sáez et al., 2014; 

23 Schneider et al., 2016; Fyfe et al., 2019). In this respect, the study of marine archives turns out 

24 to be an important tool for regional palaeoclimatic reconstructions as local land use signals are 

25 diluted in such archives, which incorporate large-scale regional signals (Faust and Wolf, 2017). 

26 Recent studies based on marine archives suggest that the Western Mediterranean area likely 



1 experienced stable winter precipitation along with dry summer conditions during the 4.2 ka BP 

2 event (Bini et al., 2019; Schirrmacher et al., 2019). Parallel to the precipitation changes, the 

3 Western Mediterranean area is also considered by some authors to have experienced a major 

4 cooling between 4300 and 3800 cal. BP (2350 – 1850 BCE) (Bini et al., 2019; Català et al., 

5 2019; Zielhofer et al., 2019). However, due to the limited availability of high-resolution and 

6 well-dated regional archives, the spatio-temporal manifestation of the 4.2 ka BP event on the 

7 Iberian Peninsula remains less clear (Weinelt et al., 2015; Bini et al., 2019).

8 The climatic deteriorations associated with the 4.2 ka BP event have been shown to have had a 

9 large impact on societies in the Near East, where an array of social collapses has been reported 

10 along with large-scale population displacements (Welc and Marks, 2014; Weiss, 2017). 

11 However, the potential impact of poorly defined climate constraints related to this event on 

12 ancient societies of the Iberian Peninsula is still under debate (e.g. Lillios et al., 2016). The rich 

13 and well-explored Chalcolithic and Bronze Age archaeological record with many well-dated 

14 settlement sites provides a unique archive to explore past social dynamics. Accordingly, an 

15 array of studies using summed probability densities (SPDs) of AMS 14C dates as a proxy for 

16 human activities and population density in a broader sense have been carried out for the Iberian 

17 Peninsula investigating either the role of climate change on societies or the human impact on 

18 the environment (Lillios et al., 2016; Drake et al., 2017; Blanco-González et al., 2018; Fyfe et 

19 al., 2019; Walsh et al., 2019). Yet, these data are often generalized over a sub-region of the 

20 Iberian Peninsula, e.g. the entire Atlantic coast, limiting the detection of the true/full spatial 

21 variability within this sub-region. In addition, many studies include data from burial contexts, 

22 which likely biases the results towards ritual behaviour (Hinz et al., 2012a). Regarding climatic 

23 data, many of the above-mentioned studies just rely on a limited number of single-proxy 

24 palaeoclimatic datasets. Considering only a small number of single-proxy data results in 

25 potentially large uncertainty questioning their representativeness on a regional scale. 



1 Hence, despite the intense research carried out during the last few years, many crucial questions 

2 remain unanswered. These are particularly related to the spatial manifestation of the 4.2 ka BP 

3 event on the Iberian Peninsula, which is hampered due to the lack of a coherent data base and 

4 the difficult distinction between local anthropogenic and regional climatic signals in many 

5 archives. Aiming to address the spatial manifestation of the 4.2 ka BP event on the Iberian 

6 Peninsula and trace coherent regional patterns, we compiled a variety of palaeoclimatic proxies 

7 from terrestrial and marine archives on the Iberian Peninsula including some sites from northern 

8 Africa and its adjacent seas along the Iberian margin, respectively (Fig. 1). Based on this 

9 palaeoclimatic multi-proxy compilation, we compare the demographic development of the 

10 Iberian Peninsula, which is based on a compilation of AMS14C data from archaeological 

11 settlement contexts, with the seasonal (summer and winter) and annual temperature and 

12 precipitation history between 6000 and 3000 cal. BP – corresponding to 4050 – 1050 BCE – 

13 encompassing the late Neolithic, Chalcolithic and Bronze Age in the area. 



1

Fig. 1. Overview of the study areas on the Iberian Peninsula and adjacent marine regions showing A) 
locations of compiled climatic proxies as well as major geographic regions referred to in the text and 
B) locations of archaeological settlements with AMS 14C dates between 6000 and 3000 cal. BP (4050 
– 1050 BCE). Hatched areas indicate geographic regions in the southwest (SW) and the southeast 
(SE) of similar developments in settlement intensity referred to in the text. For further information on 
the palaeoclimatic archives see Table 1.



1 1.1 Climate of the Iberian Peninsula

2 While during recent times, temperatures across the entire Iberian Peninsula are marked by 

3 pronounced seasonal contrasts with more than 20 °C during summer and around 7 °C in winter 

4 (Fig. S1; Fick and Hijmans, 2017), the distribution of precipitation reveals a marked regional 

5 pattern, which is mainly driven by the Atlantic and Mediterranean atmospheric regimes 

6 (Lionello, 2012). Today, precipitation on the Iberian Peninsula in general is associated with the 

7 westerly wind belt (Zorita et al., 1992) and to a large extent controlled by the North Atlantic 

8 Oscillation (Hurrell, 1995; Trigo et al., 2004; Hernández et al., 2015). However, the Atlantic 

9 climate is bounded to the northern and western coasts and typically marked by high 

10 precipitation of 400 mm to more than 1000 mm during the rainy season from October to 

11 February and between 300 mm and 700 mm from March to September (Fig. S1; Fick and 

12 Hijmans, 2017). In contrast, the Mediterranean climate, which is most pronounced at the 

13 southern and eastern coasts as well as in the Meseta area, is characterized by significantly drier 

14 conditions with a rainy winter season (up to 500 mm) and a dry summer season barely 

15 exceeding 200 mm (Fig. S1; Fick and Hijmans, 2017). 

16 Given that the variability of sea surface temperatures (SSTs) and atmospheric temperatures at 

17 Iberian coasts are tightly coupled (Fig. S2), the marine conditions with respect to temperature, 

18 in particular, are of major importance for the climate system across the Iberian Peninsula. 

19 Regarding the SSTs, a strong seasonal contrast is evident at the western coast, which receives 

20 warm waters with the Iberian Poleward Current from the south during the winter season (Peliz 

21 et al., 2005). During the summer, however, the surface current is directed southward and 

22 favours coastal upwelling along the western continental margin, thus, causing relatively low 

23 SSTs (Haynes et al., 1993; Peliz et al., 2002). At the southern coast in the Alboran Sea Atlantic 

24 water masses circulate in two anti-cyclonic gyres (Lionello, 2012). These gyres promote local 

25 upwelling and, thus, also modulate the regional temperature variability in the Alboran Sea 

26 (Sarhan et al., 2000).



1 Over the course of the Holocene, climatic conditions on the Iberian Peninsula and adjacent 

2 marine areas were modulated by long-term trends as well as by superimposed abrupt events. In 

3 relation to decreasing solar forcing from the beginning of the Holocene, the Iberian Peninsula 

4 faced a trend towards cooler and drier conditions (Cacho et al., 2001; Peyron et al., 2017; 

5 Ramos-Román et al., 2018). The overall cooling trend is questioned by (Davis et al., 2003), 

6 though, who based on pollen data found a warming trend since ca. 8000 cal. BP (6050 BCE) 

7 across south-west Europe. Nonetheless, the Holocene Climatic Optimum between ca. 9500 and 

8 7600 cal. BP (7550 – 5650 BCE) is associated with maximum extension of the forest cover at 

9 the Iberian Peninsula suggesting intense winter precipitation and high temperatures (Jalut et al., 

10 2009; Ramos-Román et al., 2018). Afterwards, a trend towards increasing aridity is particularly 

11 evident since around 5500 cal. BP (3550 BCE) (Jalut et al., 2009; Jiménez-Moreno et al., 2015). 

12 Also, between 7000 and 5000 cal. BP (5050 – 3050 BCE) the Mediterranean climate 

13 characterized by mild winters as well as hot and dry summers gradually established on the 

14 Iberian Peninsula (Pérez-Obiol et al., 2011). Seasonality in sea surface temperatures, on the 

15 other hand, became smaller, i.e. cooler summers and warmer winters, during the Holocene, 

16 which is particularly evident in the Atlantic realm (Schirrmacher et al., 2019). These long-term 

17 trends are amplified by several dry and cool episodes (Cacho et al., 2001; Chabaud et al., 2014; 

18 Ramos-Román et al., 2018; Schirrmacher et al., 2019; Zielhofer et al., 2019). These dry and 

19 cool episodes are modulated by the interference of North Atlantic (subpolar) and Mediterranean 

20 (subtropical) climatic regimes. For instance, the North Atlantic Oscillation controlled winter 

21 precipitation variability on the Iberian Peninsula since the mid-Holocene (Ausín et al., 2015; 

22 Wassenburg et al., 2016; Zielhofer et al., 2017; Schirrmacher et al., 2019). Holocene cooling 

23 events on the Iberian Peninsula, on the other hand, were related to the so-called Bond Events 

24 (Bond et al., 2001), a series of iceberg discharge events in the North Atlantic (Smith et al., 2016; 

25 Ramos-Román et al., 2018; Schirrmacher et al., 2019; Zielhofer et al., 2019). 



1 1.2 Archaeological background

2 Detailed reviews of the prehistoric developments on the Iberian Peninsula are beyond the scope 

3 of this study and can be found elsewhere (Chapman, 2008; Lull et al., 2013a; Blanco-González 

4 et al., 2018). The following summary intends to provide an overview of the most important 

5 cultural developments during the Chalcolithic (c. 5300 – 4200 cal. BP; 3300 – 2200 BCE) and 

6 Bronze Age (c. 4200 – 2900 cal. BP; 2200 – 900 BCE).

7 The Chalcolithic or Copper Age marks the beginning of metallurgy, namely copper 

8 metalworking (Bartelheim and Pearce, 2015). Whereas people in Galicia, Asturias, and the 

9 northern Meseta mainly lived in small farmsteads (Blanco-González et al., 2018), in the 

10 southern part of the Iberian Peninsula in Alentejo and Andalusia people nucleated and major 

11 sites such as Zambujal and Los Millares emerged (Molina González et al., 2004; Kunst and 

12 Lutz, 2008). As suggested from different trade networks (Schuhmacher, 2017), both sites likely 

13 reflect two distinct social systems: a society close to the site of Zambujal in the southwest (SW) 

14 at the Atlantic coast and the Los Millares culture in the southeast (SE) at the Mediterranean 

15 coast. Furthermore, defensive structures associated with many sites and specialized 

16 manufacture of arrowheads in both regions indicate that violent conflicts were prominent 

17 features between rivalling societies at that time (Lull et al., 2015). Apart from these notable 

18 differences, both societies share numerous similarities, for example, the use of Bell Beaker 

19 pottery (Müller and van Willigen, 2001), a megalithic burial tradition (Schulz Paulsson, 2019), 

20 or participation in long-distance exchange networks (Schuhmacher, 2017). Moreover, 

21 settlement sites share similarities with the occurrence of major sites including ditched and 

22 walled enclosures (sometimes on hilltops), or pit complexes (Lull et al., 2015; Valera, 2015; 

23 Blanco-González et al., 2018), which are perhaps the most prominent and best explored 

24 settlement features from that time. So-called mega-sites, for instance, Valencina de la 

25 Concepción or Marroquíes Bajos encompassed an area of up to 450 and 113 hectares, 

26 respectively (García Sanjuán et al., 2017). Apart from these, also small sites in the lowlands 



1 associated with increased agricultural production, whose frequencies are likely underestimated 

2 due to their low visibility in the field, were settled in the south at that time (Chapman, 2008; 

3 García Sanjuán et al., 2016). 

4 The period around c. 4200 cal. BP (2250 BCE) marks a time of major societal turnover and 

5 transformation on the Iberian Peninsula, particularly in the south spanning economic, ritual, 

6 and traditional practises as well as settlement patterns. In the SW, including the Alentejo and 

7 Algarve regions, the majority of sites – also those with ditched enclosures and large walled sites 

8 – were abandoned and also many traditions (e.g. material culture and burial customs) vanished 

9 (Soares et al., 2007; Lull et al., 2015; Valera, 2015). The rapidity of these transformations, 

10 which occurred within some decades (Lull et al., 2015; García Sanjuán et al., 2018), imply a 

11 social collapse in the area. Subsequently, a semi-nomadic lifestyle was established in the 

12 Alentejo, Algarve, and Extremadura regions (Lull et al., 2013a; Valera, 2015). In the Meseta, 

13 agricultural activity sharply dropped between 4200 and 4000 cal. BP (2250 – 2050 BCE) and 

14 people increasingly relied on pastoralism (López Saez et al., 2017). Furthermore, the site of Los 

15 Millares in Andalusia decreased significantly between 4500 and 4200 cal. BP (2550 – 2250 

16 BCE) and probably ended violently by fire (Lull et al., 2015). 

17 In the beginning of the Bronze Age, bronze and later silver metallurgy were introduced to the 

18 Iberian Peninsula (Comendador Rey et al., 2014). Nonetheless, in Galicia and Asturias social 

19 developments are considered to be marked by relative stability in terms of subsistence strategies 

20 (i.e. small number of lowland sites mainly dependent on agriculture). Andalusia and the 

21 southern parts of the Meseta and Valencia, in contrast, featured the rise of the El Argar 

22 civilization, which is regarded as the first political and hierarchical society on the Iberian 

23 Peninsula with broad control of specialized metallurgy and agricultural practises (Lull et al., 

24 2011; Delgado-Raack et al., 2014; Delgado-Raack and Risch, 2015). Based on differential 

25 endowments of grave goods, Lull et al. (2011) have defined five to six distinct social classes 

26 underlining the hierarchical system of the Argaric culture. The Argaric culture spread from the 



1 south eastern coast along the Valencian coast and extended into the southern Meseta within 

2 about 300 years and is also associated with a demographic boom in these areas (Aranda et al., 

3 2008; Chapman, 2008; Lull et al., 2011). Prominent settlement types were hilltop sites in the 

4 mountains (Chapman, 2008) and fortified settlements (motillas) in the upper Guadalquivir and 

5 Guadiana river basins (Aranda et al., 2008). The motillas were used for groundwater extraction 

6 supplying the intense agriculture practised at that time (Benítez de Lugo Enrich and Mejías, 

7 2017). Overall, irrigation techniques were known in the Argaric culture and spread westwards 

8 during the following centuries (Mora-González et al., 2016; Mora-González et al., 2018). While 

9 the Argaric people were not engaged in trans-regional trade, highly specialized manufacturing 

10 processes are documented (Delgado-Raack and Risch, 2015). Starting from the hilltop 

11 settlements, where the elites and, thus, the political power was situated, intense agricultural 

12 production took place in the lowlands (Castro et al., 1999; Aranda et al., 2008). Processing of 

13 cereals took place in specialized workshops at the hilltop sites, while the food was stored in 

14 different areas within the sites where it was redistributed by the elites (Delgado-Raack and 

15 Risch, 2015). It has been proposed that the end of the Argaric culture by c. 3500 cal. BP (1550 

16 BCE) is characterized by environmental over-exploitation due to intense agriculture (Chapman, 

17 2008). At that time, 50 to 100 per cent of Argaric settlements, among them hilltop sites and the 

18 motillas, were abandoned and replaced by small sites based on subsistence (Lull et al., 2013a). 

19 Along with the collapse of the Argaric culture, its political system also disappeared (Chapman, 

20 2008).

21 2. Methods

22 2.1 Palaeoclimatological compilation and approach

23 In this paper, we compiled climate data from various archives (Fig. 1) including multiple 

24 proxies to limit potential biases from single-proxy approaches and to identify coherent regional 

25 climatic patterns on the Iberian Peninsula. Temperature and precipitation compilations based 

26 on own data (Schirrmacher et al., 2019) and other published data have been accomplished from 



1 various databases such as SISAL (Atsawawaranunt et al., 2019), PANGAEA WDC-Mare, 

2 NOAA, and European Pollen Database (Table 1). Temperature and precipitation have been 

3 chosen as main climatic variables confining agricultural activities and abrupt changes of those 

4 variables are considered as hazardous, and thus, as crucial for the subsistence/ economies of 

5 ancient societies. The database compiled for this study contains 157 datasets from 95 sites 

6 between 12°W and 6°E and 32°N to 45°N (Fig. 1; Table 1). Altogether, the database comprises 

7 records from 18 lake archives, 25 marine sites, 10 speleothems, and 42 other terrestrial archives 

8 (e.g. peat deposits), and is based on 18 different quantitative or qualitative proxies. While 111 

9 datasets reflect precipitation changes, 46 datasets are indicative of sea surface and/or 

10 atmospheric temperature variability. With 97 datasets pollen represent the majority of the 

11 compiled proxies. 

12 The compiled temperature data from marine sediment archives are based on a suite of biomarker 

13 and other semi-quantitative and quantitative proxies that enable to assess the variability of 

14 precipitation and temperature at seasonal or annual scale. These include long-chain diol indexes 

15 (LDI), alkenones, TEX86, and planktonic foraminiferal assemblages transferred to 

16 temperatures via modern analogue technique (MAT), all reflecting sea surface temperatures 

17 (SSTs). A tight coupling between SST and atmospheric temperature variability along the 

18 Iberian coasts is suggested from observational data (Fig. S2) and justifies the use of SST data 

19 for a comparative study with archaeological data. To assess seasonality as a variable potentially 

20 highly influential to agrarian production, the compiled climatic proxy data were assigned to 

21 individual seasons wherever possible. Following Gouveia et al. (2008), we considered 

22 decreasing arboreal pollen (AP) percentages on the Iberian Peninsula as reflecting a decrease 

23 in winter precipitation. This is in harmony with interpretations in previous palaeoclimatic 

24 studies from the Iberian Peninsula (Fletcher et al., 2010; Chabaud et al., 2014; Ramos-Román 

25 et al., 2018). Contrastingly, xerophytic species such as Chenopodiaceae, Amaranthaceae, and



1 Table 1 
2 Palaeoclimatic proxies compiled for this study. a The age model for this archive has been re-calculated for this study. The individual age-depth models are shown in Fig. S3. b The 
3 data has been digitized from the original reference. The assignment of the final quality flag (QF) based on the number of datings, the temporal coverage, and the average temporal 
4 resolution is explained in Table 2. Parameter-based QFs for number of datings, temporal coverage, and temporal resolution are shown in brackets. preWin = 2000 – 3000 cal. BP (50 
5 – 1050 BCE); Win = 3000 – 6000 cal. BP (1050 – 4050 BCE); postWin = 6000 – 7000 cal. BP (4050 – 5050 BCE)

Name Latitude Longitude Archive Proxy
No. of datings
preWin/Win/postWin
(parameter-based QF)

Temporal 
coverage 
in Win (parameter-
based QF)

Temporal 
resolution 
(parameter-
based QF)

Final 
QF References

Precipitation
annual
Monte Areo 43.528889 -5.768889 terrestrial pollen WAPLS 1/1/2 (2) 85 % (1) 427 yrs (3) 3 (Ilvonen et al., in review)
PB06 43.506604 3.875170 marine XRD data 6/7/2 (1) 99 % (1) 20 yrs (1) 1 (Sabatier et al., 2012)
Alto de la Espina 43.381111 -6.327222 terrestrial pollen WAPLS 2/3/0 (1) 95 % (1) 178 yrs (2) 2 (Ilvonen et al., in review)
Zalama 43.135000 -3.409722 terrestrial pollen WAPLS 0/6/3 (1) 97 % (1) 72 yrs (1) 1 (Ilvonen et al., in review)
Alsa 43.117778 -4.016667 terrestrial Chenopodiaceae 1/1/0 (2) 40 % (3) 101 yrs (2) 3 (Mariscal, 1993)
Lago de Ajoa,b 43.050000 -6.150000 lake pollen MAT 0/1/0 (3) 94 % (1) 201 yrs (3) 3 (Allen et al., 1996)
KGSC-31b 43.006389 3.298889 marine n-alkane concentration 1/4/2 (1) 99 % (1) 15 yrs (1) 1 (Jalali et al., 2016)
Basa de la Morab 42.533333 0.316667 lake Artemisia 2/3/1 (1) 100 % (1) 125 yrs (2) 2 (Pérez-Sanz et al., 2013)
Laguna de la Royaa,b 42.216667 -6.766667 lake pollen MAT 0/1/1 (2) 90 % (1) 209 yrs (3) 3 (Allen et al., 1996)
Sanabriaa,b 42.100000 -6.733333 lake pollen MAT 0/0/0 (3) 94 % (1) 177 yrs (2) 3 (Allen et al., 1996)
Las Pardillas 42.045556 -3.045278 lake Xerophytes 0/1/0 (3) 86 % (1) 184 yrs (2) 3 (Sánchez Goñi and Hannon, 1999)
Estanya 42.027139 0.5304340 lake PCA2 XRF data 0/1/2 (2) 93 % (1) 15 yrs (1) 2 (Morellón et al., 2009)
Quintanar de la Sierra 42.025278 -3.026111 terrestrial pollen WAPLS 0/1/0 (3) 69 % (2) 347 yrs (3) 3 (Ilvonen et al., in review)
Espinosa de Cerratob 41.956667 -3.935000 terrestrial Artemisia 1/2/0 (2) 99 % (1) 68 yrs (1) 2 (Franco-Múgica et al., 2001)
Hoya del Castillo 41.481944 -0.158333 lake Xerophytes 0/0/1 (3) 44 % (3) 187 yrs (2) 3 (Davis and Stevenson, 2007)
Ampostab 40.706669 0.574036 terrestrial Artemisia 1/3/0 (2) 90 % (1) 208 yrs (3) 3 (Pérez-Obiol et al., 2011)
El Maíllo 40.546667 -6.209722 terrestrial pollen WAPLS 0/2/0 (2) 95 % (1) 130 yrs (2) 2 (Ilvonen et al., in review)
MD99-2343 40.497333 4.028167 marine potassium/ aluminium ratio 1/1/2 (2) 98 % (1) 140 yrs (2) 2 (Frigola et al., 2008)
Algendar 39.940556 3.958611 terrestrial Xerophytes 0/2/1 (2) 99 % (1) 65 yrs (1) 2 (Yll et al., 1997)
Hort Timoner 39.875000 4.126389 terrestrial Xerophytes 0/0/0 (3) 98 % (1) 118 yrs (2) 3 (Yll et al., 1997)
Navarrés 39.093333 -0.683333 terrestrial pollen WAPLS 0/1/1 (2) 98 % (1) 113 yrs (2) 2 (Ilvonen et al., in review)
MD03-2699 39.036700 -10.660500 marine n-alkane concentration 0/2/0 (2) 92 % (1) 154 yrs (2) 2 (Palumbo et al., 2013)
Villaverdeb 38.800000 -2.366667 terrestrial Xerophytes 2/2/0 (2) 96 % (1) 57 yrs (1) 2 (Carrión et al., 2001a)
D13882 38.634500 -9.454200 marine n-alkane concentration 1/1/1 (2) 97 % (1) 112 yrs (2) 2 (Rodrigues et al., 2009)
D13902 38.554000 -9.335500 marine n-alcohol concentation 0/0/1 (3) 36 % (3) 271 yrs (3) 3 (Rodrigues et al., 2009)
Silesb 38.400000 -2.500000 lake Xerophytes 1/3/0 (2) 97 % (1) 162 yrs (2) 2 (Carrión, 2002)
El Sabinara,b 38.200000 -2.116667 terrestrial Xerophytes 2/4/1 (1) 97 % (1) 81 yrs (1) 1 (Carrión et al., 2004)
Elx 38.174444 -0.752778 terrestrial Xerophytes 0/2/1 (2) 75 % (2) 45 yrs (1) 2 (Burjachs et al., 1997)
Santo Andrea,b 38.083333 -8.783333 terrestrial Chenopodiaceae 0/2/1 (2) 74 % (2) 369 yrs (3) 3 (Santos and Sánchez Goñi, 2003)
Cañada de la Cruza,b 38.066667 -2.700000 lake Xerophytes 3/3/1 (1) 96 % (1) 206 yrs (3) 3 (Carrión et al., 2001b)
MD95-2042b 37.799833 -10.166500 marine Chenopodiaceae 1/2/1 (2) 90 % (1) 180 yrs (2) 2 (Chabaud et al., 2014)
Antas 37.208333 -1.823611 terrestrial Xerophytes 0/0/0 (3) 86 % (1) 369 yrs (3) 3 (Pantaléon-Cano et al., 2003)

P01-5b 37.085105 -8.138509 terrestrial Artemisia 4/4/0 (1) 68 % (2) 156 yrs (2) 2 (Schneider et al., 2010; Schneider 
et al., 2016)



Name Latitude Longitude Archive Proxy
No. of datings
preWin/Win/postWin
(parameter-based QF)

Temporal 
coverage 
in Win (parameter-
based QF)

Temporal 
resolution 
(parameter-
based QF)

Final 
QF References

Borreguil de la Virgenb 37.054167 -3.377778 lake Artemisia 0/3/1 (2) 95 % (1) 72 yrs (1) 2 (Jiménez-Moreno and Anderson, 
2012)

Laguna Honderab 37.048000 -3.294333 lake calcium/titanium ratio 1/1/2 (2) 94 % (1) 118 yrs (2) 2 (Mesa-Fernández et al., 2018)
Laguna de Río Secob 37.040500 -3.342833 lake Artemisia 1/3/2 (1) 97 % (1) 139 yrs (2) 2 (Anderson et al., 2011)
Padulb 37.011047 -3.603906 terrestrial Xerophytes 2/4/2 (1) 98 % (1) 55 yrs (1) 1 (Ramos-Román et al., 2018)
Donanab 36.941667 -6.413333 terrestrial Amaranthaceae 1/4/0 (1) 68 % (2) 120 yrs (2) 2 (Jiménez-Moreno et al., 2015)
Sierra de Gádora,b 36.900000 -2.916667 lake Xerophytes 0/1/2 (2) 98 % (1) 65 yrs (1) 2 (Carrión et al., 2003)
Roquetas de Mar 36.794444 -2.588889 terrestrial Xerophytes 0/1/1 (2) 97 % (1) 162 yrs (2) 2 (Pantaléon-Cano et al., 2003)
San Rafael 36.773611 -2.601389 terrestrial Xerophytes 0/1/0 (3) 86 % (1) 90 yrs (1) 3 (Pantaléon-Cano et al., 2003)
San Rafael 36.773611 -2.601389 terrestrial pollen WAPLS 0/1/0 (3) 86 % (1) 90 yrs (1) 3 (Ilvonen et al., in review)
Lake Medinab 36.617778 -6.053611 lake ostracod assemblages 3/5/3 (1) 99 % (1) 74 yrs (1) 1 (Schröder et al., 2018)
El Refugio Cave 36.583333 -4.583333 speleothem CT density 0/6/0 (1) 100 % (1) 3 yrs (1) 1 (Walczak et al., 2015)
Gueldaman Cave 36.433300 4.566700 speleothem stalagmite δ18O 0/8/0 (1) 87 % (1) 13 yrs (1) 1 (Ruan et al., 2016)
TTR14-300Gb 36.358867 -1.791783 marine lanthanum/ lutetium ratio 0/0/1 (3) 90 % (1) 244 yrs (3) 3 (Cortés-Sánchez et al., 2011)
ODP-161-976Aa,b 36.205333 -4.312667 marine pollen MAT 0/11/0 (1) 86 % (1) 259 yrs (3) 3 (Combourieu Nebout et al., 2009)

MD95-2043 36.143333 -2.621167 marine pollen MAT 0/2/1 (2) 94 % (1) 117 yrs (2) 2 (Bini et al., 2019); (Fletcher et al., 
2010); (Peyron et al., 2017)

MD95-2043 36.143333 -2.621167 marine Xerophytes 0/2/1 (2) 94 % (1) 117 yrs (2) 2 (Fletcher and Sánchez Goñi, 2008)

summer
ODP-161-976Aa,b 36.205333 -4.312667 marine pollen MAT 0/11/0 (1) 86 % (1) 259 yrs (3) 3 (Combourieu Nebout et al., 2009)

MD95-2043 36.143334 -2.621168 marine pollen MAT 0/2/1 (2) 94 % (1) 117 yrs (2) 2 (Bini et al., 2019); (Fletcher et al., 
2010); (Peyron et al., 2017)

winter
Cuadramón 43.474167 -7.534722 terrestrial arboreal pollen 0/0/0 (3) 74 % (2) 442 yrs (3) 3 (González and Saa, 2000)
Pedrido 43.450278 -7.529167 terrestrial arboreal pollen 8/9/0 (1) 76 % (2) 79 yrs (1) 2 (Stefanini et al., 2018)
Cueva de Asiul 43.316842 -3.591200 speleothem stalagmite δ18O 2/3/1 (1) 100 % (1) 15 yrs (1) 1 (Smith et al., 2016)
Alsa 43.117778 -4.016667 terrestrial arboreal pollen 1/1/0 (2) 40 % (3) 101 yrs (2) 3 (Mariscal, 1993)
Avellanosa 43.116667 -4.364167 terrestrial arboreal pollen 1/0/1 (2) 92 % (1) 184 yrs (2) 2 (Mariscal, 1983)
Cova da Arcoia 42.610000 -7.090000 speleothem stalagmite δ13C 1/7/1 (1) 89 % (1) 65 yrs (1) 1 (Railsback et al., 2011)
Basa de la Morab 42.533333 0.316667 lake arboreal pollen 2/3/1 (1) 100 % (1) 125 yrs (2) 2 (Pérez-Sanz et al., 2013)
PRD-4 42.533333 -8.516667 terrestrial arboreal pollen 0/2/1 (2) 91 % (1) 248 yrs (3) 3 (López-Merino et al., 2012)
Castelló d'Empúriesb 42.281389 3.120278 terrestrial arboreal pollen 1/0/1 (2) 96 % (1) 240 yrs (3) 3 (Burjachs and Expósito, 2015)
Las Pardillas 42.045556 -3.045278 lake arboreal pollen 0/1/0 (3) 86 % (1) 184 yrs (2) 3 (Sánchez Goñi and Hannon, 1999)
Hoyos de Ireguaa,b 42.023889 -2.750000 terrestrial arboreal pollen 0/0/1 (3) 94 % (1) 257 yrs (3) 3 (Gil Garcı́a et al., 2002)
Espinosa de Cerratob 41.956667 -3.935000 terrestrial arboreal pollen 1/2/0 (2) 99 % (1) 68 yrs (1) 2 (Franco-Múgica et al., 2001)
Tubilla del Lago 41.808417 -3.572675 lake arboreal pollen 1/4/2 (1) 99 % (1) 80 yrs (1) 1 (Morales-Molino et al., 2017)
Hoya del Castillo 41.481944 -0.158333 lake arboreal pollen 0/0/1 (3) 44 % (3) 187 yrs (2) 3 (Davis and Stevenson, 2007)
El Carrizala,b 41.320028 -4.146972 lake arboreal pollen 0/1/0 (3) 91 % (1) 227 yrs (3) 3 (Franco-Múgica et al., 2005)
Cubellesb 41.200278 1.675000 terrestrial arboreal pollen 1/1/0 (2) 95 % (1) 167 yrs (2) 2 (Burjachs and Expósito, 2015)
Creixellb 41.155556 1.433889 terrestrial arboreal pollen 0/1/1 (2) 89 % (1) 223 yrs (3) 3 (Burjachs and Expósito, 2015)
Molinos Cave 40.792500 -4.492000 speleothem stalagmite δ13C 1/3/1 (1) 90 % (1) 31 yrs (1) 1 (Muñoz et al., 2015)
Ampostab 40.706669 0.574036 terrestrial arboreal pollen 1/3/0 (2) 90 % (1) 208 yrs (3) 3 (Pérez-Obiol et al., 2011)
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El Maíllo 40.546667 -6.209722 terrestrial arboreal pollen 0/2/0 (2) 89 % (1) 121 yrs (2) 2 (Morales-Molino et al., 2013)
Ejulve Cave 40.450000 -0.350000 speleothem stalagmite δ13C 4/15/2 (1) 100 % (1) 13 yrs (1) 1 (Moreno et al., 2017)
Lagoa Compridaa 40.362778 -7.636111 terrestrial arboreal pollen 0/2/0 (2) 93 % (1) 117 yrs (2) 2 (van den Brink and Janssen, 1985)

Charco de Candieiraa 40.341667 -7.576389 terrestrial arboreal pollen 3/5/2 (1) 97 % (1) 56 yrs (1) 1 (van der Knaap and van Leeuwen, 
1995)

Peña Negra 40.334722 -5.792222 terrestrial arboreal pollen 1/1/0 (2) 34 % (3) 92 yrs (1) 3 (Abel-Schaad and López-Sáez, 
2013)

El Payo 40.253333 -6.771111 terrestrial arboreal pollen 0/1/0 (3) 25 % (3) 150 yrs (2) 3 (Abel Schaad et al., 2009)
Algendar 39.940556 3.958611 terrestrial arboreal pollen 0/2/1 (2) 99 % (1) 65 yrs (1) 2 (Yll et al., 1997)
Hort Timoner 39.875000 4.126389 terrestrial arboreal pollen 0/0/0 (3) 98 % (1) 118 yrs (2) 3 (Yll et al., 1997)
0501.029b 39.387519 -8.532257 terrestrial arboreal pollen 1/2/2 (2) 94 % (1) 202 yrs (3) 3 (Vis et al., 2010)
ALP IIIb 39.221083 -8.568478 terrestrial arboreal pollen 1/1/2 (2) 96 % (1) 80 yrs (1) 2 (Vis et al., 2010)
CC-17a,b 39.083333 -3.866667 terrestrial arboreal pollen 0/0/0 (3) 91 % (1) 228 yrs (3) 3 (Dorado Valiño et al., 2002)
Eivissab 38.915833 1.435000 terrestrial arboreal pollen 1/2/0 (2) 89 % (1) 178 yrs (2) 2 (Burjachs and Expósito, 2015)
Villaverdeb 38.800000 -2.366667 terrestrial arboreal pollen 2/2/0 (2) 96 % (1) 57 yrs (1) 2 (Carrión et al., 2001a)
Villenaa,b 38.629667 -0.919889 terrestrial aridity ratio 0/3/0 (2) 83 % (1) 146 yrs (2) 2 (Jones et al., 2018)
Elx 38.174444 -0.752778 terrestrial arboreal pollen 0/2/1 (2) 75 % (2) 45 yrs (1) 2 (Burjachs et al., 1997)
Santo Andrea,b 38.083333 -8.783333 terrestrial arboreal pollen 0/2/1 (2) 74 % (2) 369 yrs (3) 3 (Santos and Sánchez Goñi, 2003)
Cañada de la Cruza,b 38.066667 -2.700000 lake arboreal pollen 3/3/1 (1) 96 % (1) 206 yrs (3) 3 (Carrión et al., 2001b)
MD95-2042b 37.799833 -10.166500 marine arboreal pollen 1/2/1 (2) 90 % (1) 180 yrs (2) 2 (Chabaud et al., 2014)
Antas 37.208333 -1.823611 terrestrial arboreal pollen 0/0/0 (3) 86 % (1) 369 yrs (3) 3 (Pantaléon-Cano et al., 2003)

ABI 05/07b 37.152416 -8.594227 terrestrial arboreal pollen 1/6/1 (1) 97 % (1) 121 yrs (2) 2 (Trog et al., 2013; Schneider et al., 
2016)

ADP 01/06b 37.110503 -8.345146 terrestrial arboreal pollen 1/2/0 (2) 98 % (1) 419 yrs (3) 3 (Trog et al., 2013); (Schneider et 
al., 2016)

P01-5b 37.085105 -8.138509 terrestrial arboreal pollen 4/4/0 (1) 68 % (2) 156 yrs (2) 2 (Schneider et al., 2010; Schneider 
et al., 2016)

VDL PB2b 37.055965 -8.074490 terrestrial arboreal pollen 3/1/3 (2) 16 % (3) 32 yrs (1) 3 (Schneider et al., 2010; Schneider 
et al., 2016)

Borreguil de la Virgenb 37.054167 -3.377778 lake arboreal pollen 0/3/1 (2) 95 % (1) 72 yrs (1) 2 (Jiménez-Moreno and Anderson, 
2012)

Laguna de Río Secob 37.040500 -3.342833 lake arboreal pollen 1/3/2 (1) 97 % (1) 139 yrs (2) 2 (Anderson et al., 2011)
Padulb 37.011047 -3.603906 terrestrial arboreal pollen 2/4/2 (1) 98 % (1) 55 yrs (1) 1 (Ramos-Román et al., 2018)
Donanab 36.941667 -6.413333 terrestrial arboreal pollen 1/4/0 (1) 68 % (2) 120 yrs (2) 2 (Jiménez-Moreno et al., 2015)
Sierra de Gádora,b 36.900000 -2.916667 lake arboreal pollen 0/1/2 (2) 98 % (1) 65 yrs (1) 2 (Carrión et al., 2003)
Roquetas de Mar 36.794444 -2.588889 terrestrial arboreal pollen 0/1/1 (2) 97 % (1) 162 yrs (2) 2 (Pantaléon-Cano et al., 2003)
San Rafael 36.773611 -2.601389 terrestrial arboreal pollen 0/1/0 (3) 86 % (1) 90 yrs (1) 3 (Pantaléon-Cano et al., 2003)
Cabo de Gatab 36.771389 -2.228611 terrestrial arboreal pollen 0/1/1 (2) 97 % (1) 103 yrs (2) 2 (Burjachs and Expósito, 2015)
GeoB5901-2a 36.380000 -7.071333 marine n-alkane concentration 3/12/1 (1) 78 % (2) 69 yrs (1) 2 (Schirrmacher et al., 2019)
ODP-161-976Aa 36.205333 -4.312667 marine n-alkane concentration 0/11/0 (1) 91 % (1) 29 yrs (1) 1 (Schirrmacher et al., 2019)
ODP-161-976Aa,b 36.205333 -4.312667 marine pollen MAT 0/11/0 (1) 86 % (1) 259 yrs (3) 3 (Combourieu Nebout et al., 2009)

MD95-2043 36.143333 -2.621167 marine pollen MAT 0/2/1 (2) 94 % (1) 117 yrs (2) 2 (Bini et al., 2019); (Fletcher et al., 
2010); (Peyron et al., 2017)

MD95-2043 36.143333 -2.621167 marine arboreal pollen 0/2/1 (2) 94 % (1) 117 yrs (2) 2 (Fletcher and Sánchez Goñi, 2008)
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Chaara Cave 1 33.950000 -4.246000 speleothem stalagmite δ18O 3/6/4 (1) 100 % (1) 9 yrs (1) 1 (Ait Brahim et al., 2019)
Chaara Cave 2 33.950000 -4.246000 speleothem stalagmite δ18O 3/10/3 (1) 98 % (1) 12 yrs (1) 1 (Ait Brahim et al., 2019)
Grotte de Piste 33.840000 -4.090000 speleothem stalagmite δ18O 1/6/4 (1) 99 % (1) 14 yrs (1) 1 (Wassenburg et al., 2016)
Lake Sidi Ali 33.050000 -5.000000 lake ostracod δ18O 2/5/1 (1) 98 % (1) 89 yrs (1) 1 (Zielhofer et al., 2019)
Tigalmamineb 32.900000 -5.350000 lake shallow water diatom-species 1/1/0 (2) 96 % (1) 107 yrs (2) 2 (Lamb and van der Kaars, 1995)

Temperature
annual
Grotte de Clamouse 43.710000 3.550000 speleothem stalagmite δ18O 2/2/0 (2) 99 % (1) 47 yrs (1) 2 (McDermott et al., 1999)
PP10-07 43.677000 -2.228000 marine MAT on planktonic foraminifera 1/1/1 (2) 98 % (1) 59 yrs (1) 2 (Mary et al., 2017)
Monte Areob 43.528889 -5.768889 terrestrial pollen PCA 1/1/2 (2) 96 % (1) 480 yrs (3) 3 (López-Merino et al., 2010)
Kaite Cave 43.033333 -3.650000 speleothem stalagmite δ13C 6/3/0 (1) 30 % (3) 10 yrs (1) 3 (Martín-Chivelet et al., 2011)
KGSC-31 43.006389 3.298889 marine alkenones 1/4/2 (1) 99 % (1) 16 yrs (1) 1 (Jalali et al., 2016)
Cova da Arcoia 42.610000 -7.090000 speleothem stalagmite δ18O 1/7/1 (1) 89 % (1) 67 yrs (1) 1 (Railsback et al., 2011)
Molinos Cave 40.792500 -4.492000 speleothem Stalagmite δ18O 1/3/1 (1) 90 % (1) 31 yrs (1) 1 (Muñoz et al., 2015)
MD03-2699 39.036700 -10.660500 marine alkenones 0/2/0 (2) 92 % (1) 154 yrs (2) 2 (Rodrigues et al., 2010)
D13882 38.634500 -9.454200 marine alkenones 1/1/1 (2) 97 % (1) 112 yrs (2) 2 (Rodrigues et al., 2009)
D13902 38.554000 -9.335500 marine alkenones 0/0/1 (3) 36 % (3) 271 yrs (3) 3 (Rodrigues et al., 2009)
MD01-2444 37.561333 -10.142167 marine alkenones 0/0/0 (3) 96 % (1) 169 yrs (2) 3 (Martrat et al., 2007)
GeoB5901-2a 36.380000 -7.071333 marine alkenones 3/12/1 (1) 79 % (2) 68 yrs (1) 2 (Schirrmacher et al., 2019)
M39008-3 36.380000 -7.071667 marine alkenones 1/2/1 (2) 76 % (2) 456 yrs (3) 3 (Cacho et al., 2001)
HER_GC_T1 36.370146 -4.299015 marine alkenones 0/1/1 (2) 95 % (1) 135 yrs (2) 2 (Ausín et al., 2015)
ODP-161-976Aa 36.205333 -4.312667 marine alkenones 0/11/0 (1) 91 % (1) 29 yrs (1) 1 (Schirrmacher et al., 2019)
ODP-161-976Aa,b 36.205333 -4.312667 marine pollen MAT 0/11/0 (1) 86 % (1) 259 yrs (3) 3 (Combourieu Nebout et al., 2009)
TTR-17_434G 36.205220 -4.312250 marine alkenones 0/2/0 (2) 92 % (1) 129 yrs (2) 2 (Rodrigo-Gámiz et al., 2014)
TTR-12_293G 36.173567 -2.754667 marine alkenones 0/1/0 (3) 83 % (1) 312 yrs (3) 3 (Rodrigo-Gámiz et al., 2014)
TTR-12_293G 36.173567 -2.754667 marine TEX86 0/1/0 (3) 83 % (1) 312 yrs (3) 3 (Kim et al., 2015)
MD95-2043 36.143333 -2.621167 marine alkenones 0/2/1 (2) 98 % (1) 117 yrs (2) 2 (Cacho et al., 1999)
ODP-161-977 36.031700 -1.955283 marine alkenones 0/1/0 (3) 74 % (2) 553 yrs (3) 3 (Martrat et al., 2007)

summer
PP10-07 43.677000 -2.228000 marine MAT on planktonic foraminifera 1/1/1 (2) 98 % (1) 59 yrs (1) 2 (Mary et al., 2017)
SU92-03 43.195800 -10.113000 marine MAT on planktonic foraminifera 1/0/0 (3) 83 % (1) 827 yrs (3) 3 (Salgueiro et al., 2014)
Basa de la Morab 42.533333 0.316667 lake chironomid assemblage 2/3/1 (1) 90 % (1) 300 yrs (3) 3 (Tarrats et al., 2018)
OMEXII-9K 42.343000 -10.051000 marine MAT on planktonic foraminifera 0/1/0 (3) 83 % (1) 415 yrs (3) 3 (Salgueiro et al., 2014)
MD03-2697 42.150000 -9.700000 marine MAT on planktonic foraminifera 1/1/0 (2) 71 % (2) 713 yrs (3) 3 (Salgueiro et al., 2014)
PO200-10-28-1 41.488000 -9.721000 marine MAT on planktonic foraminifera 1/0/0 (3) 80 % (2) 803 yrs (3) 3 (Salgueiro et al., 2014)
MD95-2040 40.581833 -9.861167 marine MAT on planktonic foraminifera 0/0/0 (3) 97 % (1) 242 yrs (3) 3 (Salgueiro et al., 2014)
MD95-2041 37.833333 -9.510833 marine MAT on planktonic foraminifera 0/0/0 (3) 77 % (2) 463 yrs (3) 3 (Salgueiro et al., 2014)
MD95-2042 37.799833 -10.166500 marine MAT on planktonic foraminifera 1/2/1 (2) 89 % (1) 332 yrs (3) 3 (Salgueiro et al., 2014)
GeoB5901-2a 36.380000 -7.071333 marine MAT on planktonic foraminifera 3/12/1 (1) 100 % (1) 64 yrs (1) 1 (Schirrmacher et al., 2019)
ODP-161-976Aa 36.205333 -4.312667 marine MAT on planktonic foraminifera 0/11/0 (1) 84 % (1) 76 yrs (1) 1 (Schirrmacher et al., 2019)
ODP-161-976Aa,b 36.205333 -4.312667 marine pollen MAT 0/11/0 (1) 86 % (1) 259 yrs (3) 3 (Combourieu Nebout et al., 2009)
TTR-17_434G 36.205220 -4.312250 marine LDI 0/2/0 (2) 95 % (1) 129 yrs (2) 2 (Rodrigo-Gámiz et al., 2014)
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TTR-12_293G 36.173567 -2.754667 marine LDI 0/1/0 (3) 83 % (1) 312 yrs (3) 3 (Rodrigo-Gámiz et al., 2014)
MD99-2339 35.885500 -7.527833 marine MAT on planktonic foraminifera 0/1/0 (3) 94 % (1) 401 yrs (3) 3 (Salgueiro et al., 2014)
Lake Sidi Alib 33.050000 -5.000000 lake Cedrus 2/5/1 (1) 94 % (1) 63 yrs (1) 1 (Campbell et al., 2017)
Tigalmamine 32.900000 -5.350000 lake Cedrus 1/1/0 (2) 96 % (1) 107 yrs (2) 2 (Lamb and van der Kaars, 1995)

winter
PP10-07 43.677000 -2.228000 marine MAT on planktonic foraminifera 1/1/1 (2) 98 % (1) 59 yrs (1) 2 (Mary et al., 2017)
Lago de Ajoa,b 43.050000 -6.150000 lake pollen MAT 0/1/0 (3) 94 % (1) 201 yrs (3) 3 (Allen et al., 1996)
Laguna de la Royaa,b 42.216667 -6.766667 lake pollen MAT 0/1/1 (2) 90 % (1) 209 yrs (3) 3 (Allen et al., 1996)
Sanabriaa,b 42.100000 -6.733333 lake pollen MAT 0/0/0 (3) 94 % (1) 177 yrs (2) 3 (Allen et al., 1996)
MD95-2042b 37.799833 -10.166500 marine MAT on planktonic foraminifera 1/2/1 (2) 90 % (1) 180 yrs (2) 2 (Chabaud et al., 2014)
GeoB5901-2a 36.380000 -7.071333 marine MAT on planktonic foraminifera 3/12/1 (1) 100 % (1) 64 yrs (1) 1 (Schirrmacher et al., 2019)
ODP-161-976Aa 36.205333 -4.312667 marine MAT on planktonic foraminifera 0/11/0 (1) 84 % (1) 76 yrs (1) 1 (Schirrmacher et al., 2019)
ODP-161-976Aa,b 36.205333 -4.312667 marine pollen MAT 0/11/0 (1) 86 % (1) 259 yrs (3) 3 (Combourieu Nebout et al., 2009)



1 Artemisia are adapted to seasonal dry conditions and, thus, are indicative of prolonged annual 

2 dry periods (Cariñanos et al., 2004). Accordingly, an increase in xerophytic pollen percentage 

3 – either within a single of the above mentioned species or the sum of all three – was considered 

4 as reflecting annual dry conditions. Concerning the data of all non-pollen proxies, we follow 

5 the original interpretation of the authors. This also includes the interpretation of Cedrus pollen 

6 percentages in northern Africa, where an increase indicates decreasing summer temperatures 

7 (Lamb and van der Kaars, 1995; Campbell et al., 2017).

8 Age models for the new marine records of cores OD-161-976A and GeoB5901-2 (Fig. S3; 

9 Schirrmacher et al., 2019) were updated with 5 and 6 new AMS 14C dates, respectively, and 

10 have been calculated using the Bacon package (Blaauw and Christen, 2011) in the R 

11 programming language (R Core Team, 2019). The new AMS 14C dates were measured at the 

12 Leibniz Laboratory at Kiel University (Table S1). 

13

14 For the analysis only palaeoclimatic data between 6000 and 3000 cal. BP (4050 – 1050 BCE) 

15 have been compiled. For each dataset the z-score (Clark-Carter, 2014) has been calculated to 

16 achieve comparability among all proxies. Depending on the variable, a positive (negative) score 

17 indicates relatively humid (dry) or warm (cool) conditions, respectively, in relation to the 

18 average conditions of each record between 6000 and 3000 cal. BP (4050 – 1050 BCE). The 

Fig. 2. Illustration of the methodological 
approach. At the top the concentration of 
terrestrial n-alkanes (n-C27-33) of marine 
sediment core ODP-161-976A from the 
Alboran Sea (Schirrmacher et al., 2019) with 
the updated age model (see Fig. S3) is shown. 
In the centre the according medians of the z-
transformed data are shown for the 200-year 
time slices (blue vertical bars). The green and 
brown shadings indicate the intensity of 
wetter or drier conditions, respectively. At the 
bottom raw data of clustered summed 
probability densities (SPDs) for the southeast 
(SE) of the Iberian Peninsula are displayed in 
black together with a LOESS smooth in grey 
(see Fig. 1 for location). 



1 higher (positive or negative) the score, the more pronounced the respective climatic conditions. 

2 Afterwards, medians of 200-year time slices within the interval have been calculated for each 

3 proxy. For an illustration of the methodological approach please see Figure 2.  

4 Considering the wide range of important parameters within the compiled palaeoclimatic data, 

5 such as temporal resolution, coverage of the studied time period, and number of datings, we 

6 assigned a quality flag (QF) to each record based on the above mentioned parameters. The QF 

7 ranges from 1 to 3 and was calculated separately for every parameter (number of datings, 

8 temporal resolution, and temporal coverage). The thresholds for every parameter are shown in 

9 Table 2. The final QF is then based on the lowest QF of all parameters. For example, a well-

10 dated record with decadal resolution (QFs of 1 for number of datings and temporal resolution), 

11 which covers less than half of the studied period (QF of 3 for temporal coverage), received a 

12 final QF of 3. Given the relatively high spatial coverage of annual and winter precipitation data, 

13 we interpolated the data in order to highlight areas of coherent regional developments. This was 

14 done by inverse distance weighting interpolation of the individual z-scores using packages gstat 

15 (Pebesma, 2004) and raster (Hijmans, 2019) within R software (R Core Team, 2019). Thereby, 

16 we weighted the data according to its final QF to account for the different quality of each record 

17 during interpolation. Records with a QF of 1 were taken into account with a factor of 3, while 

18 records with a QF of 2 received a factor of 2. During interpolation we used a power value of 

19 1.5 while the search radius was not limited. Unfortunately, the spatial coverage of all other 

20 variables was insufficient for reasonable interpolations. Animations showing the development 

21 of all six palaeoclimatic reconstructions for the whole time period can be found in the 

22 supplement of this article (Videos S1 – S6).

23

24



1 Table 2
2 Quality flag parameters. The assignment of the final quality flag (QF) is described in the text. preWin = 2000 – 
3 3000 cal. BP (50 – 1050 BCE); Win = 3000 – 6000 cal. BP (1050 – 4050 BCE); postWin = 6000 – 7000 cal. BP 
4 (4050 – 5050 BCE)

QF
Average temporal 

resolution

Number of datings
in 2000 – 7000 cal. BP 

(50 – 5050 BCE)

Temporal coverage
(3000 – 6000 cal. BP/ 

1050 – 4050 BCE)
1 > 100 years ≥ 5 with at least 3 in Win > 80 %
2 ≥ 200 years ≥ 2 with either at least 1 

in Win or 1/1 in preWin 
and postWin

≥ 50 %

3 < 200 years < 2 < 50 %
5

6 2.2 Archaeological approach

7 In this paper, we use summed probability densities (SPDs) of AMS 14C dates from 

8 archaeological contexts to infer past human activity on the Iberian Peninsula (Fig. 1). SPDs are 

9 used as a preferred proxy for the past human activity as it provides a high temporal and spatial 

10 resolution, and allows for supra-regional comparison. Due to potential (and inevitable) biases 

11 related to the shape of the 14C calibration curve and the focus of archaeological research, the 

12 use of this proxy is critically debated (Williams, 2012; Contreras and Meadows, 2014; 

13 Weninger et al., 2015). Nonetheless, its successful and intensive use, which is paralleled by a 

14 rapidly growing AMS 14C database, is well documented in recent literature and enables 

15 increasingly robust reconstructions and safer interpretations (Hinz et al., 2012a; Lillios et al., 

16 2016; Drake et al., 2017; Warden et al., 2017; Blanco-González et al., 2018). In order to avoid 

17 biases from changes in the cultural behaviour of the societies samples from funeral and ritual 

18 contexts were left out, and only samples from settlement context were retained in the database 

19 (Hinz et al., 2012a). Iberian AMS 14C data have been compiled from existing datasets (IDEArq 

20 (n.d.); Hinz et al., 2012b; Kneisel et al., 2013) and complemented with other published data 

21 (Lillios et al., 2016). The data have been carefully checked for duplicate dates before analysis 

22 to avoid over-representation of well-researched sites. For further analysis, AMS 14C dates 

23 between 7000 and 2000 uncalibrated (uncal.) BP (5050 – 50 uncal. BCE) have been taken into 

24 account in order to ensure that the calibrated dates fall within the analysed period between 6000 



1 and 3000 cal. BP (4050 – 1050 BCE). In this (uncalibrated) timeframe, our database contains 

2 4710 dates from 880 settlements covering the entire Iberian Peninsula. Calibration of AMS 14C 

3 data and SPD computation was done using INTCAL13 calibration curve (Reimer et al., 2013) 

4 and the rcarbon package (Crema et al., 2017; Bevan and Crema, 2018), and using the R 

5 programming language (R Core Team, 2019).  Prior to sum-calibration the calibrated data were 

6 binned by site and the resulting site-SPDs have then been normalized to unity, in order to 

7 achieve comparability between all sites, and to minimize bias potentially resulting from 

8 different research intensity (Hinz et al., 2012a). Nonetheless, biases introduced into the 

9 reconstructed spatial patterns by different archaeological research intensities cannot be fully 

10 eliminated and, thus, unavoidably affect the outcome.

11 After computing the site-SPDs, medians of each site were calculated for 200-year time slices 

12 between 6000 and 3000 cal. BP (4050 – 1050 BCE) to match the resolution of the climate 

13 compilations (Fig. 2). The advantage of medians is that their calculation is not as dependent on 

14 outlier (or minima and maxima) as the calculation of mean values. Hence, this also minimizes 

15 an effect pointed out by Weninger et al. (2015) where the normalization of sum-calibrated dates 

16 may produce false peaks related to the calibration curve and, thus, increases the reliability of 

17 our results. For each time slice a heat map based on the distances between settlements and the 

18 respective SPD of each site was calculated. An animation showing the development of the 

19 settlement density within the whole time period can be found in the supplement of this article 

20 (Video S7).

21 3. Results and Discussion

22 3.1 Settlement intensity variability during the Chalcolithic and Bronze Age on the 

23 Iberian Peninsula

24 The settlement pattern during the Chalcolithic and the Bronze Age as reconstructed from spatial 

25 SPD analyses reveal new insights into the spatio-temporal developments of specific regions of 

26 the Iberian Peninsula. Overall, our results imply high human activities in the southern part of 



1 the peninsula during the analysed period, which agree well with the development of major 

2 archaeological cultures of the time. Thus, this further enables the use of SPDs as indicator for 

3 demographic and settlement developments on the southern Iberian Peninsula at that time.

4 A high settlement density developed after 5600 cal. BP (3650 BCE) in the Alentejo and Algarve 

5 near the Atlantic coast (Fig. 3) and lasted until 4200 cal. BP (2250 BCE) (Fig. 4; Video S7). 

6 Nucleation of settlements during this phase is well supported by aoristic analysis of settlement 

7 patterns in the Alentejo and Algarve regions (Hinz et al., 2019). In this late Chalcolithic phase, 

8 the walled site of Zambujal has been constructed in the area (Kunst and Lutz, 2008) 

9 contemporaneous with the overall increasing settlement density in the SW. After 4800 cal. BP 

10 (2850 BCE) settlement intensity gradually shifted towards the SE, where the Los Millares 

11 culture had already emerge since 5150 cal. BP (3200 BCE) (Fig. 3; Molina González et al., 

12 2004). According to our SPD data, both societies in the SW and the SE were co-existing until 

13 ca. 4200 cal. BP (2250 BCE), when SPDs sharply dropped in the SW and settlements in the 

14 Alentejo and Algarve virtually disappeared (Fig. 4). Yet, this final “collapse” was preceded by 

15 a gradual decline in SPD values starting from 4400 cal. BP (2450 BCE) onwards (Video S7) in 

16 line with archaeological studies from Zambujal and Perdigões (Kunst and Lutz, 2008; Valera, 

17 2015). Based on regional-clustered SPDs from settlement and burial contexts, Lillios et al. 

18 (2016) have argued previously that the decrease in demographic signals in the SW started 

19 around 4500 cal. BP (2550 BCE) and considered the possibility of demic migration towards the 

20 east. But, also in the SE various settlement sites have been abandoned, among them well 

21 investigated mega-sites like Los Millares, Valencina de la Concepción, or Marroquíes Bajos 

22 coinciding with the disappearance of the Los Millares culture (Lull et al., 2015; García Sanjuán 

23 et al., 2018). Jointly, the large-scale abandonment of settlement sites and the vanishing of 

24 traditions in material culture and burial rites implies that the southern part of the Iberian 

25 Peninsula featured a regional-wide social collapse around 4200 cal. BP (2250 BCE). 



1 Nonetheless, the settlement intensity in the SE intensified and spread northward along the 

2 Mediterranean coast and into the southern Meseta area after 4200 cal. BP (2250 BCE) (Fig. 4). 

3 This development is associated with the boom of the El Argar culture (Lull et al., 2011). Human 

4 activity in the southern Meseta area is, further, associated with the construction of the motillas 

5 in the floodplains of the Guadiana and Guadalquivir river basins (Aranda et al., 2008; Benítez 

6 de Lugo Enrich and Mejías, 2017). In line with Lull et al. (2011), our data suggest that the 

7 Argaric territory reached its maximum between 3800 and 3600 cal. BP (1850 – 1650 BCE) and 

8 its bust started after ca. 3600 cal. BP (1650 BCE) with the majority of settlement sites in the 

9 area being abandoned by 3400 cal. BP (1450 BCE) (Fig. 4 and Video S7).

10 According to our SPD analyses two periods of interesting settlement patterns stand out and are 

11 discussed in the following chapters. The first period ranges from 5200 to 4600 cal. BP (3250 – 

12 2650 BCE) and comprised the development of the co-existing societies in the SW and the SE. 

13 The second period from 4400 to 3400 cal. BP (2450 – 1450 BCE) featured the collapse in the 

14 SW and the boom and bust of the El Argar culture in the SE. Comparing these settlement 

15 patterns with the compiled palaeoclimatic data, we explore whether the subsequent 

16 development of the societies in the SW and the SE during the Chalcolithic, which potentially 

17 featured a population migration (Lillios et al., 2016), was favoured by more pleasant climatic 

18 conditions in the SE. Also, after resolving the spatio-temporal manifestation of the 4.2 ka BP 

19 climate event across the Iberian Peninsula we explore its potential impact on the social collapse 

20 at that time in the SW and the following demographic boom associated with the El Argar culture 

21 in the SE.

22 3.2 Development of two settlement hotspots between 5200 – 4600 cal. BP (3250 – 

23 2650 BCE)

24 The development of the society in the SW after 5600 cal. BP (3650 BCE) and the subsequent 

25 rise of the Los Millares culture after 4800 cal. BP (2850 BCE) were accompanied by profound 

26 climatic changes between 5000 and 4800 cal. BP (3050 – 2850 BCE) (Fig. 3). Although likely 



1 not dramatic, the majority of annual temperature records in this time slice suggests a peninsular-

2 wide cooling. The few seasonal temperature records available suggest that people had to deal 

3 rather with a winter cooling (Videos S2 and S3). Regarding the hydro-climatic conditions, it 

4 has been relatively moist in the annual mean between 5200 and 4600 cal. BP (3250 – 2650 

5 BCE) with the exception of a regional drying across the northern Iberian Peninsula at the end 

6 of this phase (Fig. 3). The overall relatively moist annual and winter conditions during that 

7 period reflect the long-term Holocene drying trend towards the present, rather than a particular 

8 wet event (Videos S4 and S5). Nonetheless, while annual conditions were relatively moist from 

9 5000 to 4800 cal. BP (3050 – 2850 BCE), winter precipitation likely decreased during this 

10 phase as for example indicated by marine core GeoB5901-2 from the Gulf of Cadiz 

11 (Schirrmacher et al., 2019). This decrease in winter precipitation was more pronounced along 

12 the Atlantic coast including the SW area (Fig. 3). 

Fig. 3. Climatic and archaeological proxy data for the time slices between 5200 to 4600 cal. BP (3250 – 2650 
BCE). From left to right: annual temperatures, settlement intensities, annual precipitation and winter precipitation 
reconstructions. The heatmap in the settlement intensity column (from yellow to red colours) were calculated using 
the settlement density as well as the SPD data of each settlement. The brown and green shadings in the annual and 
winter precipitation data highlight areas of regional change towards drier or wetter conditions, respectively, based 
on inverse distance weighted interpolation of the z-score data.

And 



1 Accordingly, it is interesting to note that the rise of the Los Millares culture in the SE was 

2 preceded by a cool and dry winter event, which was particularly manifested in the SW. At this 

3 time economies across the southern Iberian Peninsula were highly dependent on agriculture 

4 and, consequently, arable land (García Sanjuán et al., 2016; Schneider et al., 2016; López-Sáez 

5 et al., 2018). Moreover, irrigation was likely not practised before 4300 cal. BP (2350 BCE) in 

6 the area, highlighting the importance of natural water resources (Mora-González et al., 2016; 

7 Benítez de Lugo Enrich and Mejías, 2017; Mora-González et al., 2018). 

8 Thus, following the idea that this cool and dry winter event between 5000 and 4800 cal. BP 

9 (3050 – 2850 BCE) hampered the agricultural production in the SW, it appears plausible that 

10 the rise of the Los Millares culture in the SE after 4800 cal. BP (2850 BCE) was favoured by 

11 climatic-induced migration from the SW. Lillios et al. (2016) already suggested a potential 

12 migration after ca. 4500 cal. BP (2550 BCE) from the SW towards the SE. Strontium isotopic 

13 analysis (87/86Sr) of human teeth indeed suggest that a variable amount of non-local population 

14 at the Andalusian mega-sites Marroquíes Bajos and Valencina de la Concepción entered 

15 existing social networks (Díaz-Zorita Bonilla, 2013; Díaz-Zorita Bonilla et al., 2018). The 

16 provenance of such groups remain an open question, though. While it is unlikely that people 

17 moved eastwards for metals and related economic reasons (Bartelheim and Pearce, 2015), it 

18 might be possible that the establishment of trade networks as evidenced by the arrival of Asian 

19 ivory favoured migration towards the SE (Schuhmacher, 2017). 

20 Following these lines of evidence, climatic-induced migration related to a cool and dry winter 

21 event, particularly evident in the SW, likely contributed to the observed gradual displacement 

22 of settlement intensities from the SW towards the SE after 4800 cal. BP (2850 BCE). 



1 3.3 Boom and bust on the southern Iberian Peninsula between 4400 – 3400 cal. 

2 BP (2450 – 1450 BCE)

3 The period between 4400 and 3400 cal. BP (2450 – 1450 BCE) is characterized by two distinct 

4 climatic events, which superimpose the general drying and cooling trends. Particularly, we 

5 observe increasingly drier conditions across the southern Iberian Peninsula from 3800 to 3000 

6 cal. BP (1850 – 1050 BCE). These are reflected in the annual reconstructions (Video S4), but 

7 clearly forced by decreasing winter precipitation (Video S5). This decrease in winter 

8 precipitation is likely related to the drying trend during the Holocene and, thus, is very different 

9 from the two earlier events.

10 During the first event, which occurred between 4400 and 4000 cal. BP (2450 – 2050 BCE), the 

11 whole Iberian Peninsula faced cooler annual conditions (Fig. 4). Contrastingly, the alkenone 

12 record of GeoB5901-2 from the Gulf of Cadiz suggests distinctly warmer annual sea surface 

13 temperatures by 2 °C. But, this may be rather a result of a shift in the growing season of the 

14 alkenone producers in response to altered seasonality and nutrient conditions (Schirrmacher et 

15 al., 2019). Seasonal temperature data based on pollen and planktonic foraminiferal assemblages 

16 implies that the annual cooling was likely a result of cooler winter conditions, while summer 

17 temperatures were relatively constant (Videos S2 and S3). Altogether, this suggests a decrease 

18 in seasonality during this event. Paralleling the winter cooling between 4400 and 4000 cal. BP 

19 (2450 – 2050 BCE), hydroclimatic conditions across the Iberian Peninsula were rather stable 

20 indicating no event-like features (Fig. 4). Decreasing annual or winter precipitation as suggested 

21 by two offshore marine records based on n-alkane concentrations or localized pollen data 

22 between 4200 and 4000 cal. BP (2250 – 2050 BCE) rather mirror altered sediment transport 

23 pathways into the marine realm or anthropogenic forest clearance, respectively.

24 Thus, the period from 4400 to 4000 cal. BP (2450 – 2050 BCE) is characterized by a winter 

25 cooling event, which is contemporaneous with a major ice-berg discharge in the North Atlantic 

26 – the so-called Bond Event 3 (Bond et al., 2001). This, further, corroborates the hypothesis by 



1 Schirrmacher et al. (2019) that cooling during Bond Event 3 close to the Iberian Atlantic coast 

2 was a winter phenomenon. Our data also indicates that Bond Event 3 was not associated with a 

3 regional decrease in precipitation on the Iberian Peninsula.

4

Fig. 4. Climatic and archaeological proxy data for the time slices between 4400 to 3400 cal. BP (2450 – 1450 
BCE). From left to right: annual temperatures, settlement intensities, annual precipitation and winter precipitation 
reconstructions. The heatmap in the settlement intensity column (from yellow to red colours) were calculated using 
the settlement density as well as the SPD data of each settlement. The brown and green shadings in the annual and 
winter precipitation data highlight areas of profound regional change towards drier or wetter conditions, 
respectively, based in inverse distance weighted interpolation of the z-score data.



1 Having discussed the first climatic event of the period between 4400 and 3400 cal. BP (2450 – 

2 1450 BCE), we can now turn to the second event, which abruptly occurred between 4000 and 

3 3800 cal. BP (2050 – 1850 BCE). During this period, the hydroclimatic data points to a sharp 

4 decrease in annual precipitation in the SE, while winter precipitation in the area remains 

5 relatively constant or even increased (Fig. 4). This leads to the conclusion that this event was 

6 probably driven by a sharp decrease in summer precipitation or an elongation of the summer 

7 dry period. Despite just two compiled archives are indicative of summer precipitation 

8 variability, a regional decrease in summer precipitation in the SE is suggested by pollen-based 

9 MAT reconstruction in marine sediment core MD95-2043 from the Alboran Sea (Video S6) 

10 (Bini et al., 2019). Thus, this event noticeably differs from the drying trend, which is evident 

11 afterwards and characterized by a decrease in winter precipitation (Fig. 4; Video S5). At the 

12 same time, the western and northern Atlantic coasts faced stable annual precipitation levels, 

13 pointing to a strong Atlantic – Mediterranean gradient and a potential Mediterranean forcing of 

14 the summer dry event between 4000 and 3800 cal. BP (2050 – 1850 BCE). 

15 In light of the 4.2 ka BP drought event, which is described for the period between 4300 to 3800 

16 cal. BP (2350 – 1850 BCE) in the Central and Eastern Mediterranean (Kaniewski et al., 2018; 

17 Bini et al., 2019), we suggest that this event had a shorter duration (4000 – 3800 cal. BP; 2050 

18 – 1850 BCE) and just affected the Mediterranean coast – the SE in particular – of Iberian 

19 Peninsula. Moreover, the 4.2 ka BP drought event in the area was likely restricted to the summer 

20 season.

21 The 4.2 ka BP drought event is known for contributing to social collapse and large-scale 

22 population displacements in the Near East (Welc and Marks, 2014; Weiss, 2017). Therefore, it 

23 is interesting to note that social developments, among them the large-scale abandonment of 

24 settlement sites on the southern Iberian Peninsula around 4200 cal. BP (2250 BCE), are 

25 indicative of a collapse as well (Lull et al., 2015; Valera, 2015). But, from our palaeoclimatic 

26 data it appears that the 4.2 ka BP event was not directly affecting societies in the SW and the 



1 SE at that time. On the southern Iberian Peninsula, the 4.2 ka BP event occurred later (4000 – 

2 3800 cal. BP; 2050 – 1850 BCE) and had likely not impacted the SW at all (Fig. 4). This is 

3 corroborated by Valera et al. (2015), who proposed that the abandonment of ditched enclosures 

4 in the SW was not driven by climatic factors. The SE, on the other hand, even featured the 

5 boom of the El Argar culture at that time (Lull et al., 2011) despite the dry summer conditions 

6 associated with the regional manifestation of the 4.2 ka BP event and the abandonment of 

7 Chalcolithic sites. Multiple lines of evidence suggest that the Argaric people were able to deal 

8 with dry summer conditions during the 4.2 ka BP event as indicated by agricultural practises, 

9 which are based on dry farming, monoculture (Castro et al., 1999; Delgado-Raack and Risch, 

10 2015), and/or irrigation techniques (Mora-González et al., 2016; Benítez de Lugo Enrich and 

11 Mejías, 2017). In addition, our palaeoclimatic data suggests that the stable or increased winter 

12 precipitation during this phase supported people in maintaining the intensive agricultural 

13 production (Fig. 4).

14 Interestingly, during the collapse of the Argaric society between 3600 and 3500 cal. BP (1650 

15 – 1550 BCE) (Lull et al., 2013b) an over-regional decrease in winter precipitation across the 

16 southern Iberian Peninsula becomes evident from various terrestrial and marine pollen records 

17 as well as speleothem data (Fig. 4). So far, it has been suggested that the collapse of the Argaric 

18 society was caused by the extensive over-exploitation of the environment including intense 

19 woodland clearance (Castro et al., 1999; Lull et al., 2013a, 2013b). This may account for the 

20 decrease in winter precipitations mirrored by some localized pollen data from the SE between 

21 3600 and 3400 cal. BP (1650 – 1450 BCE). But, a decrease in winter precipitation is also 

22 suggested from speleothem data and marine pollen records. Furthermore, pollen data from the 

23 SW, where human activity was limited according to our SPD analysis, also imply dry winter 

24 conditions. Altogether, a regional-wide decrease in winter precipitation across the southern 

25 Iberian Peninsula is suggested already after 3800 cal. BP (1850 BCE). Accordingly, we 

26 conclude that during the boom of the Argaric culture its society was increasingly dependent on 



1 winter precipitation in order to maintain the intense agriculture. Thus, a significant decrease in 

2 winter precipitation after 3800 cal. BP (1850 BCE) likely contributed to the collapse of the El 

3 Argar culture by hampering the intense agricultural practises.

4 4. Conclusion

5 In order to fill important knowledge gaps concerning a potential link between climate change 

6 and social developments during the Chalcolithic and the Bronze Age on the Iberian Peninsula, 

7 we compiled palaeoclimatic and archaeological data from the time period between 6000 to 3000 

8 cal. BP (4050 – 1050 BCE) from the Iberian Peninsula. The palaeoclimate was analysed for 

9 seasonal (summer and winter) and annual variability in precipitation as well as temperature. 

10 Sum-calibrated probability densities (SPDs) of AMS 14C data served as proxy for settlement 

11 intensity. 

12 The results of the SPD analysis indicate an increase in settlement intensity in the southwest 

13 (SW) of the Iberian Peninsula after 5600 cal. BP (3650 BCE) and a subsequent rise in settlement 

14 density in the adjacent southeast (SE) after 4800 cal. BP (2850 BCE), which is associated with 

15 the Los Millares culture. While settlement intensity in the SW sharply declined around 4200 

16 cal. BP (2250 BCE), increasing settlement activity related to the emerging El Argar culture is 

17 indicated for the SE until ca. 3600 cal. BP (1650 BCE).

18 The palaeoclimatic analysis resolved the long-term Holocene aridification trend on the Iberian 

19 Peninsula. This trend is primarily associated with a gradual decrease in winter precipitation and 

20 culminates after ca. 3800 cal. BP (1850 BCE), when particularly the southern Iberian Peninsula 

21 faced dry winter conditions. The aridification trend is superimposed by the 4.2 ka BP climate 

22 event from 4000 to 3800 cal. BP (2050 – 1850 BCE). During the event the SE was affected by 

23 an abrupt decrease in summer precipitation or an elongation of the summer dry period, while 

24 winter precipitation remained rather constant. With respect to temperature, the Iberian 



1 Peninsula experienced winter cooling between 4400 and 4000 cal. BP (2450 – 2050 BCE) in 

2 phase with Bond Event 3.

3 Comparing settlement patterns and the distribution of precipitation, we found no direct link 

4 between the large-scale abandonment of settlement sites in the SW around 4200 cal. BP (2250 

5 BCE) and the 4.2 ka BP climate event. But, we noticed that the Chalcolithic and Bronze Age 

6 societies of the southern Iberian Peninsula were highly dependent on winter precipitation to 

7 maintain their agricultural practises. For instance, the decline in settlement intensity in the SW 

8 around 4800 cal. BP (2850 BCE) was preceded by a reduce in winter precipitation in the area. 

9 Furthermore, a sharp decrease in winter precipitation also coincides with the bust of the El 

10 Argar culture in the SE after 3600 cal. BP (1650 BCE). Before, between 4000 and 3800 cal. BP 

11 (2050 – 1850 BCE), the Argaric society boomed during the enhanced summer drought 

12 associated with the regional manifestation of the 4.2 ka BP event. This further highlights the 

13 dependence on winter precipitation of the southern Iberian societies during the Chalcolithic and 

14 Bronze Age.

15 5. Outlook

16 Apart from the results and conclusions, this study has also highlighted the need of much more 

17 well-dated, high-resolution palaeoclimate data. Especially, seasonal data have an insufficient 

18 spatial resolution, but also in the annual data some regions, for example the Alentejo, 

19 Extremadura, and Algarve are not well researched. In the marine realm, the northern Atlantic 

20 and western Mediterranean coasts are clearly underrepresented. From the archaeological 

21 perspective surely more fieldwork should be carried out in the northern part of the Iberian 

22 Peninsula, in order to better understand why these regions are characterized by relative stability 

23 during the Chalcolithic and the Bronze Age. Also, there is a need for detailed archaeo-botanical 

24 and dietary studies to significantly improve the knowledge of agricultural practises in the past. 



1 This knowledge will be needed for better comparability of social and palaeoclimatological 

2 variability on the Iberian Peninsula.
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Fig. S1. Recent annual and seasonal air temperature as well as sea surface temperature (left) and precipitation (right) at the 
Iberian Peninsula. Temperatures are averages, while precipitation is displayed as total amount. Precipitation and air 
temperatures are based on monthly averages (1970 – 2000) and were downloaded from WorldClim V2 (Fick and Hijmans, 
2017). Sea surface temperature data are averaged for the period from 1955 – 2017 and was provided by World Ocean Atlas 18 
(Locarnini et al., 2019).



Fig. S2. Averaged seasonal (winter and summer) and annual sea surface temperatures from chosen locations of marine 
sedimentary archives as well as the according air temperatures from the closest station on land. Sea surface temperature data 
were provided by NOAA OISST V2 High Resolution Dataset. Air temperatures have been collected from the Spanish State 
Meteorological Agency (AEMET) and European Climate Assessment & Dataset (ECAD).



Fig. S3. Updated or calculated age models for all paleoclimatic archives. The source of the AMS 14C data is referenced in Table 
1 within the original publication.



Table S1. New AMS 14C dates from sediment cores ODP-161-976A and GeoB5901-2.

Lab No. depth (cm) material AMS 14C age (yr BP) error (yr)
ODP-161-976A
KIA-54017 100.0 – 100.5 G. ruber w+p 3930 ±40
KIA-54210 108.5 – 109.0 G. ruber w+p 3590 ±35
KIA-54211 110.0 – 110.5 G. ruber w+p 3680 ±30
KIA-54018 116.5 – 117.0 G. ruber w+p 4565 ±35
KIA-54019 148.0 – 148.5 G. ruber w+p 5350 ±55
GeoB5901-2
KIA-54011 9.0 – 9.5 G. ruber w+p 2833 ±26
KIA-54012 20.5 – 21.0 G. ruber w+p 4138 ±29
KIA-54013 21.0 – 21.5 G. ruber w+p 4225 ±28
KIA-54014 21.5 – 22.0 G. ruber w+p 4384 ±28
KIA-54015 31.0 – 31.5 G. ruber w+p 5139 ±29
KIA-54016 49.0 – 49.5 G. ruber w+p 5680 ±35
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