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Abstract 

 

In light of the ongoing global warming, it is crucial to gain knowledge on the spatio-temporal 

manifestation on past climate events from local to supra-regional scales and their effect on 

ancient societies. This knowledge is needed to significantly improve local, regional, and global 

simulations of future climate change and its societal impacts. Following this aim, this thesis 

investigates the hydro-climatic and sea surface temperature variability on the Iberian Peninsula 

and its adjacent seas as well as its effect on ancient societies during the Mid- to Late Holocene, 

particularly focusing on the 4.2 ka BP event.  

Paleo-climatic results are based on geochemical analysis of n-alkanes and alkenones from two 

marine sediment cores from the Gulf of Cádiz and the Alboran Sea as well as on a compilation 

of various paleo-climatic proxies, also from continental archives. The results show a long-term 

Holocene winter drying trend on the Iberian Peninsula as well as a winter cooling trend in the 

Atlantic realm. Both long-term trends were superimposed by pronounced seasonal sea surface 

temperature and precipitation events. For example, winter cooling events in the Gulf of Cádiz 

correlate with ice-rafted debris discharge during Bond Event 3, in particular. Instead, sea 

surface temperature variations in the Alboran Sea were local phenomena and could be related 

to the North Atlantic Oscillation. Moreover, the North Atlantic Oscillation was a major 

modulator of winter precipitation variability on the southern Iberian Peninsula with a positive 

mode of the North Atlantic Oscillation favouring dry events during winter and an increased 

proportion of local-sourced summer precipitation. However, the North Atlantic Oscillation 

likely did not modulate the 4.2 ka BP event on the Iberian Peninsula, because this event turned 

out to be a series of summer dry events between 4400 and 3800 cal. BP, which were restricted 

to the south-east of the Iberian Peninsula.  

Despite of being a regional coherent event on the south-eastern Iberian Peninsula, the 4.2 ka 

BP event did not dramatically impact ancient societies in the area. Instead, people have been 

very much dependent on winter precipitation as suggested by two regional declines in 

settlement intensity, which were contemporaneous with winter dry events. 
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Zusammenfassung 

 

Vor dem Hintergrund der aktuellen globalen Klimaerwärmung ist es wichtig mehr über 

vergangene klimatische Ereignisse bzw. Events und deren Einfluss auf vergangene 

Zivilisationen herauszufinden. Die räumlichen und zeitlichen Charakteristiken solcher 

vergangenen Klima-Events werden benötigt, um aktuelle Klimamodelle zu verbessern und 

deren Simulationen der globalen Klimaerwärmung auf unterschiedlichen räumlichen Skalen zu 

optimieren. Um zu einer Verbesserung der Klimamodelle beizutragen, werden in der 

vorliegenden Arbeit hydro-klimatische Veränderungen sowie Änderungen der 

Meeresoberflächentemperatur auf der Iberischen Halbinsel sowie der angrenzenden marinen 

Gebiete während des mittleren und späten Holozäns untersucht. Im Besonderen wird außerdem 

das 4.2 ka BP Ereignis betrachtet. Zusätzlich befasst sich die Arbeit mit den Auswirkungen der 

untersuchten Klimaereignisse auf die damaligen Zivilisationen auf der Iberischen Halbinsel. 

Die paläo-klimatischen Ergebnisse basieren auf der geochemischen Analyse von n-Alkanen 

und Alkenonen von zwei marinen Sedimentkernen aus dem Golf von Cádiz sowie dem 

Alboranmeer. Zusätzlich wurden verschiedene paläo-klimatische Indikatoren aus dem 

Arbeitsgebiet zusammengetragen. Die Ergebnisse zeigen einen grundsätzlichen 

Trockenheitstrend sowie einen Abkühlungstrend seit dem mittleren Holozän in dem 

Arbeitsgebiet. Beide Entwicklungen sind primär im Winter nachweisbar und von kurzzeitigen 

saisonalen Klimaereignissen überlagert. Zum Beispiel wurden winterliche 

Abkühlungsereignisse im Golf von Cádiz nachgewiesen, welche zeitlich mit dem erhöhten 

Kalben von Eisbergen im Nordatlantik vor allem während Bond-Ereignis 3 einhergehen. Im 

Alboranmeer hingegen stellen Veränderungen in der Meeresoberflächentemperatur eher lokale 

Phänomene dar und sind mit der Nordatlantischen Oszillation verknüpft. Die Nordatlantische 

Oszillation erwies sich darüber hinaus als wichtige Treibkraft für Veränderungen der Winter-

Niederschläge auf der südlichen Iberischen Halbinsel. So begünstigt beispielweise ein positiver 

Modus der Nordatlantischen Oszillation generell eine Abschwächung der Winter-

Niederschläge und ein demnach einen erhöhten Anteil an Sommer-Niederschlägen lokalen 

Ursprungs im Jahresmittel. Allerdings stellte sich heraus, dass die Nordatlantische Oszillation 

keine oder nur geringe Auswirkungen auf das 4.2 ka BP Ereignis hatte. Das 4.2 ka BP Ereignis 

trat nämlich als eine Reihe mehrerer Dürre-Ereignisse zwischen 4400 und 3800 Jahren vor 

heute während des Sommers auf und war räumlich auf den Südosten der Iberischen Halbinsel 

begrenzt. 



 

 

iv 

Trotz der ausgeprägten regionalen Dürre-Ereignisse während des 4.2 ka BP Ereignisses hat 

dieses Klimaereignis die damalige Zivilisation nicht sonderlich hart getroffen. Allerdings gibt 

es Hinweise, dass die damaligen Zivilisationen deutlich abhängiger von den Winter-

Niederschlägen waren. So fallen beispielsweise zwei Reduktionen der Winterniederschläge 

jeweils mit einem Rückgang der Siedlungsintensitäten in den betroffenen Regionen zusammen. 
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2 

1 Motivation 

1.1 Motivation and research questions 

The Mediterranean region including the Iberian Peninsula is considered a major hot spot of 

future climate change [IPCC, 2013]. According to the current predictions on future climate 

change, the Iberian Peninsula will likely experience an increase in duration and number of heat 

waves and dry spells particularly in its Mediterranean region [Giorgi and Lionello, 2008; López-

Franca et al., 2015]. Such dry spells likely will also occur during the wet winter season 

[Raymond et al., 2019]. By 2050 regional climate models indicate a warming of the Iberian 

Peninsula of up to 2.5 °C and a reduction in precipitation between 5 and 25 % [Turco et al., 

2015]. Related to these developments, the risk of large fires on the Iberian Peninsula will 

significantly increase [Turco et al., 2018]. Moreover, a decrease in wind speed across the 

Iberian Peninsula is proposed in response to global warming [Gómez et al., 2016]. This is in 

line with the proposed trend towards a more stable positive mode of the North Atlantic 

Oscillation (NAO), an atmospheric circulation mode responsible for much of the westerly wind 

direction, temperature, and precipitation variability during winter in the Western Mediterranean 

[Visbeck et al., 2001]. In contrast, other studies found no clear impact of modern anthropogenic 

emissions on NAO variability [Cohen and Barlow, 2005]. Thus, the impact of the ongoing 

global warming on potential driving forces of natural climate variability are still controversially 

debated. 

Consequently, in order to forecast future climate change with less uncertainty, a much deeper 

understanding of the driving factors responsible for natural climate variability in the past is 

essential to better understand the climate system and improve climate modelling [Lionello, 

2012]. This includes internal factors such as atmospheric and oceanic circulation patterns and 

also external factors such as concentration of greenhouse gases for example, responsible for 

past climate variability on global, regional, and local scales. This information is, further, 

essential to understand the implications of climate change for human communities. Regarding 

the predictions on future climate change, it is likely that due to the projected decrease in 

precipitation the agricultural production on the Iberian Peninsula will decrease significantly 

[Kovats et al., 2014]. In addition, heat-related mortality on the Iberian Peninsula will likely 

increase as well [Kovats et al., 2014]. Hence, more detailed reconstructions of the Holocene 

climate variability and climate events on the Iberian Peninsula are required in order to improve 

climate modelling, but also to investigate the impact of climate events on human society. 
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Up to now, many paleo-climatic studies revealed general cooling and drying trends on the 

Iberian Peninsula since the Mid- Holocene [Cacho et al., 2001; Fletcher and Sánchez Goñi, 

2008]. Between 3000 and 6000 calibrated years before present (cal. BP) – the temporal focus 

of this study – these trends are superimposed by natural climate events, namely the 4.2 ka BP 

(thousand years before present) event [Bini et al., 2019] and Bond Events 2 to 4 [Bond et al., 

2001]. The so-called Bond Events are defined as periods of enhanced ice-rafted debris (IRD) 

discharge in the northern North Atlantic. These events occur roughly every 1500 years during 

the Holocene and three Bond Events are evident during the focus period of this study – namely 

Bond Event 2 centred at ca. 2800 cal. BP, Bond Event 3 centred at ca. 4200 cal. BP, and Bond 

Event 4 centred at ca. 5900 cal. BP [Bond et al., 1997; Bond et al., 2001]. These events were 

able to alter oceanic circulation possibly even on a global scale [Bond et al., 2001] and thereby 

resulting in widespread cooling, particularly across the North Atlantic region [Cacho et al., 

2001; Ramos-Román et al., 2018b]. Besides the observed cooling, these events are also 

associated with major dry spells in the Western Mediterranean and on the Iberian Peninsula 

[Ramos-Román et al., 2018b; Smith et al., 2016]. But controversially, a transition from “dry 

Bond Events” to “wet Bond Events” during the Mid- Holocene is indicated by a Moroccan lake 

record [Zielhofer et al., 2019]. 

The 4.2 ka BP event, on the other hand, is associated with a marked dry phase between 3800 

and 4400 cal. BP observed across much of the Mediterranean [Cheng et al., 2015; Kaniewski 

et al., 2018; Ruan et al., 2016; Zanchetta et al., 2016]. Dry conditions are also observed in the 

mid-latitudes of North America [Booth et al., 2005] and Asia [Giesche et al., 2019; Kathayat 

et al., 2018; Zhang et al., 2018]. However, on the Iberian Peninsula located at the interface of 

Atlantic and Mediterranean climate regimes the spatio-temporal manifestation of the 4.2 ka BP 

event is less clear [Weinelt et al., 2015]. Similarly, potential drivers of the 4.2 ka BP event are 

not yet understood. Many paleo-climatic studies relate climate change during the 4.2 ka BP 

event to NAO variability [e.g. Ramos-Román et al., 2018a; Zielhofer et al., 2017], which also 

gains support from modelling studies [Yan and Liu, 2019]. However, dry conditions associated 

with the 4.2 ka BP event in Asia are related to a weakening of the summer monsoon systems 

[e.g. Giesche et al., 2019; Tan et al., 2018]. Additionally, the coincidence with Bond Event 3 

points to a potential relation between both events [Ruan et al., 2016; Zielhofer et al., 2019]. An 

overarching force relating all these or an alternative explanation still remains to be found. 

Apart from the spatio-temporal manifestation of climate change during the 4.2 ka BP event on 

the Iberian Peninsula and its potential forcing, also the impact of this event on past Iberian 

societies remains elusive. From the Near East transformations and collapses of various past 
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societies such as the Old Kingdom in Egypt, the Akkadian Empire, and the Indus civilization 

could be related to dry conditions during the 4.2 ka BP event [Staubwasser et al., 2003; Weiss 

et al., 1993; Welc and Marks, 2014]. A variety of archaeological transformations in for example 

pottery production, settlement activity, and economics during the period of the 4.2 ka BP event 

are known from societies of the Iberian Peninsula as well [García Rivero et al., 2016; Lull et 

al., 2015; Valera, 2015]. Their relation to a climate event, however, is still under debate 

[Blanco-González et al., 2018]. 

This thesis aims to contribute to the open debate on the natural climate variability, the spatio-

temporal manifestation of the 4.2 ka BP event, and its impact on past societies on the Iberian 

Peninsula. Therefore, two marine sedimentary archives from the Gulf of Cádiz and the Alboran 

Sea were explored for sea surface temperature (SST) and hydro-climatological changes 

between 3000 and 6000 cal. BP. Both archives provide a high temporal resolution of decadal 

to multi-decadal scale and are investigated through geochemical methods for alkenones and n-

alkanes. Molecular proxies of land-derived n-alkanes serve as indicators of relative winter 

precipitation variability and its environmental impact. In constrast to continental archives,  

n-alkane proxies from marine archives allow to study hydro-climatological variations on a 

regional scale, and are thus, to a lesser extent influenced by local phenomena such as 

anthropogenic impact on the landscape. Alkenones, on the other hand, provide information on 

annual mean SST variability and, in addition, planktonic foraminiferal assemblages were 

studied for seasonal (summer and winter) SST variability. This enables the investigation of a 

potential link between hydro-climatological variations and surface ocean temperatures, 

eventually promoting precipitation change through varying evaporation intensity, in the same 

archive. In addition, potential spatially coherent patterns of climate events on the Iberian 

Peninsula are investigated through a compilation of various paleo-climatic archives and proxies. 

This thesis also aims to help disentangling the complexity of the Holocene climate variability 

with many overlaying and interacting forces in the atmospheric (e.g. the NAO) and oceanic 

spheres (e.g. Bond Events) [Rodrigo-Gámiz et al., 2018]. To do so, the Alboran Sea 

sedimentary archive has been additionally studied for compound-specific hydrogen and carbon 

isotopes within long-chain n-alkanes. The study of the hydrogen isotopic composition enables 

the investigation of Atlantic vs. Mediterranean influence in the study region and, together with 

the other studied paleo-climatic proxies, help to identify potential driving forces of climate 

variability. 
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Moreover, spatio-temporal settlement dynamics during the Chalcolithic and Bronze Age on the 

Iberian Peninsula were investigated by the summed probability density (SPD) of radiocarbon 

dates. In order to study the impact of climate change during the Mid- to Late Holocene and the 

4.2 ka BP event, the reconstructed settlement dynamics were compared to the spatio-temporal 

variability of precipitation and temperature.  

Altogether, the thesis draws a detailed picture of climate variability during the Mid- to Late 

Holocene and distinct events such as the 4.2 ka BP event on a seasonal scale. Together with the 

detection of coherent spatial patterns of climate events, this thesis allows an in-depth 

examination of the impact of climate change on past Iberian societies. 

 

1.2 References 

Bini, M., G. Zanchetta, A. Perşoiu, R. Cartier, A. Català, I. Cacho, J. R. Dean, F. Di Rita, R. N. Drysdale, M. 

Finnè, I. Isola, B. Jalali, F. Lirer, D. Magri, A. Masi, L. Marks, A. M. Mercuri, O. Peyron, L. Sadori, M.-A. 

Sicre, F. Welc, C. Zielhofer, and E. Brisset (2019), The 4.2 ka BP Event in the Mediterranean region: An 

overview, Clim. Past, 15(2), 555–577, doi:10.5194/cp-15-555-2019. 

Blanco-González, A., K. T. Lillios, J. A. López-Sáez, and B. L. Drake (2018), Cultural, Demographic and 

Environmental Dynamics of the Copper and Early Bronze Age in Iberia (3300–1500 BC): Towards an 

Interregional Multiproxy Comparison at the Time of the 4.2 ky BP Event, J World Prehist, 31(1), 1–79, 

doi:10.1007/s10963-018-9113-3. 

Bond, G., B. Kromer, J. Beer, R. Muscheler, M. N. Evans, W. Showers, S. Hoffmann, R. Lotti-Bond, I. Hajdas, 

and G. Bonani (2001), Persistent solar influence on North Atlantic climate during the Holocene, Science (New 

York, N.Y.), 294(5549), 2130–2136, doi:10.1126/science.1065680. 

Bond, G., W. Showers, M. Cheseby, R. Lotti, P. Almasi, P. deMenocal, P. Priore, H. Cullen, I. Hajdas, and G. 

Bonani (1997), A Pervasive Millennial-Scale Cycle in North Atlantic Holocene and Glacial Climates, Science, 

278(5341), 1257–1266, doi:10.1126/science.278.5341.1257. 

Booth, R. K., S. T. Jackson, S. L. Forman, J. E. Kutzbach, E. A. Bettis, J. Kreigs, and D. K. Wright (2005), A 

severe centennial-scale drought in midcontinental North America 4200 years ago and apparent global linkages, 

The Holocene, 15(3), 321–328, doi:10.1191/0959683605hl825ft. 

Cacho, I., J. O. Grimalt, M. Canals, L. Sbaffi, N. J. Shackleton, J. Schönfeld, and R. Zahn (2001), Variability of 

the western Mediterranean Sea surface temperature during the last 25,000 years and its connection with the 

Northern Hemisphere climatic changes, Paleoceanography, 16(1), 40–52, doi:10.1029/2000PA000502. 

Cheng, H., A. Sinha, S. Verheyden, F. H. Nader, X. L. Li, P. Z. Zhang, J. J. Yin, L. Yi, Y. B. Peng, Z. G. Rao, Y. 

F. Ning, and R. L. Edwards (2015), The climate variability in northern Levant over the past 20,000 years, 

Geophysical Research Letters, 42(20), 8641–8650, doi:10.1002/2015GL065397. 

Cohen, J., and M. Barlow (2005), The NAO, the AO, and Global Warming: How Closely Related?, J. Climate, 

18(21), 4498–4513, doi:10.1175/JCLI3530.1. 

Fletcher, W. J., and M. F. Sánchez Goñi (2008), Orbital- and sub-orbital-scale climate impacts on vegetation of 

the western Mediterranean basin over the last 48,000 yr, Quat. res., 70(03), 451–464, 

doi:10.1016/j.yqres.2008.07.002. 

García Rivero, D., J. M. Jurado Núñez, and R. Taylor (2016), Bell Beaker and the evolution of resource 

management strategies in the southwest of the Iberian Peninsula, Journal of Archaeological Science, 72, 10–

24, doi:10.1016/j.jas.2016.05.012. 

Giesche, A., M. Staubwasser, C. A. Petrie, and D. A. Hodell (2019), Indian winter and summer monsoon strength 

over the 4.2 ka BP event in foraminifer isotope records from the Indus River delta in the Arabian Sea, Clim. 

Past, 15(1), 73–90, doi:10.5194/cp-15-73-2019. 



Motivation 

 

 

6 

Giorgi, F., and P. Lionello (2008), Climate change projections for the Mediterranean region, Global and Planetary 

Change, 63(2-3), 90–104, doi:10.1016/j.gloplacha.2007.09.005. 

Gómez, G., W. D. Cabos, G. Liguori, D. Sein, S. Lozano‐Galeana, L. Fita, J. Fernández, M. E. Magariño, P. 

Jiménez‐Guerrero, J. P. Montávez, M. Domínguez, R. Romera, and M. Á. Gaertner (2016), Characterization 

of the wind speed variability and future change in the Iberian Peninsula and the Balearic Islands, Wind Energy, 

19(7), 1223–1237, doi:10.1002/we.1893. 

IPCC, 2. (2013), Summary for Policymakers, in Climate Change 2013: The Physical Science Basis, Contribution 

of Working Group I to the Fifth Assessment Report of the Intergovernmental Penal on Climate Change, edited 

by T. F. Stocker et al., Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 

Kaniewski, D., N. Marriner, R. Cheddadi, J. Guiot, and E. van Campo (2018), The 4.2 ka BP event in the Levant, 

Clim. Past, 14(10), 1529–1542, doi:10.5194/cp-14-1529-2018. 

Kathayat, G., H. Cheng, A. Sinha, M. Berkelhammer, H. Zhang, P. Duan, H. Li, X. Li, Y. Ning, and R. L. Edwards 

(2018), Evaluating the timing and structure of the 4.2 ka event in the Indian summer monsoon domain from an 

annually resolved speleothem record from Northeast India, Clim. Past, 14(12), 1869–1879, doi:10.5194/cp-

14-1869-2018. 

Kovats, R. S., R. Valentini, L. M. Bouwer, E. Georgopoulou, D. Jacob, E. Martin, M. Rounsevell, and J.-F. 

Soussana (2014), Europe, in Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional 

Aspects.Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on 

Climate Change, edited by V. R. Barros et al., pp. 1267–1326, Cambridge, United Kingdom and New York, 

NY, USA. 

Lionello, P. (Ed.) (2012), The climate of the Mediterranean region: From the past to the future, 1st ed., 502 pp., 

Elsevier insights, Elsevier Science, Amsterdam. 

López-Franca, N., E. Sánchez, T. Losada, M. Domínguez, R. Romera, and M. Á. Gaertner (2015), Markovian 

characteristics of dry spells over the Iberian Peninsula under present and future conditions using ESCENA 

ensemble of regional climate models, Clim Dyn, 45(3-4), 661–677, doi:10.1007/s00382-014-2280-8. 

Lull, V., R. Micó, C. Rihuete Herrada, and R. Risch (2015), Transition and conflict at the end of the 3rd millennium 

BC in south Iberia, in 2200 BC - ein Klimasturz als Ursache für den Zerfall der alten Welt?: 7. Mitteldeutscher 

Archäologentag vom 23. bis 26. Oktober 2014 in Halle (Saale), Tagungen des Landesmuseums für 

Vorgeschichte Halle, Band 12,1, edited by H. Meller et al., pp. 365–408, Landesamt für Denkmalpflege und 

Archäologie Sachsen-Anhalt, Landesmuseum für Vorgeschichte, Halle (Saale). 

Ramos-Román, M. J., G. Jiménez-Moreno, J. Camuera, A. García-Alix, R. S. Anderson, F. J. Jiménez-Espejo, and 

J. S. Carrión (2018a), Holocene climate aridification trend and human impact interrupted by millennial- and 

centennial-scale climate fluctuations from a new sedimentary record from Padul (Sierra Nevada, southern 

Iberian Peninsula), Clim. Past, 14(1), 117–137, doi:10.5194/cp-14-117-2018. 

Ramos-Román, M. J., G. Jiménez-Moreno, J. Camuera, A. García-Alix, R. Scott Anderson, F. J. Jiménez-Espejo, 

D. Sachse, J. L. Toney, J. S. Carrión, C. Webster, and Y. Yanes (2018b), Millennial-scale cyclical environment 

and climate variability during the Holocene in the western Mediterranean region deduced from a new multi-

proxy analysis from the Padul record (Sierra Nevada, Spain), Global and Planetary Change, 168, 35–53, 

doi:10.1016/j.gloplacha.2018.06.003. 

Raymond, F., A. Ullmann, Y. Tramblay, P. Drobinski, and P. Camberlin (2019), Evolution of Mediterranean 

extreme dry spells during the wet season under climate change, Reg Environ Change, 19(8), 2339–2351, 

doi:10.1007/s10113-019-01526-3. 

Rodrigo-Gámiz, M., F. Martínez-Ruiz, F. J. Rodríguez-Tovar, E. Pardo-Igúzquiza, and M. Ortega-Huertas (2018), 

Appraising timing response of paleoenvironmental proxies to the Bond cycle in the western Mediterranean 

over the last 20 kyr, Clim Dyn, 50(7-8), 2925–2934, doi:10.1007/s00382-017-3782-y. 

Ruan, J., F. Kherbouche, D. Genty, D. Blamart, H. Cheng, F. Dewilde, S. Hachi, R. L. Edwards, E. Régnier, and 

J.-L. Michelot (2016), Evidence of a prolonged drought ca. 4200 yr BP correlated with prehistoric settlement 

abandonment from the Gueldaman GLD1 Cave, Northern Algeria, Climate of the Past, 12(1), 1–14, 

doi:10.5194/cp-12-1-2016. 

Smith, A. C., P. M. Wynn, P. A. Barker, M. J. Leng, S. R. Noble, and W. Tych (2016), North Atlantic forcing of 

moisture delivery to Europe throughout the Holocene, Scientific reports, 6, 24745, doi:10.1038/srep24745. 

Staubwasser, M., F. Sirocko, P. M. Grootes, and M. Segl (2003), Climate change at the 4.2 ka BP termination of 

the Indus valley civilization and Holocene south Asian monsoon variability, Geophysical Research Letters, 

30(8), 155, doi:10.1029/2002GL016822. 



Motivation 

 

7 

Tan, L., Y. Cai, H. Cheng, L. R. Edwards, Y. Gao, H. Xu, H. Zhang, and Z. An (2018), Centennial- to decadal-

scale monsoon precipitation variations in the upper Hanjiang River region, China over the past 6650 years, 

Earth and Planetary Science Letters, 482, 580–590, doi:10.1016/j.epsl.2017.11.044. 

Turco, M., J. J. Rosa-Cánovas, J. Bedia, S. Jerez, J. P. Montávez, M. C. Llasat, and A. Provenzale (2018), 

Exacerbated fires in Mediterranean Europe due to anthropogenic warming projected with non-stationary 

climate-fire models, Nat Commun, 9(1), doi:10.1038/s41467-018-06358-z. 

Turco, M., A. Sanna, S. Herrera, M.-C. Llasat, and J. M. Gutiérrez (2015), Evaluation of the ENSEMBLES 

Transient RCM Simulations Over Spain: Present Climate Performance and Future Projections, in Engineering 

Geology for Society and Territory - Volume 1, pp. 199–203, Springer, Cham. 

Valera, A. C. (2015), Social change in the late 3rd millennium BC in Portugal: the twilight of enclosures, in 2200 

BC - ein Klimasturz als Ursache für den Zerfall der alten Welt?: 7. Mitteldeutscher Archäologentag vom 23. 

bis 26. Oktober 2014 in Halle (Saale), Tagungen des Landesmuseums für Vorgeschichte Halle, Band 12,1, 

edited by H. Meller et al., pp. 409–428, Landesamt für Denkmalpflege und Archäologie Sachsen-Anhalt, 

Landesmuseum für Vorgeschichte, Halle (Saale). 

Visbeck, M. H., J. W. Hurrell, L. Polvani, and H. M. Cullen (2001), The North Atlantic Oscillation: Past, present, 

and future, Proceedings of the National Academy of Sciences, 98(23), 12876–12877, 

doi:10.1073/pnas.231391598. 

Weinelt, M., C. Schwab, J. Kneisel, and M. Hinz (2015), Climate and societal change in the western Mediterranean 

area around 4.2 ka BP, in 2200 BC - ein Klimasturz als Ursache für den Zerfall der alten Welt?: 7. 

Mitteldeutscher Archäologentag vom 23. bis 26. Oktober 2014 in Halle (Saale), Tagungen des Landesmuseums 

für Vorgeschichte Halle, Band 12,1, edited by H. Meller et al., pp. 461–480, Landesamt für Denkmalpflege 

und Archäologie Sachsen-Anhalt, Landesmuseum für Vorgeschichte, Halle (Saale). 

Weiss, H., M. A. Courty, W. Wetterstrom, F. Guichard, L. Senior, R. Meadow, and A. Curnow (1993), The genesis 

and collapse of third millennium north mesopotamian civilization, Science (New York, N.Y.), 261(5124), 995–

1004, doi:10.1126/science.261.5124.995. 

Welc, F., and L. Marks (2014), Climate change at the end of the Old Kingdom in Egypt around 4200 BP: New 

geoarchaeological evidence, Quaternary International, 324, 124–133, doi:10.1016/j.quaint.2013.07.035. 

Yan, M., and J. Liu (2019), Physical processes of cooling and mega-drought during the 4.2 ka BP event: Results 

from TraCE-21ka simulations, Clim. Past, 15(1), 265–277, doi:10.5194/cp-15-265-2019. 

Zanchetta, G., E. Regattieri, I. Isola, R. N. Drysdale, M. Bini, I. Baneschi, and J. C. Hellstrom (2016), The so-

called “4.2 event” in the Central Mediterranean and its climatic teleconnections, Alpine and Mediterranean 

Quaternary, 29(1), 5–17. 

Zhang, H., H. Cheng, Y. Cai, C. Spötl, G. Kathayat, A. Sinha, R. L. Edwards, and L. Tan (2018), Hydroclimatic 

variations in southeastern China during the 4.2 ka event reflected by stalagmite records, Clim. Past, 14(11), 

1805–1817, doi:10.5194/cp-14-1805-2018. 

Zielhofer, C., W. J. Fletcher, S. Mischke, M. de Batist, J. F.E. Campbell, S. Joannin, R. Tjallingii, N. El Hamouti, 

A. Junginger, A. Stele, J. Bussmann, B. Schneider, T. Lauer, K. Spitzer, M. Strupler, T. Brachert, and A. 

Mikdad (2017), Atlantic forcing of Western Mediterranean winter rain minima during the last 12,000 years, 

Quaternary Science Reviews, 157, 29–51, doi:10.1016/j.quascirev.2016.11.037. 

Zielhofer, C., A. Köhler, S. Mischke, A. Benkaddour, A. Mikdad, and W. J. Fletcher (2019), Western 

Mediterranean hydro-climatic consequences of Holocene ice-rafted debris (Bond) events, Clim. Past, 15(2), 

463–475, doi:10.5194/cp-15-463-2019. 

 

1.3 Structure of the thesis 

Chapter 1: Motivation 

This chapter provides the scientific motivation and background of this thesis and mentions the 

main research questions, that were studied during this thesis. This chapter is based on the initial 

proposal of the project and on my own literature study. This chapter was written by myself. 
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Chapter 2: Introduction 

This chapter introduces the study area with its present climatology and oceanography as well 

as the main paleo-climatological developments during the Holocene period. It further gives an 

overview of the main mechanisms of modern and past climate variability in the Western 

Mediterranean. This chapter relies on my own literature studies and synthesis. 

 

Chapter 3: Materials and methods 

This chapter summarizes and briefly explains the background of the main methods and proxies 

used in this thesis. This chapter relies on my own literature studies and synthesis. Methods 

applied by myself, co-authors, or third parties are outlined in the individual chapters. 

 

Chapter 4: The Chalcolithic-Bronze Age transition in southern Iberia under the influence of 

the 4.2 ka BP event? A correlation of climatological and demographic proxies 

This article describes the settlement patterns of the Iberian Peninsula from the Neolithic towards 

the end of the Bronze Age with a focus on the 4.2 ka BP event. It further discusses a potential 

correlation to dry conditions found in sediment core ODP-161-976A. Please note that this study 

relies on a meanwhile slightly modified age model (doi: 10.1594/PANGAEA.912673). The 

article was written by Martin Hinz, Julien Schirrmacher, Jutta Kneisel, Christoph Rinne, and 

Mara Weinelt. It has been published in the Journal of Neolithic Archaeology (JNA) on the 6th 

of December 2019 (doi: 10.12766/jna.2019.1).  

I provided early versions of the paleo-climatological reconstructions, which are schematically 

shown, paleo-climatological background, and a methodological description of the paleo-

climatological analysis for this article. 

 

Chapter 5: Multi-decadal atmospheric and marine climate variability in southern Iberia during 

the Mid- to Late Holocene 

This chapter provides new paleo-climatological data based on molecular n-alkane and alkenone 

proxies from marine sediment cores ODP-161-976A and GeoB5901-2. It further discusses 

seasonal SST changes based on planktonic foraminiferal assemblages from both sediment 

cores. Please note that this study relies on a meanwhile slightly modified age model of both 

sediment cores (doi: 10.1594/PANGAEA.912673 and doi: 10.1594/PANGAEA.912670). This 
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article was written by Julien Schirrmacher and co-authored by Mara Weinelt, Thomas Blanz, 

Nils Andersen, Emília Salgueiro, and Ralph R. Schneider. It has been published in Climate of 

the Past (Clim. Past) on the 2nd of April 2019 (doi: 10.5194/cp-15-617-2019).  

I wrote the manuscript of this article based on my own interpretation of the paleo-climatic data 

with discussion contributions from all co-authors. Sediment core ODP-161-976A was sampled 

by C. Schwab and re-sampled by myself at the IODP (International Ocean Discovery Program) 

Core Repository at MARUM – Center for Marine Environmental Sciences, Bremen, supported 

by A. Wülbers. Sediment core GeoB5901-2 was sampled by myself and M. Weinelt in the 

GeoB Core Repository at MARUM – Center for Marine Environmental Sciences, Bremen, 

supported by J. Pätzold. I carried out the pre-treatment of all samples, partly with the help of 

student assistance, and the geochemical analysis of the n-alkanes and alkenones. I also 

measured and quantified the n-alkanes, while alkenones were measured by S. Koch under the 

direction of T. Blanz. I converted the alkenone raw data into SSTs. Planktonic foraminifera 

census data, sea surface temperature data based on SIMMAX transfer functions, and planktonic 

samples for Accelerator Mass Spectrometry (AMS) 14C dating and calculation of seasonal SSTs 

have been provided by M. Weinelt. Planktonic foraminiferal counts have been transferred to 

seasonal SSTs by E. Salgueiro. AMS 14C dating has been carried out under the direction of C. 

Hamann in the Leibniz Laboratory for Radiometric Dating and Stable Isotope Research, Kiel 

University.  

 

Chapter 6: Spatial patterns of temperature, precipitation, and settlement dynamics on the 

Iberian Peninsula during the Chalcolithic and the Bronze Age 

This chapter investigates spatial coherent patterns of seasonal and annual atmospheric 

temperature, SST, and precipitation variability on the Iberian Peninsula between 3000 and 6000 

cal. BP. It is based on a comprehensive literature survey and compilation of various paleo-

climatic archives including updated age models of the two main marine sediment cores of this 

thesis. This article was written by Julien Schirrmacher and co-authored by Jutta Kneisel, Daniel 

Knitter, Wolfgang Hamer, Martin Hinz, Ralph R. Schneider, and Mara Weinelt. It has been 

published in Quaternary Science Reviews (Quat. Sci. Rev.) on the 1st of April 2020 (doi: 

10.1016/j.quascirev.2020.106220). 

I wrote the manuscript of this article with contributions from all co-authors. The paleo-climatic 

compilation for this study was accomplished by myself and the resulting data was transformed, 

interpreted and displayed by myself as well. Planktonic foraminifera of ODP-161-976A and 
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GeoB5901-2 for AMS 14C dating were sampled by M. Weinelt and dated under the direction of 

C. Hamann at the Leibniz Laboratory for Radiometric Dating and Stable Isotope Research, Kiel 

University. The archaeological database for this study was compiled by myself, M. Hinz, and a 

student assistant. The methodological analysis of the archaeological data was done by myself 

with input from M. Hinz and I. Feeser. The spatial interpolation of paleo-climatic data was done 

by myself with important input by D. Knitter and W. Hamer, who did the main programming 

of the computer code. 

 

Chapter 7: Fossil leaf wax hydrogen isotopes reveal variability of North Atlantic climate 

forcing on the southeast Iberian Peninsula between 3000 to 6000 cal. BP 

This chapter provides new compound-specific hydrogen and carbon isotope data from sediment 

core ODP-161-976A and discusses the interaction of Atlantic and Mediterranean climate 

forcing. This article was written by Julien Schirrmacher, Nils Andersen, Ralph R. Schneider, 

and Mara Weinelt. When handing in this thesis, it was planned to submit this chapter to PlosOne 

in summer 2020. 

I wrote the manuscript of this article based on my own interpretation of the paleo-climatic data 

with discussion contributions from all co-authors. I did the n-alkane pre-treatment, analysis, 

and quantification, which form the basis for the isotope analysis. Compound-specific isotopes 

have been measured by K. Gramenz and P. Schindler under the direction of N. Andersen, who 

also did the quality control.  

 

Chapter 8: Conclusion and outlook 

This chapter summarises the main findings of this study based on the conclusions of the 

previous chapters and it further represents my personal perspectives on future research on the 

overall topic. In addition, potential research questions, which arose from this thesis are briefly 

discussed. 
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2 Introduction 

2.1 Mechanisms of climate variability in the Western Mediterranean 

Modern climate variability in the Western Mediterranean with regard to precipitation and air 

temperature change is related to various large-scale teleconnection patterns [Lionello, 2012]. 

Many of these atmospheric modes are interacting with each other and the surface ocean as well, 

resulting in a complex and dynamic system. For example, the North Atlantic Oscillation (NAO), 

which is considered the dominant mechanism driving winter precipitation variability in the 

Western Mediterranean [Hurrell, 1995], is closely coupled to the Arctic Oscillation – an 

atmospheric mode responsible for climate variability in the Arctic area [Thompson and 

Wallace, 1998]. Furthermore, the relationship between NAO and winter precipitation in the 

Western Mediterranean may be altered by different modes of the East Atlantic (EA) pattern 

[Comas-Bru et al., 2016; Hernández et al., 2015]. The EA pattern additionally influences winter 

air temperatures in the Western Mediterranean [Comas-Bru et al., 2016]. The NAO also exerts 

an influence on the Mediterranean Oscillation – a dipole pattern between the Western and 

Eastern Mediterranean [Maheras et al., 1999]. Another pattern influencing winter precipitation 

in the area, which is unrelated to the NAO, is the Scandinavian pattern with its centres of action 

close to the Scandinavian peninsula, the north-east Atlantic, and central Siberia [Bueh and 

Nakamura, 2007; Lionello, 2012].  

Precipitation variability during spring and autumn in the Western Mediterranean is considered 

to be coupled to the El Niño-Southern Oscillation (ENSO) [Mariotti et al., 2002; Mariotti et 

al., 2005]. Moreover, summer precipitation in the area is also coupled to the variability of the 

West African Summer Monsoon (WASM) [Alpert et al., 2006].  

Many of these interacting teleconnections had also an impact on climate variability during the 

Holocene period [Ausín et al., 2015; Sánchez-López et al., 2016; Wassenburg et al., 2016]. 

However, their influence, e.g. on Western Mediterranean climate, likely varied in relation to 

changing solar irradiation over the course of the Holocene [Patricola and Cook, 2007; Walczak 

et al., 2015]. In addition, major surface ocean cooling, expressed as ice-rafted debris (IRD) 

discharge events in the northern North Atlantic represented an additional driver of Western 

Mediterranean climate variability during the Holocene [Bond et al., 2001; Zielhofer et al., 

2019]. 
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2.1.1 The North Atlantic Oscillation 

The NAO is the dominant atmospheric mode responsible for modern winter climate in Europe 

[Barnston and Livezey, 1987; Hurrell, 1995; Trigo et al., 2002]. Due to its northward 

contraction, the NAO loses impact across Europe during summer [Barnston and Livezey, 1987]. 

The NAO index is calculated from the sea-level pressure (SLP) difference between the 

subtropical Azores High and the subpolar Icelandic Low. A positive NAO index (NAO+) refers 

to conditions when the SLP difference is larger than normal due to a higher SLP at the Azores 

High and a lower SLP at the Icelandic Low. Consequently, a negative NAO index (NAO⁻) 

resembles conditions when the SLP difference is smaller than normal because of lower SLP at 

the Azores High and higher SLP at the Icelandic Low (Fig 2.1).  

During NAO+ conditions the main Atlantic storm track is directed more towards northern 

Europe, whereas NAO⁻ conditions favour a southerly direction of the Atlantic storm tracks (Fig 

2.1) [Gaetani et al., 2011; Hurrell, 1995]. The Atlantic storm track is associated with high 

precipitation amounts [Gaetani et al., 2011; Hurrell, 1995; Zorita et al., 1992]. Consequently, 

NAO⁻ (NAO+) conditions are associated with above (below) normal winter precipitation in the 

Mediterranean (Fig 2.1) [Trigo et al., 2002]. This is particular true for the Iberian Peninsula 

located at the Atlantic façade [Fernández-González et al., 2012; Hernández et al., 2015; Trigo 

et al., 2004; Zorita et al., 1992]. Related to these changes in Atlantic storm track orientation 

and precipitation, the NAO is also impacting European river discharges [Shorthouse and Arnell, 

1997; Trigo et al., 2004], Saharan dust mobilization and transport [Moulin et al., 1997; Sabatier 

et al., 2020], as well as vegetation growth [Gouveia et al., 2008]. 

A correlation between the mode of the NAO and North Atlantic sea surface temperatures (SSTs) 

as well as European air temperatures during winter has also been proposed (Fig 2.1) [Hurrell, 

1995]. More precisely, it has been demonstrated that persistent NAO+ conditions are associated 

with slightly cooler winter SSTs across the North Atlantic between the equator and 30 °N as 

well as in the subpolar North Atlantic [Visbeck et al., 2003]. Moreover, under such conditions 

slightly higher SSTs are recorded along the Atlantic coasts of North America as well as for 

European marginal seas (e.g. the North Sea) [Visbeck et al., 2003]. Similarly, elevated winter 

air temperatures across northern and central Europe are associated with NAO+ conditions [Trigo 

et al., 2002]. For the Iberian Peninsula, Hernandez et al. [2015] showed a north – south gradient 

with warmer (cooler) winter air temperatures across northern (southern) Iberia during NAO+ 

(NAO⁻) conditions. These winter temperature patterns associated with a particular NAO mode 
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might be related to a northward shift of the heat-carrying Gulf Stream under NAO+ conditions 

[Joyce et al., 2000].  

 

 

Figure 2.1 Impact of the North Atlantic Oscillation mode on chosen climatic parameters. Left panel shows 

climatic conditions during an exemplary positive North Atlantic Oscillation mode (NAO+) in December 2015 

(NAO index = 2.24) and right panel shows the same during an exemplary negative North Atlantic Oscillation 

mode (NAO⁻) in October 2002 (NAO index = -2.28). From top to bottom: Monthly average sea-level pressure 

based on a 2.5° grid provided by the NCEP/NCAR Reanalysis Project. Black lines indicate 2 hPa isobars. 

Positions of the Icelandic Low (blue circles) and Azores High (red circles) as well as the orientation of the Atlantic 

storm track (blue arrows) are indicated. Strong (weak) pressure cells are indicate through bold (dotted) circles 

and a strong (weak) storm track is indicated through a thick (thin) arrow, respectively. Monthly precipitation 

anomaly with respect to 1979-2000 based on a 2.5° grid provided by the NOAA NCEP Climate Prediction Center. 

Monthly surface air temperature anomaly with respect to 1971-2000 based on a 2.0° grid provided by the NOAA 

NCEP Climate Prediction Center. Regions with no data are coloured in grey. Monthly sea surface temperature 

(SST) anomaly with respect to 1971-2000 based on a 1.0° grid provided by the OISST V2 database. 
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Accordingly, the NAO has a wide-ranging impact across the North Atlantic region and the 

European continent. Mechanisms driving its variability remain elusive, though [Hurrell et al., 

2003]. This is also because the NAO varies with no certain cyclicity. Large changes may occur 

at seasonal, annual, or decadal timescales [Hurrell and Deser, 2009; Hurrell et al., 2003]. 

Many Holocene paleo-climatic studies explain their data with NAO-like variability [e.g. Ausín 

et al., 2015; Magny et al., 2013; Zielhofer et al., 2019], but in fact NAO reconstructions are 

sparse. Probably, the most popular NAO reconstruction has been accomplished by Olsen et al. 

[2012] and extends back to 5200 cal. BP. Previously, a NAO reconstruction had been published 

for the last 950 years [Trouet et al., 2009]. Moreover, based on reconstructions of storminess 

[Goslin et al., 2018] or precipitation [Deininger et al., 2017; Wassenburg et al., 2016] in NAO 

sensitive areas, it has been accepted that the NAO was active at least since the Early Holocene.  

 

2.2 Study area 

The focus of this study is the Iberian Peninsula and its surrounding marginal seas, particularly 

the southern Iberian Peninsula as well as the Gulf of Cádiz and the Alboran Sea (Fig 2.2). The 

Iberian Peninsula comprises an area of about 596,740 km². The Mulhacén (3478 m) in the Sierra 

Nevada in south-east (SE) Iberia is the highest mountain of the peninsula. Two major river 

systems – the Guadiana and the Guadalquivir – are draining into the Gulf of Cádiz (Fig 2.2). 

While the Guadiana drains an area of approximately 68,000 km², the Guadalquivir drains an 

area of about 58,000 km². The Alboran Sea, instead, is just fed by small mountainous rivers.  

2.2.1 Modern climate and vegetation of the Iberian Peninsula 

The modern climate of the Iberian Peninsula is characterized by a large seasonality in 

atmospheric temperature and precipitation (Fig 2.3). The annual mean atmospheric temperature 

ranges between -1 and 20 °C [Fick and Hijmans, 2017]. Summer temperatures range between 

6 and 31 °C and winter temperatures vary between -5 and 14 °C [Fick and Hijmans, 2017]. A 

north-south temperature gradient is common, with generally higher atmospheric temperatures 

across the southern part of the Iberian Peninsula. 

Precipitation rather reveals a north-west (NW)-SE gradient, which is particularly evident in 

annual precipitation amount but also during the winter period (Fig 2.3). Generally, the northern 

and western Atlantic coasts experience more precipitation compared to the Mediterranean 
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Figure 2.2 Overview of the Iberian Peninsula. Top: Map showing the altitudinal range of the Iberian Peninsula 

and most important rivers, regions, and marine basins for this thesis. Bottom: Vegetation belts of the southern 

Iberian Peninsula are shown. These were calculated after [Loidi, 2017] based on 0.5° gridded climate data from 

WorldClim V2.0 [Fick and Hijmans, 2017]. 

 

coasts. Consequently, the annual precipitation varies between 170 mm/month in the NW and 

14 mm/month in the SE (Fig 2.3). This culminates in more than 2000 mm in the NW and only 

170 mm in the SE annually [Fick and Hijmans, 2017] and is dominated by winter precipitation 

in most regions of the Iberian Peninsula (Fig 2.3). Accordingly, the winter rainfall reveals a 

spatial pattern similar to that on an annual basis, with more than 1400 mm of total precipitation 

(240 mm/month) in the NW and 100 mm (17 mm/month) in the SE [Fick and Hijmans, 2017]. 
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The summer season is characterized by seasonal aridity, particularly in the southern and central 

Iberian Peninsula (Fig 2.3). Only along the northern coast, an average of up to 730 mm of total 

precipitation (122 mm/month) is registered. The southern part of the peninsula is experiencing 

significantly less precipitation averaging 9 mm/month from April to September [Fick and 

Hijmans, 2017]. 

While the temporal variability of overall precipitation on the Iberian Peninsula is mainly 

controlled by the NAO (see chapter 2.1.1 and Fig 2.1), the spatial distribution of precipitation 

on the Iberian Peninsula, on the other hand, is driven by the interaction of the Atlantic and 

Mediterranean atmospheric regimes with regions dominated by the Mediterranean regime 

experiencing significantly less precipitation. The scarce precipitation during the summer season 

is mainly driven by mesoscale synoptic patterns and local convective systems. These are 

responsible for short torrential rainfall events, which are particularly evident along the 

Mediterranean coast [Araguas-Araguas and Diaz Teijeiro, 2005].  

 

 

Figure 2.3 Climatology of the Iberian Peninsula. Top: Average annual (left), monthly winter (center), and 

summer precipitation (right) are shown. Bottom: Annual mean (left), winter (center), and summer (right) surface 

air temperatures are displayed. The data reflects averages of the period 1970-2000 on a 0.5° spatial resolution. 

Climatological data has been provided by WorldClim V2.0 [Fick and Hijmans, 2017].  

 

The spatial distribution of temperature and precipitation is further associated with altitude and 

elevated mountain ranges, such as the Sierra Nevada and the Pyrenees, typically experiencing 

cooler and wetter conditions compared to the lowlands (Fig 2.3). Altogether, these three 

parameters (altitude, atmospheric temperature, and precipitation) define certain bioclimatic 

zones and, thus, control the natural distribution of plant taxa [Loidi, 2017]. These bioclimatic 

zones are associates with certain vegetation belts at the southern Iberian Peninsula (Fig 2.2) and 

are termed: Thermomediterranean (0 – 600/700 m), Mesomediterranean (600/700 – 



Introduction 

 

 

18 

1300/1400 m), Supramediterranean (1300/1400 – 1800 m), Oromediterranean (1800 – 2800 

m), and Crioromediterranean (above 2800 m). Generally, the natural vegetation of the low 

altitude Thermo- and Mesomediterranean bioclimatic zones are dominated by a shrubby 

vegetation (Fabaceae, Cistaceae, Pistaceae, and Olea). Trees have a patchy distribution with 

the main trees being evergreen Quercus species and Juniperus. The density of trees increases 

in the Supramediterranean zone with deciduous Quercus and Pinus as the dominant species. 

Tree density reaches its maximum in the Oromediterranean zone, which is dominated by Pinus.  

Juniperus is also present in both bioclimatic zones. In the African mountains bordering the 

Alboran Sea the Oromediterranean is further characterized by Cedrus woods. The 

Crioromediterranean zone lies above the tree line and is, consequently, dominated by a steppe-

like vegetation made up of Poaceae and other associated species.  

2.2.2 Modern surface oceanography in the Gulf of Cádiz and the Alboran Sea 

The overall circulation pattern south of the Iberian Peninsula is characterized by the surface 

inflow of Atlantic water masses from the North Atlantic into the Mediterranean Sea through 

the Strait of Gibraltar (Fig 2.4). The average annual mean SSTs in the entire region vary 

between 16 and 20 °C with cooler SSTs of below 17 °C at the western Atlantic coast and the 

north-western Alboran Sea [Locarnini et al., 2019]. 

However, this general circulation pattern is highly dynamic on a seasonal scale with the most 

prominent features being the cold water tongues along the western Atlantic coast and in the 

north-western Alboran Sea (Fig 2.4) [Locarnini et al., 2019]. These features are more dominant 

during the summer season, when summer SSTs are below 19 °C in both oceanic regions 

[Locarnini et al., 2019]. During summer, the cold water tongue at the western Atlantic coast is 

associated with upwelling conditions favoured by the southward flowing Portugal Current (PC) 

[Haynes et al., 1993; Peliz et al., 2002]. These cool water masses occasionally also reach into 

the Gulf of Cádiz, where summer SSTs normally range between 21 and 22 °C [Haynes et al., 

1993; Locarnini et al., 2019]. Also, a branch of the PC flows along the coast of the Gulf of 

Cádiz promoting two small-scale cyclonic gyres during summer [García-Lafuente et al., 2006]. 

Parts of the PC further entrain the Alboran Sea through the Strait of Gibraltar (Fig 2.4). Here, 

water masses reach the Western Alboran Gyre (WAG) – a persistent anti-cyclonic circulation 

[Peliz et al., 2013; Sarhan et al., 2000]. The gyre circulation promotes year-round upwelling at 

the northern rim of the WAG [Sarhan et al., 2000] responsible for the lowered SSTs of less 

than 20 °C (Fig 2.4) [Locarnini et al., 2019]. During summer, the Atlantic water masses further 

entrain the East Alboran Gyre (EAG) and, subsequently, flow along the northern African coast 
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into the Mediterranean Sea (Fig 2.4) [Peliz et al., 2013; Sotillo et al., 2016]. On this route, 

summer SSTs progressively increase from 21 to 25 °C (Fig 2.4) [Locarnini et al., 2019]. 

 

 

Figure 2.4 Oceanography of the Gulf of Cádiz and the Alboran Sea. The coloured shadings display the annual 

(top), winter (center), and summer (bottom) sea surface temperatures (SSTs). SST data was provided by the World 

Ocean Atlas 18 [Locarnini et al., 2019] and represents averages of the period between 1981-2010 on a 0.25° 

spatial resolution. Seasonal ocean currents have been adopted from Criado-Aldeanueva et al. [2009], Garcia-

Lafuente et al. [2006], Peliz et al. [2005], [2013], and Sotillo et al. [2016]. AzC – Azores Current; EAG – East 

Alboran Gyre; IPC – Iberian Poleward Current; PC – Portugal Current; WAG – West Alboran Gyre. 

 

Apart from the WAG this circulation pattern changes considerably during the winter period 

(Fig 2.4). Water masses at the western Atlantic coast are directed northwards with the Iberian 
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Poleward Current (IPC). In this scenario, the Gulf of Cádiz is influenced by a branch of the 

relatively warm (above 15 °C) Azores Current (AzC), which also enters the Alboran Sea 

[Criado-Aldeanueva et al., 2009; Locarnini et al., 2019; Peliz et al., 2005]. After leaving the 

WAG, the Atlantic water masses flow along the southern Iberian coast into the Mediterranean 

Sea, because circulation within the EAG is limited during winter [Peliz et al., 2013]. In contrast 

to the west-east SST gradient during summer, a north-south SST gradient from 14 to 17 °C is 

evident in the Alboran Sea during the winter period (Fig. 2.4) [Locarnini et al., 2019]. 

2.2.3 Holocene climatic evolution and the 4.2 ka BP event 

The Holocene period started at 11,700 cal. BP and reveals coherent trends across the northern 

hemisphere [Leduc et al., 2010; Lorenz et al., 2006; Marsicek et al., 2018; Wanner et al., 2015]. 

Generally, a warming trend during the Early Holocene (8200 – 11,700 cal. BP) leads into the 

Holocene Thermal Maximum (HTM) [Marcott et al., 2013; Renssen et al., 2012]. On the 

Iberian Peninsula the HTM is associated with warm and wet conditions favouring the maximum 

extension of the forest cover between 7600 and 9500 cal. BP (Fig 2.5) [Jalut et al., 2009; 

Ramos-Román et al., 2018b]. In relation to altered surface circulation in the North Atlantic and 

increased surface mixing the Mediterranean [Cacho et al., 2002; Repschläger et al., 2017], also 

SSTs in the Western Mediterranean have been relatively warm during this period [Català et al., 

2019]. Afterwards, during the Middle Holocene (4200 – 8200 cal. BP), a general cooling trend 

until the present pre-industrial period is observed [Cacho et al., 2001; Martrat et al., 2014]. 

Oceanic cooling is also related to an increased inflow of cooler Atlantic water masses into the 

Mediterranean Sea, increased water mass mixing, and the subsequent intensification of deep 

water formation in the Gulf of Lions [Català et al., 2019; Frigola et al., 2008]. In relation to 

the intensification of the oceanic circulation, at around 7700 cal. BP also the WAG established 

[Ausín et al., 2015].  

On the Iberian Peninsula this overall cooling trend coincides with aridification (Fig 2.5) 

[Fletcher and Sánchez Goñi, 2008; Peyron et al., 2017; Ramos-Román et al., 2018b]. The 

aridification trend becomes particularly apparent across the southern Iberian Peninsula after 

5500 cal. BP [Jalut et al., 2009; Jiménez-Moreno et al., 2015]. At that time (between ca. 5000 

and 7000 cal. BP) also the Mediterranean climate established, characterized by mild, humid 

winters and hot, dry summers at the Iberian Peninsula [Pérez-Obiol et al., 2011]. Altogether, 

these trends (Fig 2.5) were likely driven by decreasing summer insolation [e.g. Rimbu et al., 

2003], which mimics the southward movement of the Intertropical Convergence Zone (ITCZ) 

[Cacho et al., 2001; Peyron et al., 2017; Ramos-Román et al., 2018b]. Due to the displacement 
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of the ITCZ also the wind systems and associated precipitation moved southward and, thus, 

were responsible for the end of the African Humid Period (AHP) in the Sahara and increasing 

aridity in the Mediterranean region including the Iberian Peninsula [deMenocal et al., 2000; 

Fletcher and Sánchez Goñi, 2008].  

 

 

Figure 2.5 Holocene climate developments. From top to bottom: Mediterranean forest percentages in sediment 

core MD95-2043 from the Alboran Sea [Fletcher and Sánchez Goñi, 2008], summer insolation (21st June) at 40°N 

[Laskar et al., 2004], alkenone-deduced sea surface temperature (SST) record from MD95-2043 [Cacho et al., 

2001] and associated six Alboran Sea cold events (ACs) during the Holocene, stacked hematite-stained grains 

(HSG) from North Atlantic sediment cores [Bond et al., 2001] displaying the eight well-known periods of enhanced 

ice-rafted debris (IRD) discharge also known as Bond Events. The green bar indicates the period of the Holocene 

Thermal Maximum (HTM) on the Iberian Peninsula. The brown bar highlights the period of the 4.2 ka BP event. 

 

These overall trends are superimposed by abrupt short-term cooling and/or drying events on the 

northern hemisphere [Mayewski et al., 2004; Wanner et al., 2011] as well as on the Iberian 

Peninsula [Jalut et al., 2009; Ramos-Román et al., 2018b]. Many of these events are associated 

with increased IRD discharge to the North Atlantic from the northern hemisphere ice sheets – 
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the so-called Bond Events (Fig 2.5) [Bond et al., 2001]. On the Iberian Peninsula some of the 

Bond Events are associated with cool and dry conditions (Fig 2.5) [Ramos-Román et al., 

2018b]. Similarly, a cooling during some Bond Events is noted in the Gulf of Cádiz and the 

Alboran Sea (Fig 2.5) [Cacho et al., 2001]. 

Another particular climate event, which coincides roughly with Bond Event 3, is the 4.2 ka BP 

event, which is noted as a marked dry phase across much of the Mediterranean between 3800 

and 4400 cal. BP [Cheng et al., 2015; Ruan et al., 2016; Zanchetta et al., 2016]. On the Iberian 

Peninsula the spatio-temporal manifestation of the 4.2 ka BP event remains less clear [Weinelt 

et al., 2015]. In northern Iberia, for example, a cessation of speleothem growth in multiple caves 

at around 4100 cal. BP points to regional dry conditions [Stoll et al., 2013]. Contrastingly, wet 

conditions at that time were reported from Cova da Arcoia [Railsback et al., 2011] and 

maximum forest development is indicated at Lake Sanabria [Jambrina-Enríquez et al., 2016]. 

Similarly, contrasting evidence also emerges at the southern Iberian Peninsula. Abrupt dry 

conditions are reported from some pollen data associated with the 4.2 ka BP event [Burjachs 

and Expósito, 2015; Ramos-Román et al., 2018a]. Instead, only a very brief dry event during 

rather stable humid conditions is indicated by records from Lake Medina [Schröder et al., 2018] 

and El Refugio Cave [Walczak et al., 2015]. Moreover, wet conditions during the 4.2 ka BP 

event are reported from the Alboran Sea (Fig 2.5) [Fletcher and Sánchez Goñi, 2008] and 

northern Moroccan archives [Ait Brahim et al., 2019; Wassenburg et al., 2016; Zielhofer et al., 

2019]. Accordingly, also potential driving mechanisms of the hemispheric or even global 

climatic anomaly remain elusive [Bini et al., 2019].  
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3 Materials and methods 

3.1 Sediment cores and sampling 

Paleo-climatological analyses during this thesis have been focused on two marine sediment 

cores: GeoB5901-2 from the Gulf of Cádiz (36°22.80´ N, 7°04.28´ W) and ODP-161-976A 

from the Alboran Sea (36°12.32´ N, 4°18.76´ W) (Fig 3.1).  

 

 

Figure 3.1 Core locations. The core locations of GeoB5901-2 (blue star) and ODP-161-976A (red star) are 

indicated. Also, river catchments of the Guadiana (light blue shading), the Guadalquivir (blue shading), and 

catchments of various smaller rivers from the southern Sierra Nevada (red shading) are shown. Bathymetric data 

was obtained from the GEBCO bathymetric database [GEBCO Bathymetric Compilation Group, 2019]. 

 

Sediment core GeoB5901-2 was retrieved from 574 m water depth during METEOR cruise 

M45 in 1999 [Schott et al., 2000]. The recovery of the sediment core, containing undisturbed 

hemipelagic mud, was 3.26 m. The upper 1.50 m have been sampled at the GeoB Core 

Repository at MARUM, Bremen (Germany). Here, the upper 50 cm were sampled at 0.5 cm 

resolution, whereas the lower part down to 150 cm has been sampled on 1.0 cm resolution. Each 

sample was split into two separate parts for geochemical and planktonic foraminiferal analysis. 

Subsamples used for geochemical analysis have been freeze-dried at the Institute of 

Geosciences, Kiel University (Germany).  

Sediment core ODP-161-976A was retrieved from 1108 m water depth during JOIDES 

RESOLUTION cruise Leg 161 in 1995 [Comas et al., 1996]. The total recovery was 5.92 m. 

For this thesis the section between 100.0 and 149.0 cm have been continuously sampled at 0.5 

cm resolution at the IODP Core Repository at MARUM, Bremen (Germany). Again, 
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subsamples used for geochemical analysis have been freeze-dried at the Institute of 

Geosciences, Kiel University (Germany). The analysed section consists of clayey and silty 

sediments. These appear slightly bioturbated, but no major depositional event (e.g. turbidite) or 

hiatus has been recognized. 

 

3.2 Radiocarbon dating and age model 

3.2.1 Radiocarbon dating 

In order to improve and refine already existing age models for sediment core GeoB5901-2 [Kim 

et al., 2004] and ODP-161-976A [Combourieu Nebout et al., 2002], additional AMS 

(Accelerated Mass Spectrometry) 14C dating was carried out on both sediment cores (Tab 3.1). 

All samples (including the existing ones) have been dated at the Leibniz Laboratory for 

Radiometric Dating and Stable Isotope Research at Kiel University (Germany). 

Planktonic foraminifera for radiocarbon dating have been sampled by M. Weinelt. Each sample 

contained between 150 and 300 specimens of either Globigerinoides ruber (white and pink 

morphotypes) or Globigerina bulloides. Only specimens larger than 150 µm have been 

sampled. For sediment core GeoB5901-2 13 new samples have been radiocarbon dated. 

Altogether, the final age model is based on 19 radiocarbon dates during the last 8000 years 

including already existing ones from Kim et al. [2004] (Tab 3.1). No newly dated sample had 

to be rejected due to an age reversal. For sediment core ODP-161-976A 11 new radiocarbon 

dates have been accomplished. Since one sample at 100.25 cm had be to rejected due to an age 

reversal, the final age model for the last 8000 years is based on overall 13 age control points 

including the ones from Combourieu Nebout et al. [2002] (Tab 3.1). 

Usually, the preferred species for radiometric dating was G. ruber (w+p) since it lives in the 

upper 10 m of the water column [Lombard et al., 2011] and, thus, is hardly affected by 

intermediate or deep water masses containing aged carbon [Hall et al., 2010; Skinner et al., 

2017]. The quality of radiocarbon dates from this species is validated by the good alinement 

with previous dates by Kim et al. [2004], which are based on a mix of planktonic foraminiferal 

species (Fig 3.2). But, for sediment core ODP-161-976A a big shift of about 700 years 

compared to the previous age model of Combourieu Nebout et al. [2002] was noticed. 

Planktonic foraminiferal samples dated by Combourieu Nebout et al. [2002] consists 

exclusively of G. bulloides. In order to validate the new radiocarbon dates based on G. ruber 

(w+p), additional samples containing G. bulloides from the same depth levels (120.25 and 
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132.75 cm) or similar depth levels (116.25 cm) have been radiocarbon dated. Overall, the 

radiocarbon dates of G. bulloides samples verified the previous dates based on G. ruber (w+p) 

(Tab 3.1).  

 

Table 3.1 Results of the radiocarbon dating. 

lab ID 
depth 

(cm) 
material 

radiocarbon age 

(yrs BP) 
error 

(yrs) 
reference 

GeoB5901-2 
KIA-14522 2.00 planktonic mix 1840 ±35 Kim et al. [2004] 

KIA-53006 8.25 G. ruber (w+p) 2485 ±25 Schirrmacher et al. [2019] 

KIA-54011 9.25 G. ruber (w+p) 2833 ±26 Schirrmacher et al. [2020] 

KIA-53005 12.25 G. ruber (w+p) 3185 ±27 Schirrmacher et al. [2019] 
KIA-53002 14.75 G. ruber (w+p) 3545 ±26 Schirrmacher et al. [2019] 
KIA-14521 16.00 planktonic mix 3685 ±35 Kim et al. [2004] 

KIA-53003 16.75 G. ruber (w+p) 3789 ±27 Schirrmacher et al. [2019] 
KIA-53004 18.25 G. ruber (w+p) 3852 ±27 Schirrmacher et al. [2019] 
KIA-54012 20.75 G. ruber (w+p) 4138 ±29 Schirrmacher et al. [2020] 

KIA-54013 21.25 G. ruber (w+p) 4225 ±28 Schirrmacher et al. [2020] 

KIA-54014 21.75 G. ruber (w+p) 4384 ±28 Schirrmacher et al. [2020] 

KIA-14520 24.00 planktonic mix 4500 ±40 Kim et al. [2004] 

KIA-52665 26.25 G. ruber (w+p) 4820 ±35 Schirrmacher et al. [2019] 

KIA-14518 30.00 planktonic mix 5035 ±40 Kim et al. [2004] 

KIA-52666 30.75 G. ruber (w+p) 5130 ±40 Schirrmacher et al. [2019] 

KIA-54015 31.25 G. ruber (w+p) 5139 ±29 Schirrmacher et al. [2020] 

KIA-54016 49.75 G. ruber (w+p) 5680 ±35 Schirrmacher et al. [2020] 

KIA-14516 90.00 planktonic mix 7035 ±55 Kim et al. [2004] 
KIA-13704 120.00 planktonic mix 7495 ±50 Kim et al. [2004] 

ODP-161-976A 
KIA-6435 61.00 G. bulloides 1710 ±40 Combourieu Nebout et al. [2002] 

KIA-54017* 100.25 G. ruber (w+p) 3930 ±40 Schirrmacher et al. [2020] 

KIA-6436 103.00 G. bulloides 3235 ±30 Combourieu Nebout et al. [2002] 

KIA-54210 108.75 G. ruber (w+p) 3590 ±35 Schirrmacher et al. [2020] 

KIA-54211 110.25 G. ruber w + p 3680 ±30 Schirrmacher et al. [2020] 

KIA-53326 116.25 G. bulloides 4435 ±35 Schirrmacher et al. [2019] 

KIA-54018 116.75 G. ruber (w+p) 4565 ±35 Schirrmacher et al. [2020] 

KIA-53235 120.25 G. ruber (w+p) 4435 ±30 Schirrmacher et al. [2019] 
KIA-53327 120.25 G. bulloides 4480 ±40 Schirrmacher et al. [2019] 
KIA-53236 124.75 G. ruber (w+p) 4435 ±35 Schirrmacher et al. [2019] 
KIA-53234 132.75 G. ruber (w+p) 4650 ±35 Schirrmacher et al. [2019] 
KIA-53325 132.75 G. bulloides 4700 ±50 Schirrmacher et al. [2019] 
KIA-54019 148.25 G. ruber (w+p) 5350 ±55 Schirrmacher et al. [2020] 

KIA-6437 214.00 G. bulloides 7010 ±50 Combourieu Nebout et al. [2002] 

* date not considered for the final age model due to an age reversal 

 

3.2.2 Age models 

The final age models of both sediment cores (Fig 3.2) have been calculated using the Bacon 

package [Blaauw and Christen, 2011] in the R programming language [R Core Team, 2019]. 

All radiocarbon dates have been calibrated using the marine calibration curve (Marine13) 

[Reimer et al., 2013] including the global average reservoir effect of 400 years. No local 

reservoir effect (ΔR) has been considered. For both sediment cores the default settings have 
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been used with the exception of the mean assumed accumulation rate (acc.mean), which has 

been set to 50 yrs/cm. Furthermore, a “boundary” at 30 cm depth was assumed for GeoB5901-

2, since the accumulation rate changes significantly at this depth (Fig 3.2). 

According to the final age model, the sedimentation rate of GeoB5901-2 varies between 2.7 

and 41.7 cm/kyr with an average of 13.5 cm/kyr. Sedimentation rate in ODP-161-976A is on 

average 28.0 cm/kyr and varies between 4.5 and 62.5 cm/kyr. Thus, the average temporal 

resolution of the analysed sections of GeoB5901-2 and ODP-161-976A are 75 and 30 years per 

sample, respectively. 

 

 

Figure 3.2 Age models. The final age models of sediment cores GeoB5901-2 (left) and ODP-161-976A (right) of 

the last 8000 cal. BP are shown. Blue and red shaded areas display the probability (0.95) of each age model. 

Black squares denote the age control points. The cross marks the rejected age control point of ODP-161-976A. 

Dotted lines encompass the sections analysed with geochemical methods during this thesis. 

 

3.3 n-alkane biomarkers 

3.3.1 Introduction 

n-Alkanes are saturated hydrocarbons of varying chain length, part of which are synthesized as 

leaf waxes by higher terrestrial plants including grasses, shrubs, and trees in order to protect 

themselves against water loss due to transpiration [Eglinton and Hamilton, 1967]. Biogenic n-

alkane distributions show a strong odd over even dominance [Eglinton and Hamilton, 1967]. 

Higher terrestrial plants typically synthesize long-chain n-alkanes of more than 25 carbon atoms 

(n-C27 – n-C35) and, thus, can be discriminated from submerged aquatic macrophytes (n-C23 – 
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n-C25) and algae (n-C17 – n-C21) [Castañeda and Schouten, 2011; Cranwell et al., 1987; Ficken 

et al., 2000].  

The n-alkanes from higher terrestrial plants can be either eroded by wind directly from the leaf 

surface or they are deposited in the soils [Rogge et al., 1993]. Subsequently, n-alkanes are 

removed from the atmosphere or eroded from the soils by precipitation and are further 

transported by rivers into the marine environment [Eglinton and Eglinton, 2008; Nelson et al., 

2018; Schreuder et al., 2018]. Once deposited in the sediments, n-alkanes are preserved on 

geological time scales [Logan et al., 1995]. 

Due to the known processes of n-alkane formation and transport, sedimentary n-alkanes contain 

various paleo-environmental information [Diefendorf and Freimuth, 2017]. For example, 

within the higher terrestrial plants it can be discriminated between trees dominantly 

synthesizing n-alkane homologues with 29 and 31 carbon atoms (n-C29 and n-C31) and grasses 

typically dominated by the n-C33 homologue [Bush and McInerney, 2013; Diefendorf and 

Freimuth, 2017]. However, the amount of synthesized n-alkanes varies across plant functional 

types, but also across individual species. Generally, gymnosperms (e.g. Pinus) synthesize lower 

amounts of n-alkanes compared to angiosperms [Bush and McInerney, 2013; Diefendorf and 

Freimuth, 2017]. 

Nevertheless, the total amount of terrestrial sourced n-alkanes can provide qualitative 

information on the terrestrial input [e.g. Cortina et al., 2016; Jalali et al., 2016]. Moreover, 

molecular ratios such as the Average Chain Length (ACL) can be used to discriminate between 

plant functional types [Herrmann et al., 2016; Vogts et al., 2009] or as temperature/ humidity 

proxy [Eley and Hren, 2018; Leider et al., 2013]. 

Further paleo-environmental information is provided by compound-specific carbon (δ13C) and 

hydrogen isotopic (δD) analysis of individual n-alkane homologues. Whereas, δ13C data allows 

to differentiate between C3 and C4 plant functional types [Diefendorf and Freimuth, 2017], the 

δD signal gives information on hydrological parameters such as precipitation source, the 

amount of precipitation, and atmospheric temperature [Sachse et al., 2012; Wirth and Sessions, 

2016].  

3.3.2 Extraction and quantification of n-alkanes 

An illustrative overview of the analytical procedure is depicted in Figure 3.3. During the entire 

analytical work, all pipettes were rinsed three times with the respective solvent. Lipids were 

extracted from freeze-dried and finely ground sediment samples with an accelerated solvent 
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extractor (ASE-200, Dionex) using a 9:1 (v/v) mixture of dichloromethane (DCM) and 

methanol as solvent. Prior to extraction each extraction cell was filled with maximum 3 g of the 

sediment sample on top of silica. Finally, the cell was filled with silica until the top. The ASE-

200 system was operated at a pressure of 100 bar and a temperature of 100 °C. After preheating 

the extraction cell for 2 minutes, the solvent was pumped into the cell and heated for 5 minutes. 

Afterwards pressure and temperature conditions were kept stable for another 5 minutes. 

Subsequently, the cell was flushed with 8 ml of the solvent. These steps were repeated once 

more. Finally, the cell was purged with N2 gas for 90 s. After extraction, the sample was dried 

by rotary evaporation and stored in the freezer.  

 

 

Figure 3.3 Workflow scheme. Overview of the analytical procedure during geochemical analysis. 
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Due to the overall low n-alkane concentrations within the sediment samples, all sample material 

was extracted. For GeoB5901-2 the total sample weight varies between 4.049 and 26.559 g, 

while ODP-161-976A samples range between 2.495 and 9.144 g (see Appendix). Because of 

the 3 g limit of the extraction cell, this results in up to 9 sub-samples, which were united prior 

to the de-sulfurization. To remove elemental sulfur from the samples, 2g of copper chips were 

activated with 15 ml of hydrochloric acid (HCl) (30% concentrated). These were stirred for 5 

minutes using a Promax2020. Afterwards, the copper chips were neutralized using ten times 5 

ml of destilled water, four times 5 ml of methanol, and five times 5 ml of DCM. Subsequently, 

each evaporated sample was rinsed into the activated copper using 10 ml DCM. Again, samples 

were stirred for 30 minutes on the Promax2020. Finally, the samples were moved into a separate 

vial and the solvent was removed by rotary evaporation.  

In order to extract the n-alkanes from the de-sulfured sample, column chromatography was 

applied. The column was filled with 550 ng of activated silica gel (4 h at 450 °C) with a mesh 

size of 140 to 230. n-Alkanes were extracted by rinsing the sample vial with 10 ml of hexane 

onto the column. Afterwards, the samples were additionally given onto another column filled 

with 0.4 g of silver-nitrate (AgNO3) impregnated silica gel (230 mesh) in order to remove 

aromatic and double-bonded compounds. Finally, the n-alkane containing sample was dried via 

rotary evaporation. 

Before the measurement, the sample was rinsed with 100 µl hexane into a vial used for gas 

chromatography (GC) and kept at room temperature for 24 hours for homogenisation. n-

Alkanes were analysed using an Agilent 6890N gas chromatograph equipped with a 

programmed temperature vaporizer (PTV) injector, a Restek XTI-5 capillary column (30 m x 

320 µm x 0.25 µm) and a flame ionization detector (FID) at the Institute of Geosciences, Kiel 

University (Germany). The gas flow (helium) was held constant at 2.7 ml per minute. The PTV 

injector operated in splitless mode and rapidly heated from 70 °C to 330 °C. The GC oven 

temperature was increased by 10 °C per minute starting at 50 °C until 300 °C, which was kept 

for 10 minutes. Subsequently, the oven was heated up to 330 °C within a minute and, again, 

kept stable for another 10 minutes. Following this procedure, every sample was analysed 3 

times.  

Identification of the individual n-alkane homologues was based on their retention times by 

comparing with an internal standard containing eight n-alkane homologues (n-C18, n-C20, n-C24, 

n-C28, n-C32, n-C36, n-C38, and n-C40) of known concentration. Based on a peak area/ 
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concentration calibration of the internal standard, the n-alkane concentrations of the samples 

were calculated. 

3.3.3 Calculation of molecular proxies 

In order to get n-alkane-based proxies sensitive to paleo-ecological and paleo-climatological 

changes, widely accepted concentrations and ratios of specific n-alkane homologues have been 

calculated. Relative changes of the input of terrestrial material into the marine realm can be 

investigated through the sum of long-chain n-alkanes of terrestrial source [e.g. Cortina et al., 

2016; Jalali et al., 2016]. Here, the total concentration of chosen odd-numbered long-chain n-

alkane homologues have been calculated after: 

 n-C27-33 (ng/ g sediment) = n-C27 + n-C29 + n-C31 + n-C33    (1) 

with n-Cx being the concentration of each n-alkane homologue in ng per g sediment. The mean 

analytical error (2σ) is 7.0 ng per g sediment based on replicate analysis. 

Instead of calculating an ACL of the samples, the chain length distribution was evaluated with 

the Norm33 ratio [e.g. Herrmann et al., 2016] after:  

 Norm33 = n-C33 / (n-C29 + n-C33)       (2) 

with n-Cx being the peak area of the respective n-alkane homologue in the chromatogram. The 

mean analytical error (2σ) is 0.004 based on replicate analysis. This ratio has proven to be a 

more sensitive parameter to vegetation change concerning tree and grass distribution or plant 

water stress [García-Alix et al., 2017]. 

3.3.4 Compound-specific hydrogen and carbon isotopic analysis 

Following the n-alkane quantification, δ13C and δD isotopes of selected odd-numbered long-

chain n-alkanes (n-C29, n-C31, and n-C33) have been analysed by gas chromatography – isotope 

ratio mass spectrometry (GC-IRMS) (Fig 3.3). Analysis were carried out at the Leibniz 

Laboratory for Radiometric Dating and Stable Isotope Research, Kiel University (Germany). 

The analytical setup consisted of an Agilent 6890 GC equipped with a Gerstel KAS 4 PTV 

injector and an Agilent DB-5 capillary column (30 m x 250 µm x 0.25 µm). This system was 

coupled to Thermo Scientific MAT 253 IRMS via a combustion interface and a pyrolysis oven. 

Depending on the n-alkane concentration, between 5 and 30 µl of each sample has been injected 

2-4 times. The PTV injector was operated in split mode with solvent venting and its temperature 

increased from 30 °C rapidly to 600 °C. The gas flow (helium) was held constant at 2.0 ml per 

minute. The GC oven increased from 50 °C to 180 °C at 40 °C per minute, then to 300 °C at 
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20 °C per minute, and finally to 320 °C at 10 °C per minute where it was held constant for 15 

minutes. The pyrolysis oven was operated at 1450 °C and the combustion unit at 940 °C, 

respectively. The δD and δ13C values are reported relative to Vienna Standard Mean Ocean 

Water (‰ VSMOW) and Vienna Pee Dee Belemnite (‰ VPDB) scales, respectively. Long-

term measurements of internal n-alkane standards yielded an analytical precision of ±3.0 ‰ for 

δD and ±0.3 ‰ for δ13C. 

 

3.4 Alkenone biomarkers 

3.4.1 Introduction 

Alkenones are long-chain methyl ketones with 37 carbon atoms with a varying number of 

double-bonds, which are produced by haptophytic algae (Fig 3.4). The most abundant and 

distributed haptophytic algae in the marine realm, and thus the main alkenone producer, is the 

coccolithophore Emiliania huxleyi (Fig 3.4). E. huxleyi and other less abundant species live 

within the mixed layer near the sea surface [Herbert, 2014; Kucera, 2009]. In the Western 

Mediterranean, the highest density of coccolithophores is observed within the upper 50 m of 

the water column [Oviedo et al., 2015]. Nonetheless, it has been shown that coccolithophores 

produce alkenones generally near the sea surface at 5 m depth [Hamanaka et al., 2000]. 

 

 

Figure 3.4 Alkenone producing coccolithophore. On the left, a scanning electron micrograph of the species 

Emiliania huxleyi is shown. On the right, the three alkenone homologues are displayed. The picture was taken 

from Kucera [2009]. 

 

Alkenones typically record a variety of paleo-environmental information. Since alkenones are 

produced constantly at high abundances by marine haptophytic algae, the most obvious paleo-

environmental information they contain is a record of marine primary productivity (MPP) 

[Prahl et al., 1988]. The more alkenones are produced, the more coccolithophores have been 



Materials and methods 

 

 

39 

present indicative of elevated MPP. But the most widespread application in paleo-climatology 

is the use of alkenones as paleo-thermometry of sea surface temperatures (SSTs) [e.g. Cacho et 

al., 2001; Jalali et al., 2016; Martrat et al., 2007]. This application is based on the fact that the 

amount of alkenones with two double bonds (C37:2) increases with increasing temperatures in 

relation to the homologues with three (C37:3) or four double-bonds (C37:4) and vice versa [Prahl 

et al., 1988]. Based on this relationship, a number of SST calibrations emerged (see chapter 

3.4.3). Related to the SST relationship of the alkenones, the C37:4 homologue is usually restricted 

to cold polar waters [Rosell-Melé et al., 1994]. In those regions, the amount of the C37:4 

homologue is also considered to record changes in sea surface salinity [Chivall et al., 2014; 

Rosell-Melé, 1998].  

3.4.2 Extraction and quantification of alkenones 

The alkenones have been extracted parallel to the n-alkanes (described in chapter 3.3.2). Thus, 

the pre-treatment, liquid extraction with the accelerated solvent extractor, and the de-

sulfurization was the same (Fig 3.3). After separating the n-alkanes with hexane during column 

chromatography, the alkenones were extracted into a separate vial using 10 ml of DCM. After 

drying the samples by rotary evaporation, the samples were diluted in 200 to 1500 µl DCM 

depending on the initial sample weight. Alkenones have subsequently been measured by multi-

dimensional double gas column chromatography (MD-GC). The setup consisted of two Agilent 

6890 GC systems, each one equipped with a FID and connected via a transfer line. The first GC 

was equipped with a Restek RXT-1 column and the second GC system with a Restek RTX-200 

column. Both GCs were operated at different temperature programs. At the first one, 

temperatures increased at 15 °C per minute from 100 to 330 °C. The second oven increases its 

temperature stepwise from 0 to 100 °C, then to 210 °C at 15 °C per minute, where the 

temperature was kept stable for 10 minutes. Subsequently, the temperature increased by 5 °C 

per minute to 290 °C, where it was maintained again for 5 minutes. Finally, the temperature 

was increased to 330 °C. The part of the sample containing the alkenones was identified through 

the retention time and was then passed through a Dean Switch system into the second GC 

system. Quantification of the alkenone homologues was achieved through comparison of the 

peak areas in the chromatogram with internal standards (cholestane and hexatriacontane). 

3.4.3 Calculation of paleo-environmental proxies 

In order to analyse changes in MPP, the sum of the concentration of the individual compounds 

(C37:2 and C37:3) has been calculated after: 
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 ∑C37 (ng/ g sediment) = C37:2 conc + C37:3 conc      (3) 

with C37:x conc being the concentration of the respective alkenone homologue. The C37:4 alkenone 

homologue has not been observed in the studied samples. Based on replicate analysis the mean 

analytical error (2σ) is 6.9 ng per g sediment. 

 

 

Figure 3.5 Sea surface temperature calibrations. Chosen SST calibrations applied to alkenone data from 

sediment core GeoB5901-2 in the Gulf of Cádiz (left) and ODP-161-976A in the Alboran Sea (right). Red hatched 

areas indicate the modern mean summer SST in the respective oceanic basin, while green hatched areas display 

the modern mean annual SST. Black circles show the chosen global core-top calibration [Müller et al., 1998], 

grey crosses show Mediterranean sediment trap calibration [Ternois et al., 1997], grey squares indicate global 

surface water calibration [Conte et al., 2006], and grey triangles show a calibration based on cultures of E. 

huxleyi [Prahl et al., 1988]. 

 

The SST of alkenone samples is typically studied through a relationship of the individual 

homologues. In this thesis the alkenone unsaturation index proposed by Prahl and Wakeham 

[1987] was applied: 

U37
K'  = C37:2 / (C37:2 + C37:3)        (4) 

with C37:x being the peak area of the respective compound in the chromatogram. This 

unsaturation index can be transferred into SST by various calibrations. Several calibrations have 

been compared with the modern SST ranges in the Gulf of Cádiz and the Alboran Sea (Fig 3.5). 

Finally, the calibration of Müller et al. [1998] was chosen because it matches modern conditions 

best and, further, enables optimal comparison to other alkenone-based SST records since most 

of them applied the same calibration. 
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 SST (°C) = (U37
K'  – 0.044)/ 0.033       (5) 

The analytical error translates into 0.12 °C, while the error of the calibration is 1.5 °C. SSTs 

based on the calibration of Müller et al. [1998] refer to annual mean conditions and are valid 

for the 0 to 29 °C temperature range at a latitudinal range of 60 °N to 60 °S. 
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4 The Chalcolithic–Bronze Age transition in southern Iberia 

under the influence of the 4.2 ka BP event? A correlation of 

climatological and demographic proxies 

4.1 Abstract 

The end of the third millennium BCE represents (not only) on the Iberian Peninsula the time of 

transition to the Bronze Age. At the same time this is the time of a general climatic event, the 

so-called 4.2 ka BP event, which can be observed (in different manifestations) in different 

regions of the northern hemisphere. By synchronizing cultural and climatic developments and 

above all by assessing demographic developments and their spatial development, a much- 

discussed connection between the two phenomena can be made plausible and opens the 

perspective for further, more detailed research on the interdependence between cultural, 

demographic and climatological processes. For this purpose, the results of aoristics, 14C sum 

calibration and the evaluation of the concentration of long-chain n-alkane homologues of 

terrestrial origin as precipitation predictor are combined, their correlation is presented and 

possible responses are interpreted from the mapping of the settlement system development. This 

article provides an initial overview of the current results. 

 

4.2 Introduction 

The turn to the third millennium BCE on the Iberian Peninsula is a period of a dynamic 

development characterized by regional differences. It is mainly represented by the Copper Age 

and the transition to the Bronze Age. 

In the last three decades, the Iberian Copper Age or Chalcolithic (ca. 3200  –  2200 cal. BCE) 

and the transition to the Bronze Age (ca. 2200  –  900 cal. BCE) was probably the most 

controversial period in the discourse on Iberian prehistory [García Sanjuán and Murillo-

Barosso, 2013, 119]. Key issues were early social stratification and state formation. The 

peninsula is indeed a good laboratory for the study of these phenomena [Cruz Berrocal et al., 

2013, 3]. 

Research today is dominated above all by the narrative that economic activity and social 

inequality intensified during the Copper Age [Chapman, 1990; Díaz-del-Río, 2004; García 

Sanjuán, 1999; Gilman, 1987; Hutado, 1997], and that these tendencies would have been 

strongly reinforced in the course of the Early Bronze Age, especially in the south-eastern area 
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of the peninsula. In contrast, the other regions seem to show signs of disintegration and collapse 

at the time of transition and thereafter. This observation inevitably raises questions about 

demography and possible migration movements, which are currently increasingly discussed on 

the basis of aDNA analyses [Günther et al., 2015; Martiniano et al., 2017; Szécsényi-Nagy et 

al., 2017; critical e.g. Furholt, 2018; Vander Linden, 2017]. From an archaeological point of 

view, this perspective has so far received relatively little critical appreciation [García Rivero 

and Escacena Carrasco, 2015; Lillios, 2015; Lillios et al., 2016; contrary e.g. Chapman, 2008, 

205]. 

Following a general trend, the climatic changes on the Iberian Peninsula in connection with the 

4.2 ka BP event have recently been examined in more detail, from an archaeological [Cardoso, 

2005; García et al., 2006; Lillios, 1997; Lillios et al., 2016] and a natural science approach 

[Carrión et al., 2007; Jalut et al., 2009; Magny et al., 2009; Waterman et al., 2016]. The former 

approach often cannot argue with a local climate signal, the latter often lacks a connection to 

cultural-historical development. In addition, these are often small-scale studies that can hardly 

trace an overall development. 

In general, human-environment relations have an important role in the archaeological 

interpretation on the Iberian Peninsula, especially against the background of the in part marginal 

conditions with regard to agricultural potential. However, a stable climatic situation was widely 

assumed [Gilman and Thornes, 1985], climate change and its relations to cultural changes have 

hardly been focused on so far, perhaps with the exception of the archaeology of the southeast 

of the peninsula. Climatic influences are also partly explicitly rejected there [Risch et al., 2015]. 

4.2.1 The CRC Project 

The Collaborative Research Centre (CRC) ’Scales of Transformation: Human-Environmental 

Interaction in Prehistoric and Archaic Societies’ of the German Research Foundation (DFG) 

investigates transformation processes in a key period of human history (15,000 to 1 BCE) in a 

long-term perspective. 

Within the framework of the CRC, the subproject F1 ‘Supra-regional Crises: Abrupt Climate 

Change and Responses of (Multi-cultural) Ancient Societies in the Western Mediterranean Area 

and in Southern Central Europe around 4200 years BP’ investigates the interdependence 

between climatic and socio-cultural changes in connection with the 4.2 ka BP event. 

The project aims to unravel complex socio-ecological transformation processes from a supra- 

regional and supra-cultural perspective and, in particular, to evaluate the role of abrupt climate 
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changes and socio-ecological crises in shaping archaeological transformations. In the first phase 

of this project (2016 – 2020), this will be done on the basis of two areas of activity in southern 

Portugal and south-western Spain. The temporal focus is on the time between 2700 and 1700 

cal. BCE (4650 – 3650 BP) in order to cover the 4.2 ka BP event, but at the same time also the 

preconditions and the consequences of the archaeologically tangible change in the material 

culture and social configuration of the societies under consideration. 

In the quantitative framework of our approach, scenarios of both climatic and social variables 

are quantitatively reconstructed in relation to the 4.2 ka BP event (i.e. time slices before, during 

and after the event). Time series of climate and population reconstructions will be produced on 

the basis of refined chronologies to assess the timing and extent of ecological and social changes 

and to evaluate the relationships between them. The magnitude of possible social, cultural and 

technological/innovative responses to these external constraints will be analysed. In the course 

of the project, archaeological variables reflecting transformation processes (indications of 

changes in material culture, subsistence and settlement patterns and social organization) are 

identified that indicate the susceptibility or resilience to external disturbances. 

In two work packages, a broad approach is taken to obtain information on the role of 

archaeological and environmental variables. Both research areas will compile and process 

existing data from literature and regional archives in order to reconstruct scenarios of climate 

and social variables. 

In the climatological part, climate change in connection with the 4.2 ka BP event in the western 

Mediterranean is reconstructed from marine archives relevant for the Iberian Peninsula. New 

high-resolution time series are created on the basis of multi-proxy reconstructions at key 

locations, e.g. in the Alboran Sea. In this way, the extent and speed of the hydro-climatic, 

temperature related and seasonal changes in connection with the 4.2 ka BP event can be 

quantitatively assessed. The precipitation estimates are derived from the n-alkane 

concentrations of the plant waxes. Since plant waxes are mainly introduced into the marine 

sediments via river systems and/or wind transport, the data on the catchment area of the river 

systems integrate and thus reconstruct the regional rather than the local climate. 

The archaeological work package will examine the patterns of archaeological changes 

associated with the 4.2 ka BP event in the western Mediterranean and identify its possible links 

with Central Europe with the aim of quantitatively evaluating the intensity and extent of the 

transformations from the archaeological record. Information on settlements, architecture, 

material culture and archaeological data on the environment and subsistence is collected and 
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evaluated. These allow in particular quantitative proxy reconstructions for settlement patterns, 

continuity, population density and other derived variables such as the stability of a society, 

integration into exchange networks and changes in material culture at the regional level. 

In the following, we would like to present some first results of our work. Here, we limit 

ourselves to the evaluation of supra-regionally available indicators. Aspects such as cultural 

changes based on material culture and individual site biographies also play a non-subordinate 

role in the project. These detailed studies will be presented elsewhere. 

4.2.2 Presentation of the working area 

In the first phase of the project underlying this contribution, on the study of human-

environmental relations and the assessment of the climatic influence on socio-cultural 

development, the work focuses on two areas 1: southern Portugal including the Spanish 

borderland (catchment of river Tejo and Guadiana) and south-western Spain (catchment of river 

Guadalquivir). These two areas were selected because they have different trajectories from an 

archaeological point of view, and because they represent the catchment areas of the Guadiana 

and Guadalquivir river systems from a climatological perspective, for which the rainfall 

development is to be reconstructed with the help of plant waxes (n-alkanes). 

 

 

Figure 4.1 Map of the working areas 
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Today, the Mediterranean coastal regions are characterised by a dry to semi-arid climate, with 

some regions receiving less than 200 mm of precipitation per year [Lionello et al., 2006]. The 

border areas of the Mediterranean, including the southern Iberian Peninsula, are therefore 

vulnerable to desertification and drought, and the climate has a strong impact on local society 

and economies. This is particularly true since the environment and the way of farming depend 

heavily on winter precipitation [Lionello et al., 2006]. In general, the climate zones of the 

Middle and Late Holocene (from the 6th century BCE) in the Mediterranean region show a 

tendency towards gradual warming that is more pronounced in south-western Europe than in 

south-eastern Europe [Davis et al., 2003], while the Atlantic region of medium latitude, 

including the Iberian margin, has an opposite trend. 

Long-term Holocene tendencies were interrupted by short drought episodes [Finné et al., 2011]. 

During the Holocene these episodes changed in frequency and character [Fletcher et al., 2007]. 

The more serious of these episodes, including the 4.2 ka BP event, are probably related to the 

Bond cycles in the North Atlantic [e.g. Bond et al., 1997; Bond et al., 2001; Marino et al., 2009] 

and are therefore considered to be driven and/or modulated by large-scale oceanic and 

atmospheric circulation changes. According to the current state of climate research, however, 

the Bond cycles themselves are probably not the actual, hitherto unknown trigger of the climatic 

shifts, more likely are changes in solar activity in connection with changes in atmospheric 

circulation and volcanic activities affecting a complex chaotic system [e.g. Ruan et al., 2016; 

Wanner et al., 2008]. 

4.2.3 The 4.2 ka BP event 

The so-called 4.2 ka BP event represents an aridification event that probably lasted the entire 

22nd century BCE (or longer) [Magny et al., 2009; Ruan et al., 2016]. This climate event marks 

the transition from the Middle to the Late Holocene and in many regions of the northern 

hemisphere also the beginning of almost modern (pre-industrial) climate and environmental 

conditions [Walker et al., 2012]. It is often cited as an analogue of current socio-ecological 

change under rapid global warming [e.g. Booth et al., 2005; deMenocal, 2001; Riehl, 2008], 

which poses a threat to social, economic, and environmental stability, and as a predictor for 

aggravating the existing problems of poverty, conflict, health, and escalating food and water 

shortages in crises [IPCC, 2013]. The 4.2 ka BP event at the transition from the Middle to the 

Late Holocene affected the climatic stability of the entire northern hemisphere. 

The widespread accompaniment of major social upheavals and abrupt climate changes in 

geographically and culturally distant regions makes it plausible that the regional developments 
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of the 4.2 ka BP event are linked and reinforced by complex socio-ecological processes, 

including large-scale climate processes, social responses to changing environmental conditions, 

and internal social and intercultural processes. On the other hand, the emergence of early 

Bronze Age cultures throughout Europe can point to resistance strategies that enable 

transformation into new cultural phenomena and lay the foundations for later developments. 

The abrupt onset of drought is considered to be one of the main causes of or at least in favour 

of widespread social instability in the monsoon area. The synchronicity of regionally related 

drought events is well limited at 4.2 –  4.1 ka BP. The effects affect large areas in Asia e.g. the 

Indus region [Staubwasser et al., 2003], and Central China [Wenxiang and Tungsheng, 2004], 

Mesopotamia and North Africa [e.g. deMenocal et al., 2000; Kaniewski et al., 2017; Ruan et 

al., 2016; Welc and Marks, 2014]. Recent high-resolution reconstructions using marine 

deuterium recordings [Tierney and deMenocal, 2013] and high-resolution terrestrial 

reconstructions of speleothems, paleo-river valleys, and sea levels have further narrowed the 

extent and magnitude of the dramatic monsoon failure [Dixit et al., 2014], leading to massive 

changes in the precipitation rate [e.g. Bar-Matthews et al., 1997; Gupta et al., 2003]. 

In the Eastern Mediterranean and the Middle East, the 4.2 ka BP event manifests itself as an 

episode of barely 300 years (22nd to 19th century BCE) [e.g. Weiss, 2013], after a general long-

term shift from humid to drier conditions [Rohling and Rijk, 1999]. 

Unfortunately, the available climate data sets of the Middle and Late Holocene in the Western 

Mediterranean mostly lack the multi-decadal resolution that is necessary to document a short 

episode of several hundred years in detail [Weinelt et al., 2015]. Some speleothem data records 

[e.g. Cruz et al., 2015] are exceptions. Accordingly, reconstructed patterns based on different 

proxies are still fragmentary and need to be revised to examine the potential extent of a supra-

regional drought period in the Western Mediterranean. 

On the south-eastern Iberian Peninsula and in the Mediterranean region of France, where 

pollen/terrestrial climate data are mainly available from the mountain ranges, an irreversible 

change in vegetation dates back to about 4.2  –  4.0 ka BP [e.g. Brisset et al., 2013; Carrión et 

al., 2003]. On the south-eastern Iberian Peninsula, from 4.2 ka BP an increase in fire events 

[Jalut et al., 2000; Jalut et al., 2009; López-Sáez et al., 2014] accompanied the vegetation 

changes [Carrión et al., 2003]. These changes were probably a consequence of the 

intensification of agriculture and/or the climate, whereby the climatological explanation is the 

more likely one [Burjachs and Expósito, 2015]. Dust layers of Sahara origin are described in 

the records of the Central Italian lakes and indicate prevailing southern wind directions at 
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4.2 ka BP [Magri and Parra, 2002]. In contrast to these indications of hotter and drier 

conditions, some marine records based on biomarker proxies suggest a cooling during the 

4.2 ka BP event in the Alboran Sea [Cacho et al., 2001]. 

Climate patterns and socio-ecological implications of the 4.2 ka BP event are well researched 

in the Eastern Mediterranean and the Middle East, especially in the area of written sources, 

which testify to a series of declines in early thriving and fast-growing societies that lead to 

‘collapses’ under the influence of severe drought. By contrast, little is known about the impact 

and possible effects of this event on societies in the Western Mediterranean and possible long-

term effects on Central Europe. Its role in the Late Neolithic/Chalcolithic and Early Bronze Age 

transformations at the transition to the Late Middle Holocene (Late Atlantic) is still to be 

explored. 

4.2.4 Archaeological transformations 

In the Western Mediterranean and Central Europe in general, a broad transition horizon from 

the Neolithic/Chalcolithic to the Bronze Age can be observed, which is reflected in an 

overwhelming amount of literature on the strong regional cultural changes that characterize this 

period (e.g. the Bell Beaker phenomenon). This transition is most often dated around 4.2 ka BP 

and indicates widespread and (within the dating accuracy) synchronous upheavals, so that a 

common trigger and mutual influences appear likely. However, despite striking convergence 

and coincidences, social change in Western and Central Europe has so far hardly been viewed 

from the perspective of a socio-ecological crisis on a supra-regional scale. 

In the Mediterranean region in France [Cauliez, 2015], but also on the Greek mainland 

discontinuities and hiatuses are reported [van Andel et al., 1990, Fig 10; Maran, 1998]. They 

give the impression that in large parts of Southern Europe with a formerly continuous 

development of several centuries settlements were abandoned towards the end of the  

3rd millennium BCE. 

On the Iberian Peninsula there is a significant transition working at different levels in temporal 

relation to the 4.2 ka BP event: the disappearance of the Chalcolithic and the emergence of new 

cultural units of the Early Bronze Age, changes in regional population, changes in settlement 

structures and patterns, in demography, in material culture, in subsistence and resource 

management, and in changes in social practices. This transition marks a period of increasing 

social complexity on the way to the development and hierarchisation of Bronze Age societies 
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[Benítez de Lugo Enrich and Mejías, 2017, 1933; Chapman, 1982; Chapman, 1990; Lull et al., 

2014]. 

Although the respective natural conditions and cultural development can be very different 

locally, the Copper Age Iberian Peninsula can be roughly divided into two zones. In the north 

the human activities resulted in a significantly lower archaeological evidence and must 

therefore also be considered as less well investigated [Ontañón, 2013, 207]. The (semi-

permanent) settlements, which are scattered mainly in flat areas, reach an extent of up to 1 –

 2 ha, an amount that will not be reached again until Roman times. These are mainly found in 

the form of ‘pit fields’ (campos de hoyos), which are generally the most common form of 

settlement on the Iberian Peninsula until the Bronze Age [Lull et al., 2013a, 605]. Livestock 

seems to dominate economically [Ontañón, 2013, 212]. There are some signs of supra-regional 

contacts, and the burial tradition suggests abandoning the existing megalithic tradition. A few 

small enclosures as ritual places complete the picture [Parcero Oubiña and Criado Boado, 

2013, 244-255]. Copper mines such as Picos de Europa (El Milagro in Asturias) are unique due 

to their size and complexity [Lull et al., 2013a]. 

This picture does not change fundamentally in the transition to the Bronze Age, even if the 

archaeological evidence is even more scarce. Settlement evidence remains rare and can be 

found in zones similar to those of the Chalcolithic. Furthermore, a temporary or seasonal use 

of the sites by a few (dozen) people seems to predominate. The finds indicate a broad spectrum 

of economic activities and a high degree of self-sufficiency. Economically, agriculture seems 

to gain in importance, which is also indicated by an increase in storage capacity [Lull et al., 

2013a, 605]. On the other hand, a certain shift of the settlement areas to higher areas suggests 

a focus on cattle breeding, which may result in a diversified farming method [Bettencourt et al., 

2007, 152-153; Valcarce and Priego, 1994, 148]. The burials remain in the Chalcolithic 

tradition and show a great variety, whereby individual burials are more prominent [Lull et al., 

2013a, 606-607]. 

The southern Iberian Peninsula, on the other hand, has been a hot spot of archaeological 

research for decades, due to its partly permanent character and the good preservation conditions 

for settlement structures and the rich funeral archaeology. In particular, the investigation of 

early complexity and the hypothesis of the emergence of a state based on archaeological finds 

in the course of the Chalcolithic and the Early Bronze Age El Argar phenomenon [Chapman, 

1990, 2008; Lull et al., 2011, 2013b; Nocete et al., 2010] have caused a completely different 

kind of archaeological activity here. To what extent such an interpretation is justified, however, 
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remains controversial [Bartelheim, 2012; García Sanjuán and Murillo-Barosso, 2013; Gilman, 

2001]. 

In general, a significant increase in settlement evidence in areas with good agricultural 

conditions can be observed in this region during the Copper Age. This applies, on the one hand, 

to the unfortified settlements, but especially to the emergence of extraordinarily large 

fortifications such as Zambujal, Los Millares, or Valencina de la Concepción, which are 

connected with metal objects, beakers, and the depositing of the deceased in extramural 

megalithic tombs [Chapman, 2008, 201-202]. 

Direct evidence of agricultural production shows the use of cereals, legumes, and wild plants, 

and predominantly domesticated animals (mainly cattle and sheep/goats). The knowledge of 

the water and nutritional needs of the exploited plant and animal species suggests that 

agricultural production was stable within the relatively marginal environment. A system of dry 

agriculture with fallow periods and stubble grazing, coupled with the cultivation of legumes 

along watercourses in valley bottoms, can be considered realistic [Chapman, 2008, 201-202]. 

In the first half of the third millennium a continuous process of social expansion took place. 

However, around 2200 cal. BCE, taking into account regional diversity, there were significant 

discontinuities which either intensified some of the previous trends or slowed or interrupted 

them. In any case, new forms of social organization emerged, which according to traditional 

chronology are usually attributed to the Early Bronze Age (2200  – 1600 cal. BCE) [García 

Sanjuán and Murillo-Barosso, 2013, 120]. 

With the transition to the Bronze Age, different trajectories became apparent within the 

southern region. In some parts elements of the Bell Beaker phenomenon are at least partially 

and temporarily continued, in others (especially in the southeast) there is a clear break with 

them [Lull et al., 2013b]. Especially in the domain of settlement structures, however, a clear 

change is generally perceptible, which is accompanied by the abandonment of collective burial 

customs and possibly associated with the emergence of a new symbolic system [Senna-

Martinez, 2014]. 

In the southwest there is a widespread abandonment of settlements and discontinuity. Where 

stratigraphic continuity is evident, there is a clear change in the archaeological remains within 

a complex [García Rivero and Escacena Carrasco, 2015]. The settlement system is now more 

dispersed, concentrations are found in artificially terraced settlements in higher, more 

defensible locations and further away from cultivable soils [Chapman, 2008, 244]. The 

settlement tradition is also being discontinued in the southeast, but in a different way. The rapid 
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spread of Early Bronze Age cultures on the south-eastern Iberian Peninsula seems to be 

accompanied by a demographic growth [Lull et al., 2011; Risch et al., 2015], as predicted from 

regional land use reconstructions [Lull et al., 2011] and supported by estimations of grain 

production [Delgado-Raack and Risch, 2015]. New settlements are emerging even more 

prominently than in the west in well-protected and inaccessible locations, either on steep slopes, 

or on elevated plains with steep cliffs, such as the eponymous settlement El Argar [Chapman, 

2008, 205; Risch et al., 2015]. This is accompanied by signs of a strongly stratifying society 

with control over resources and food production [Chapman, 2008, 210; Lull et al., 2011]. The 

standard model here is a ‘vertical’ production system [Lull et al., 2011, 390-398], in which the 

raw materials were exclusively collected and further processed in the controlling, fortified 

hilltop settlements. A barley monoculture seems to have developed [Chapman, 2008, 205; 

Delgado-Raack and Risch, 2015, 27], which is cautiously related to drought [Stika, 1988, 2001; 

for late El Argar Lull et al., 2013b]. In the west as well as in the east the burial tradition is 

changing to individual (or double) burials, even though the choice of grave goods shows a 

certain continuity. In the west, extramural burials are more common [Chapman, 2008, 245; Lull 

et al., 2013a, 607], in the east, however, burials typically take place within the houses [Risch et 

al., 2015, 386]. Also in the catchment area of the Guadalquivir there are clear indications of 

settlement discontinuities, where the Chalcolithic settlements at the lower reaches are 

abandoned and settlement activity shifts to the upper ones. Here archaeo-zoological findings 

from the long-term populated Úbeda site also point to a shift in domestic animal husbandry 

towards sheep/goats, indicating changes in subsistence strategies [Nocete et al., 2010]. Not 

least, climatic influences and the resulting population shifts are also taken into account for these 

changes [Cardoso, 2005]. 

Widespread settlement discontinuities are also evident in Portugal, where about 4200 years BP 

the ditch and wall enclosures that characterise the Late Neolithic/Chalcolithic were largely 

abandoned in the south and survived only sporadically in the north [Valera, 2015, 417]. The 

partly monumental and fortified Chalcolithic settlements are abandoned, leaving smaller 

settlements in the lowlands without any monumentality, which are preserved in the form of ’pit 

fields’ and as ’negative structures’. Monumentality is also disappearing in relation to funeral 

architecture, in ceramics the proportion of closed forms is increasing, and the previously blade-

based lithic industry is now becoming a flaking industry. The iconographically rich symbolic 

world of the Chalcolithic disappears completely, so that this change is referred to as an 

iconoclasm [Valera, 2015, 418]. These significant cultural and settlement changes were 

apparently accompanied by major demographic changes: a continuous population growth is 
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assumed for the Chalcolithic, but this process abruptly breaks off with the transition to the 2nd 

millennium cal. BCE [Valera, 2015, 422]. 

 

4.3 Materials and methods 

4.3.1 Data acquisition and proxy development 

In the following, two data sources for recording the change in settlement intensity at different 

scaling levels are presented: aoristics and evaluation of sum-calibrated 14C data. The results of 

these independent data sources both complement and confirm each other, as far as their data 

basis overlaps spatially. For a more in-depth discussion of the methodology of sum calibration 

[Contreras and Meadows, 2014; Hinz et al., 2012a; Shennan et al., 2013; Williams, 2012] and 

aoristics [Crema, 2012; Kolář et al., 2016; Mischka, 2004; Palmisano et al., 2017; Ratcliffe, 

2000] we refer to the relevant literature and two methodological contributions from the project, 

which are currently in progress (aoristics: Hinz and Müller-Scheeßel, [n.d.]; sum-calibration: 

Hinz, [n.d.]). 

Aoristic is a method that was originally used to investigate crimes [Ratcliffe, 2000]. As with 

these, the exact (absolute) dating is often unknown, but can be limited to a phase of a certain 

duration by marginal information, indicating the start and end of the period within which the 

event must have taken place. By means of aoristics, the probability that the event took place 

(100 %) is distributed over this time interval in such a way that each temporal subunit (e.g. one 

year) receives the total probability divided by the number of subunits. 

If there are several objects belonging to such events, describing the same facts (e.g. several 

settlements indicate the settlement density), the respective probabilities are summed up for each 

temporal subunit, and in this special case an expectation value is obtained, which describes how 

many simultaneous settlements most likely existed. A disadvantage of this method is that no 

uncertainty range can be given. Derived Monte Carlo-based methods [Crema, 2012; Kolář et 

al., 2016] make this possible in a certain sense, although they can also quantify only the internal, 

not the external, uncertainty. For this reason, the original procedure was used here, as it is much 

simpler and more comprehensible. 

Summed 14C data from archaeological contexts are increasingly used to reveal changes in 

population density and/or human activities in the broader sense. This approach has now been 

applied in a large number of studies on different temporal settings [Hinz et al., 2012a; Lillios et 

al., 2016; Shennan et al., 2013; Weinelt et al., 2015; Whitehouse et al., 2014] to name just a 
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few recent examples. Admittedly, there are a number of problems associated with this approach, 

such as: the ambiguity of the archaeological contexts of dated materials, the uneven distribution 

of sampling in space and time, possible differences between burial and settlement contexts, 

sensitivity to differential preservation and selective material loss and, perhaps most importantly, 

its dependence on regional and temporal research intensity (critical voices for example 

[Contreras and Meadows, 2014; Williams, 2012], both with further literature). A desirable 

random distribution is per se unattainable and, accordingly, the underlying database is 

inevitably distorted. 

These uncertainties require careful verification and filtering of the data sets, including merging 

the data per site (i.e. each site then contributes with the weight of 1 to the final sum calibration, 

regardless of the number of 14C samples taken) and cross-checking with independent 

quantitative population data. The main advantage of the approach is clearly the constantly 

increasing availability and quality of archaeological 14C data and the statistical robustness of 

large data sets, the resulting absolute chronologies and the continuity of the data sets, with each 

individual sample representing a three-dimensional variable in space and time. 

Furthermore, the inherent independence of this proxy from regional archaeological 

circumstances (e.g. chronology systems) allows the comparison of regional patterns for 

different cultural units over long distances and the synchronisation of these patterns with 

reconstructions of environmental changes. It is therefore particularly suitable for investigating 

transitions in the archaeological remains and in past social-ecological developments at regional 

to supra-regional level. 

4.3.2 Aoristics 

The basis for the aoristic analysis consists of 4084 sites with Neolithic, Chalcolithic, and/or 

Bronze Age date from southern Portugal (Algarve, Alentejo, and Lisbon). Of these sites taken 

from the ‘Portal do Arqueólogo’ of the ‘Direção Geral do Património Cultural’, 1437 sites 

remained for evaluation after filtering, as exclusively settlement sites were chosen in order to 

ensure comparability. 

The temporal resolution of the data, which was taken directly from the database, is relatively 

low: Neolithic, Chalcolithic, and Bronze Age each break down into three phases, thus adding 

up to nine phases altogether. 
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4.3.3 Sum calibration 

For the south-eastern Iberian Peninsula, it is certainly true that a strong focus on the El Argar 

phenomenon distorts the data basis. However, given the scale of this study over several hundred 

years, such distortion is of secondary importance. Spatially, the scope was extended beyond the 

work area, since at the time of the analysis (summer 2017) the data basis for the work areas 

themselves was too small for statistically significant results to be achievable. Therefore, all data 

in the databases RADON and RADON B [Hinz et al., 2012b; Kneisel et al., 2013] of relevant 

time settings available for the Iberian Peninsula were included. At the same time, however, the 

analysis was limited to sites with settlement character, again with the premise that distortions 

due to time-dependent deposition and detection probabilities can be largely avoided in this site 

category [Hinz et al., 2012a, 3332]. Thus, 1895 14C dates of 302 settlement sites remained to 

be included in the sum calibration. Each site was given a weight of 1 to compensate for different 

dating frequencies at individual sites. 

The software package oxcAAR [Hinz et al., 2018] for the statistical environment R [R Core 

Team, 2017] was used for the actual calibration of the sums. This enables the utilization of the 

calibration program OxCal [Bronk Ramsey, 2009], which is widely used in archaeology as a 

quasi-standard, in conjunction with the automation and programming possibilities offered by R 

which are indispensable for checking the statistical significance of the sum-calibrated results. 

The software package oxcAAR is open source and can be downloaded for free. 

To check the significance of the result, a Monte Carlo-based simulation approach was chosen. 

Unlike comparable studies, we assume an equal distribution of 14C data as a null model, not an 

estimation of a general trend based on a generalized linear model [e.g. Lillios et al., 2016; 

Shennan et al., 2013]. The reason is that we look for significant local variations within a given 

time window and not, as there, for significant over- or underruns of a population growth 

assumed as given. Within a time window, the same number of 14C data as in the actual data set 

was uniformly distributed, this simulation was repeated 1000 times and the 95 % interval of 

random effects was extracted from this. Where the curve of the real data leaves the envelope of 

the simulation (in the figure these areas are highlighted in red), with 5 % error probability the 

observed effect (over- or undershot) is not random or induced by the calibration curve, and the 

interpretation as event of interest can then be regarded as robust. 
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4.3.4 Climatological examinations: methodology 

The climate reconstruction is based on the marine sediment core ODP-161-976A from the 

Alboran Sea (36°12.32’ N; 4°18.76’ W; 1108 m water depth). The age model of this sediment 

core is taken from a published source [Jiménez-Amat and Zahn, 2015]. The sediment core was 

sampled in the range of 103 cm to 145 cm depth in 0.5 cm resolution. The samples had already 

been freeze-dried and for the organic-geochemical analysis initially mortared to a homogeneous 

sediment powder. The lipids were then extracted at 100 bar pressure and 100 °C using an 

accelerated solvent extractor (ASE-200, Dionex). A solution mixture consisting of 

dichloromethane (DCM) and methanol (MeOH) in a ratio of 9:1 v/v was used. After extraction, 

the samples were desulfurized with activated copper chips for 30 minutes. The neutral fraction 

(using hexane) was separated from the desulfurized samples by liquid chromatography with 

activated silica gel (pre-treated for 4 hours at 450 °C). The neutral fraction containing the 

n-alkanes was also passed through a liquid chromatographic column of silver nitrate treated 

silica gel to separate aromatics and unsaturated fatty acids to purify the n-alkane fraction. The 

samples were then left for homogenization at room temperature for about 24 hours. 

Subsequently, the n-alkanes were measured with a gas chromatograph (GC) at the Christian-

Albrechts-University in Kiel. An Agilent 6890N GC equipped with a flame ionization detector 

and a Restek XTI-5 capillary column (30 m × 320 µm × 0.25 µm) was used. The n-alkanes were 

identified and quantified using a standard mixture of n-alkanes of known chain length and 

concentration. The retention time was used as the basis for identification and the peak areas of 

the respective components were integrated for quantification. 

4.3.5 Proxy 

In the context of this publication, we unfortunately cannot go into details of the climatological 

proxies. Details can be found elsewhere [Schirrmacher et al., 2019]. In short: The concentration 

of long-chain n-alkane homologues of terrestrial origin is taken as a precipitation proxy. Since 

the concentration of these n-alkanes in marine sediments is strongly dependent on the river 

flow, low concentrations are interpreted as low river flow or dry phase. The data are presented 

here in a roughly simplified form to avoid pre-empting a separate publication. In the raw data, 

several phases of relatively stable conditions – delimited by rapid changes – were identified. 

These are roughly represented here. Small values represent a low n-alkane concentration in the 

raw data and are therefore indicative for dry climatic conditions. 
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4.4 Results 

4.4.1 Aoristics 

If we consider the result of the aoristic sum for work area (Fig 4.2), it becomes clear that a 

relatively well represented Neolithic phase is followed by a further significant increase in 

settlement activity in the Chalcolithic. In the transition to the Bronze Age, an abrupt decline in 

settlement intensity becomes apparent. Only in the late Bronze Age a slight recovery phase can 

be derived. 

The changes in the spatial structure become apparent when the settlements of the individual 

phases are mapped. In the Neolithic (Fig 4.3) three intensive settlement clusters are 

recognizable: in the western Algarve, as well as two clusters in the Evora region, of which the 

western one concentrates west of today’s city Evora, the eastern one in the concelho Reguengos 

de Monsaraz. This concentration intensifies during the course of the Chalcolithic, where the 

Algarve region is clearly less represented, and an even stronger clustering in Evora becomes 

apparent. 

 

 

Figure 4.2 The aoristic sum of the 1437 settlement sites within southern Portugal 

 

With the transition to the Bronze Age, the settlement of the Evora region largely ceased, and 

there are hardly any Bronze Age settlement sites preserved here. Rather, the region southeast 

of Beja and again the Algarve are more prominent now, but above all because the northern 

regions are disappearing. Overall, the settlement is significantly thinner (as can already be seen 

from the aoristic sum) and more dispersed than in previous periods. 
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Figure 4.3 Map of the aoristic evidence from the Neolithic settlement sites of southern Portugal 

 

 
Figure 4.4 Map of the aoristic evidence from the Chalcolithic settlement sites of southern Portugal 

 

 
Figure 4.5 Map of the aoristic evidence from the Bronze Age settlement sites of southern Portugal 
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4.4.2 Sum calibration 

Figure 4.6 shows the result of the sum calibration for the entire Iberian Peninsula. While the 

Neolithic represents a more or less constant plateau, the settlement intensity documented by the 

14C data increases significantly by 3000 cal. BCE in the transition to the Chalcolithic. If the 

probability values of the sum calibration are taken literally (which, however, is risky due to the 

possible distortions caused by research), the population density would have quadrupled. Shortly 

after 2500 cal. BCE, and thus after the maximum of the curve, a decrease in intensity is again 

apparent, which forms a minimum between 2300  –  2100 cal. BC. Shortly after the beginning 

of the Early Bronze Age, the curve rises again, in contrast to the (aoristic) observation of the 

southern Portuguese area. This difference is certainly due to different trajectories in the 

individual southern Iberian regions, as they are already apparent in Lillios et al. [2016], and as 

they will be described in detail in a later study [Schirrmacher et al., submitted]. 

The result of the significance analysis shows on the one hand (Fig 4.7) that the Chalcolithic and 

parts of the (early) Bronze Age are significantly overrepresented within the time window 

between 4000 and 500 cal. BCE, and that on the other hand (Fig 4.8) within the plateau between 

2900 and 1600 cal. BCE the decrease at 2200 cal. BCE represents a significant anomaly. 

Overall, it can be stated here that around the canonical date of the 4.2 ka BP event (~2200 cal. 

BCE) a minimum of settlement activity can be determined. 

 

 

Figure 4.6 Sum calibration of 1895 14C dates (from 302 settlement sites) of the whole Iberian Peninsula 
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4.4.3 Climatology 

For the detailed evaluation of the climatological investigations and their results, the reader must 

be referred to another publication [Schirrmacher et al., 2019]. Very briefly summarized, the 

corresponding analyses result in the following picture: In general, according to the proxy used, 

the climate between 2800 and 1100 cal. BCE is rather stable and relatively humid. The 

precipitation reconstruction shows two rapidly occurring, pronounced dryness phases from 

2350 to 2200 cal. BCE (4.3  –  4.15 ka BP) and from 2100 to 2000 cal. BCE (4.05 – 3.95 ka BP), 

standing out from this background. These two dry phases are interrupted by a return to more 

humid conditions. 

 

 

Figure 4.7 Significance test for the sum calibration within the time window of 4000-500 cal. BCE. Null 

hypothesis is a uniform distribution of the site evidence within this time frame. Number of dates for this time 

window: 1394 dates from 254 sites. 

 

 

Figure 4.8 Significance test for the sum calibration within the time window of 2900-1600 cal. BCE. Null 

hypothesis is a uniform distribution of the site evidence within this time frame. Number of dates for this time 

window: 969 dates from 176 sites. 
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4.5 Discussion 

4.5.1 Climate linkage and correlation 

By comparing regional and supra-regional proxies for population development with local 

climate change around the period of the 4.2 ka BP event, new insights and interpretations of the 

inter-relationship of the two developments can be formulated. With regard to the overall 

development between 4000 and 500 cal. BCE, it can be stated that the Chalcolithic period is 

clearly overrepresented compared to an equal distribution of settlement and thus population 

evidence. This also applies to some parts of the (Early) Bronze Age, which are certainly due to 

the expansion of the El Argar phenomenon. The Copper Age on the Iberian Peninsula certainly 

represents a heyday in settlement terms, even if this is not always easy to grasp in individual 

cases due to the specific type of occupation and the resulting preservation conditions. Only in 

the synopsis does this development become clear. 

 

 

Figure 4.9 Sum calibration of the settlement sites of whole Iberian Peninsula with periods of drought. Details 

see Fig 4.6. 

 

Within these Chalcolithic and Early Bronze Age expansion and climax phases, the decline in 

the period between roughly 2500 and 2100 cal. BCE represents a significant decrease, which 

culminates in a significantly under-represented settlement frequency between 2300 and 2100 

cal. BCE. From approx. 2000 cal. BCE we can see a gradual recovery of settlement intensity, 

which, however, remains significantly below that of the Copper Age. A partial explanation may 

be an increased concentration of the settlement structure, since our method essentially analyses 

the number of settlements over time and is therefore ‘blind’ to differences in the size of 
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individual settlements and their temporal dynamics. However, if we look at the results of 

aoristics (based on the same measure), it becomes apparent that, at least in individual regions, 

there are clear tendencies towards decentralisation that prevent such an explanatory approach 

from being generally valid. 

If we parallelize the climatic and the derived demographic development (Fig 4.9) and take into 

account the smoothing effects of the 14C proxy, it becomes clear that the second decline in 

settlement intensity can well be associated with the first drought phase in connection with a 

two-part and ‘prolonged’ 4.2 ka BP event. In reality, a lag of forcing and effect is very likely, 

but due to the mentioned smoothing effect and the general temporal uncertainty, this is not 

apparent here. The minimum in the 14C cumulative curve touches the margins of the second 

dryness phase, but is itself in the range of returning to more humid conditions. The described 

synchronism becomes even clearer if one compares the curve of the climatic signal directly 

with the 14C sum curves and takes into account the regionally different characteristic of the 

dynamics. For reasons of publication policy (the climatological studies within our project take 

place within the framework of a natural scientific dissertation), however, reference must 

unfortunately be made to a later paper for such a detailed presentation. However, the figure 

shown here and the data presented already indicate that there are good reasons to postulate a 

connection between the drought events and the decrease in settlement evidence. The fact that 

the first decline in settlement intensity cannot be linked to a climatic signal is a reminder that 

socio-economic changes cannot and must not always be attributed to external factors, but may 

very well be the result of internal, more difficult to identify or unknown factors. 

4.5.2 Spatial shift 

As the aoristics have shown, very different trends can be seen in the different regions of the 

Iberian Peninsula, as they have already been shown elsewhere [Lillios et al., 2016]. If we 

concentrate on the southern region, there is a very clear decline in the southwest in connection 

with the first drought phase, which is equivalent to the interruption of settlement activity, and 

in which the settlement indicators remain at a very low level in the Early Bronze Age. In the 

Andalusian region there has also been a significant decline, but there has been a strong recovery 

during the return to more humid conditions, which continues into the Early Bronze Age and 

only decreases to a level equal to that of the settlement minimum during the first drought phase 

with the advent of the El Argar phenomenon. The second drought phase does not appear to have 

a significant effect here. The south-eastern region is quite different: the first drought phase does 

not seem to have a significant influence here, but rather a decline in the course of the more 
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humid intermediate phase and the second drought phase can be derived, which leads to a boom 

after the drier conditions have eased, which can be associated with the El Argar expansion of 

the Early Bronze Age. For the reasons mentioned, no raw data of these trends can be presented 

here, but from the mappings of the 14C based settlement evidence the alluded shifts can be 

derived (Fig 4.10). 

Overall, a general shift in settlement activity from the Copper Age to the Early Bronze Age 

from the west to the east can be observed, which can be linked to climatic developments, their 

effects on agricultural conditions, and the associated evasion and adaptation strategies via 

intermediate stages. At the end of the development is the El Argar phenomenon, within which 

people were able to create a flourishing and expanding socio-economical complex in the 

economically non-optimal areas of south-eastern Spain by means of adapted and (not least on 

drought) optimized farming methods. It is precisely these regions, namely Almeria and Murcia, 

which today are among the driest in Europe and one of the most mountainous on the peninsula. 

 

4.6 Conclusions and outlook 

As has been shown, the transition from the Chalcolithic to the Early Bronze Age on the southern 

Iberian Peninsula, which primarily represents a cultural and technical innovation, is taking place 

in the course of a demographic transformation and is accompanied by a climatic development 

in which two rapidly occurring, pronounced periods of drought are likely to have influenced 

the environmental conditions and thus also the economic basis of the societies in this region. 

The aim of the project presented here is, and will continue to be, to establish the connection 

between these different levels. A first step in this direction is to determine to what extent these 

developments can actually be parallelized. According to the available results, this seems very 

well possible. 

The next step will be to ask whether causal relationships can also be established here, and how 

the mechanisms of change present themselves in detail. We were able to show that the drought 

phases can be linked not only in general to the overall dynamics of population development on 

the southern Iberian Peninsula, but that spatial shifts of population centres are also connected 

with the drought phases. This makes a causal relationship beyond a mere correlation likely. In 

the first drought phase, for example, the result appears to have been the abandonment of areas 

that were no longer economically viable, while the second phase may have necessitated new 
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adaptation strategies that may have been the driving force behind the further development and 

the emergence of the El Argar complex. 

 

 

Figure 4.10 The 14C evidence of the Iberian Peninsula between 2800 and 1600 cal. BCE in 200 year time slices. 

The transparency of the sites represents probability from the 14C data, the shading and contour lines represent 

density of sites. 
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However, it must be noted that a complex social event cannot be explained by monocausal 

reasons and that, despite the obvious relationships, it is not our intention to formulate here a 

simple equation from climate to economy and demography to socio-cultural change. 

Reinforcement, feedback and consequential effects are likely to have culminated in regional 

crises, up to a supra-regional scale. Such supra-regional socio-ecological crisis can threaten 

social and environmental stability equally, and the resulting social pressures could have played 

an important role in the spread, acceleration and shaping of general transformations at the end 

of the 3rd millennium BCE in the Western Mediterranean and through far-reaching effects also 

on the development of contemporary societies in central and northern Europe. Potential crisis 

drivers, whose role must be assessed beyond external triggers and amplifiers such as drought 

or other abrupt climate deteriorations are social inequality, overexploitation and competition 

for resources, demographic change due to increased mobility and possibly large population 

shifts, and violent conflicts. 

Nevertheless, all these influences on the course of human history are interrelated, which is one 

more reason not to lose sight of climatic development. The investigation of the situation of the 

southern Iberian Peninsula has shown on an overarching level that general trends converged at 

a certain point in time in the second half of the 3rd millennium BCE, and influenced the 

trajectories of further development in this area and beyond. In the further process of the 

investigations, smaller-scale and more detailed analyses will now have to be carried out, which 

will make it possible to focus more strongly on local characteristics. This will be the work of 

the next three years. However, it should already be noted that the close cooperation between 

the humanities and the natural sciences that we are striving for in our project, which goes 

beyond simple interdisciplinarity, opens up new perspectives and investigation possibilities 

with regard to human-environment relations and their historical role. 
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5 Multi-decadal atmospheric and marine climate variability in 

southern Iberia during the Mid- to Late Holocene 

5.1 Abstract  

To assess the regional multi-decadal to multi-centennial climate variability along the southern 

Iberian Peninsula during the Mid- to Late Holocene records of paleo-environmental indicators 

from marine sediments were established for two sites in the Alboran Sea (ODP-161-976A) and 

the Gulf of Cádiz (GeoB5901-2). High-resolution records of organic geochemical properties 

and planktonic foraminiferal assemblages are used to decipher precipitation and vegetation 

changes as well as hydrological conditions with respect to sea surface temperature (SST) and 

marine primary productivity (MPP). As a proxy for precipitation change records of plant 

derived n-alkane composition suggest a series of five distinct dry episodes in southern Iberia at 

5.4 ± 0.3, from 5.1 to 4.9 ± 0.1, from 4.8 to 4.7 ± 0.1, from 4.4 to 4.3 ± 0.1 and, at 3.7 ± 0.1 cal. 

ka BP. During each dry episode the vegetation suffered from reduced water availability. 

Interestingly, the dry phase from 4.4 to 4.3 ± 0.1 cal. ka BP is followed by a rapid shift towards 

wetter conditions revealing a more complex pattern in terms of its timing and duration than was 

described for the 4.2 ka BP event in other regions. The series of dry episodes as well as closely 

connected hydrological variability in the Alboran Sea were probably driven by North Atlantic 

Oscillation (NAO)-like variability. In contrast, surface waters in the Gulf of Cádiz appear to 

have responded more directly to North Atlantic cooling associated with Bond Events. In 

particular, during Bond Events 3 and 4 a pronounced increase in seasonality with summer 

warming and winter cooling is found.  

 

5.2 Introduction 

Holocene climate has been considered to be fairly stable in comparison with the large and abrupt 

climatic changes during the last glacial and deglacial [Martrat et al., 2007; Rasmussen et al., 

2014]. For the Mediterranean realm, generally long-term trends in sea surface temperature 

(SST) cooling [Kim et al., 2004; Martrat et al., 2014] and continental aridification [Fletcher 

and Sánchez Goñi, 2008; Ramos-Román et al., 2018a] are described, superimposed by several 

short cold and dry perturbations, for example the 8.2 ka BP event or the North Atlantic Bond 

Events [Alley et al., 1997; Bond et al., 1997; Mayewski et al., 2004]. Another prominent 

Holocene climate perturbation is the 4.2 ka BP event. This event, considered to have had global 
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impact, is associated with generally colder and wetter conditions over the North Atlantic as well 

as Northern and Central Europe and is broadly coincident with the onset of Neoglacial glacier 

advances in Scandinavia and the Alps [Bakke et al., 2010; Le Roy et al., 2017]. Additionally, 

intense droughts have been ascribed to this event for the mid-latitudes in Northern America and 

Eurasia including the Eastern and Central Mediterranean [Booth et al., 2005; Cheng et al., 2015; 

Jalut et al., 2000; Magny et al., 2013]. In the Western Mediterranean the 4.2 ka BP event is so 

far insufficiently resolved in existing marine and terrestrial archives. Several marine archives 

reveal even contrasting (dry vs. wet) signals [Weinelt et al., 2015]. Concerning terrestrial 

records, a dry event at 4.2 cal. ka BP is suggested for southern Iberia [Schröder et al., 2018; 

Walczak et al., 2015] while relatively wet conditions were inferred for northern Morocco 

[Zielhofer et al., 2019]. 

Similar to the manifestation of the 4.2 ka BP event in the Western Mediterranean region, the 

driving mechanism(s) for it are not well understood. Many studies suggest North Atlantic 

Oscillation (NAO)-like atmospheric variability as potential driver of climatic change during the 

Mid- to Late Holocene in the area [e.g. Deininger et al., 2017; Wassenburg et al., 2016]. The 

NAO is the dominant driver for the modern precipitation distribution in the Western 

Mediterranean and particularly active during winter [Hurrell, 1995]. Another potential driving 

mechanism not only of the oceanic variability are the cyclical Bond Events [Bond et al., 1997], 

which are believed to weaken the thermohaline oceanic circulation and associated northward 

heat transport, thus, responsible for cooling of the northern hemisphere [Bond et al., 2001; 

Wanner et al., 2011].  

Here, we explore the Mid- to Late Holocene climate development in southern Iberia on the 

basis of two marine sediment cores from the Gulf of Cádiz (GeoB5901-2) and the Alboran Sea 

(ODP-161-976A). Both sites are analysed for changes in terrestrial vegetation and precipitation 

as well as for changes in seasonal and annual SST and marine primary productivity (MPP). For 

that purpose, terrestrial n-alkane concentrations and the Norm33 n-alkane ratio from higher 

plant leaf-waxes are used to decipher the continental climate change. For the marine conditions, 

analyses of the alkenone-derived SST index (U37
K' ) and planktonic foraminiferal assemblages 

applying the modern analogue technique (MAT) were used to reconstruct annual mean and 

seasonal changes in SST. Changes in MPP are based on fluctuations in the content of alkenones 

in the bulk sediment. Altogether, this study aims to provide new insights into the temporal and 

spatial manifestation of the 4.2 ka BP event as well as to discuss potential driving mechanisms 

by linking terrestrial and marine surface climate variability in southern Iberia and adjacent 

oceans. 
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5.2.1 Study area 

The Iberian Peninsula is influenced by the major Atlantic and Mediterranean atmospheric 

regimes [Lionello, 2012]. Today, the Atlantic climate is typically marked by relatively cool 

annual air temperatures and evenly distributed precipitation throughout the year. In contrast, 

the Mediterranean climate is characterized by pronounced seasonal contrasts with a rainy winter 

season and a dry and hot summer season. In general, most of the precipitation at the Iberian 

Peninsula occurs during the winter season (Fig 5.1) [Lionello, 2012]. The spatial pattern of 

winter precipitation clearly reflects the two atmospheric regimes (Fig 5.1). The Atlantic regime, 

which spans along the western and northern coasts, is characterized by high precipitation of 

more than 800 mm during winter. It is associated with the westerly wind belt at the Iberian 

Peninsula [Zorita et al., 1992] and to a large extent controlled by the NAO winter conditions 

[Hernández et al., 2015; Hurrell, 1995]. During positive NAO conditions (i.e. a high pressure 

difference between the Azores High and the Icelandic Low) North Atlantic storm tracks and 

associated precipitation are directed towards northern Europe, while Iberia receives less 

rainfall. On the other hand, during negative NAO conditions (i.e. a low pressure difference) 

storm tracks are directed towards the Iberian Peninsula, which then experiences wetter winters. 

The pronounced difference in precipitation is also evident in the seasonal variability of the river 

discharges in southern Iberia. For example, the average discharge of the Guadalquivir is below 

about 100 hm3 per month from April to October and peaks during December and January with 

values above 400 hm3 per month [Fernández-Delgado et al., 2007]. Nonetheless, the central 

parts of the Iberian Peninsula as well as the eastern and southern coasts under influence of the 

Mediterranean climate remain relatively dry on average with precipitation less than 600 mm 

during winter (Fig 5.1).  

A strong seasonal contrast is also evident in the surface ocean in the Gulf of Cádiz, which 

receives warm waters with the eastward Azores Current (AzC) that turns into a poleward 

surface current (Iberian Poleward Current; IPC) along the western Iberian coast during winter 

[Peliz et al., 2005]. During summer, however, the surface current is directed southward and 

favours coastal upwelling along the western continental margin limiting the influence of the 

AzC and, thus, causing relatively low SSTs (Fig 5.1) [Haynes et al., 1993; Peliz et al., 2002]. 

These opposite oceanographic currents limit the seasonality recognized in the SSTs in the Gulf 

of Cádiz. The seasonal difference at the core location of GeoB5901-2 is typically ~6 °C during 

modern times [Locarnini et al., 2013]. Atlantic surface water passes the Strait of Gibraltar and 

enters the Alboran Sea. Within the Alboran Sea it circulates in two anti-cyclonic gyres – the 

West Alboran Gyre (WAG) and the East Alboran Gyre (EAG) [Lionello, 2012]. At the WAG 
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relatively warm and fresh waters become upwelled almost continuously throughout the year 

[Sarhan et al., 2000]. This upwelling is accompanied by an elevated MPP at the northern rim 

of the gyre [Minas et al., 1991]. The modern seasonality in the Alboran Sea is very similar to 

the one in the Gulf of Cádiz (~6 °C). 

 

 

Figure 5.1 Overview maps. (a) overview with discussed (black dots) and shown (white dots) references at the 

Iberian Peninsula and studied sediment cores. Cores of this study: GeoB5901-2 (blue dot) and ODP-161-976A 

(red dot). Shown references: 1: El Refugio Cave [Walczak et al., 2015], 2: Borreguil de la Virgen and Borreguil 

de la Caldera [García-Alix et al., 2018], 3: MD95-2043 [Cacho et al., 2001; Fletcher and Sánchez Goñi, 2008; 

Martrat et al., 2014; Pérez-Folgado et al., 2003], 4: Elx [Burjachs and Expósito, 2015]. Discussed references: a: 

Grotte de Piste [Wassenburg et al., 2016], b: MD99-2339 [Salgueiro et al., 2014], c: Lake Medina [Schröder et 

al., 2018], d: Padul [Ramos-Román et al., 2018a], e: TTR-293G [Rodrigo-Gámiz et al., 2014], f: San Rafael 

[Pantaléon-Cano et al., 2003], g: Cabo de Gata [Burjachs and Expósito, 2015], h: Mazarrón [Navarro-Hervás 

et al., 2014], i: Villaverde [Carrión et al., 2003] and, j: Ejulve cave [Moreno et al., 2017]. The main river system 

and associated catchment of the Guadalquivir (hatched blue area) is shown as well as the river catchments of 

various small-scale rivers draining the southern Sierra Nevada area (hatched red area). The river catchments 

have been downloaded from the website of the European Environmental Agency. The colour shading indicates the 

mean winter precipitation (October to February) from 1970 to 2000 in the area. The data was provided by 

WorldClim V2 [Fick and Hijmans, 2017]. (b) Annual average precipitation (blue) and air temperature (red) at 

Sevilla airport (1981-2010) show the high seasonality with rainy and cold winters and hot and dry summers. Data 

was provided by the Spanish State Meteorological Agency (AEMET). Mean summer (c) and winter (d) SSTs for 

the period 1955 – 2012 are shown. The data was provided by the World Ocean Atlas 2013 [Locarnini et al., 2013] 

and processed with Ocean Data View 5.1.2 [Schlitzer, 2016]. Black arrows indicate the surface currents in the 

area including the gyres in the Alboran Sea. Blue and red dot mark locations of sediment cores GeoB5901-2 and 

ODP-161-976A, respectively. AzC – Azores Current, IPC – Iberian Poleward Current, PC – Portugal Current, 

EAG – East Alboran Gyre, WAG – West Alboran Gyre. 
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5.3 Materials and methods 

5.3.1 Sediment cores and sampling 

For this study two marine sediment cores from the Alboran Sea and the Gulf of Cádiz were 

analysed. Sediment core ODP-161-976A (36°12.32’ N; 4°18.76’ W; 1108 m water depth) was 

retrieved in the Alboran Sea during JOIDES RESOLUTION cruise in 1995 [Comas et al., 

1996]. To achieve multi-decadal resolution, the section from 100.0 cm to 149.0 cm was 

continuously sampled at 0.5 cm distances in the IODP Core Repository at MARUM in Bremen 

(Germany). The analysed section consists of homogenous clayey and silty sediments, which 

appear slightly bioturbated. No hiatus or depositional event (e.g. turbidite) has been recognized 

throughout the section [Comas et al., 1996]. Sediment core GeoB5901-2 (36°22.80’ N; 

7°04.28’ W; 574 m water depth) was retrieved during METEOR cruise in 1999 in the Gulf of 

Cádiz [Schott et al., 2000]. This sediment core, containing hemipelagic mud, was sampled on 

0.5 cm resolution from 1.0 cm to 50.0 cm in the GeoB Core Repository at MARUM in Bremen 

(Germany). The samples used for organic geochemical analysis were freeze-dried and 

homogenized prior to analysis. 

5.3.2 Age model 

Age models of both cores are based on existing and new AMS 14C dates, all measured at Leibniz 

Laboratory at Kiel University (Tab 5.1). Published data of cores ODP-161-976A and 

GeoB5901-2 were taken from Combourieu Nebout et al. [2002] and Kim et al. [2004], 

respectively. In addition, we measured six new AMS 14C dates on monospecific planktonic 

foraminiferal samples of Globigerinoides ruber white + pink or Globigerina bulloides larger 

than 150 µm from sediment core ODP-161-976A as well as seven new dates from sediment 

core GeoB5901-2. A section from 116.25 cm to 124.75 cm in ODP-161-976A included three 

samples yielding the same AMS 14C age (see Tab 5.1). Since there is no evidence for strong 

bioturbation, hiatuses or, turbidites we assume a rather continuous sedimentation rate 

throughout the core and, thus, decided to take the date at 120.25 cm as the only age control 

point for this depth interval since it has been dated twice on two different planktonic 

foraminifera. The dates at 116.25 cm and 124.75 cm were not considered for the final age model 

in order to avoid artificially induced calculations of extraordinary high sedimentations rates in 

this thin sediment increment. The final age models have been calculated using Bacon [Blaauw 

and Christen, 2011]. During age model processing all AMS 14C dates have been calibrated 
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Figure 5.2 Age model. The age model from ODP-161-976A (red) is based on AMS 14C dates (red dots) from 

[Combourieu Nebout et al., 2002] and new AMS 14C dates from this study (orange dots). Black crosses mark AMS 
14C dates considered as outliers. Black dotted line indicates the shift of the previous age model from Jiménez-Amat 

and Zahn [2015]. The Age model of GeoB5901-2 (blue) is based on AMS 14C datings done by Kim et al. [2004] 

(dark blue dots) and new AMS 14C dates accomplished during this study (light blue dots). The red and blue shaded 

area indicates the 95% probability of the age model for ODP-161-976A and GeoB5901-2, respectively. All AMS 
14C dates are listed in Tab 5.1. 

 

using the marine13 calibration curve including a global mean reservoir correction of 400 years 

[Reimer et al., 2013]. Based on the AMS 14C dates, we assume a relatively high accumulation 

rate for ODP-161-976A. Accordingly, we set the mean accumulation parameter of the model 

to 50 yr/cm and run the model for 2.5 cm thick sections to allow for a certain variability of the 

accumulation rates throughout the section. The accumulation rate of GeoB5901-2 is expected 

to be lower in the analysed section based on AMS 14C data. Thus, the model parameters have 

been set to 100 yr/cm and 5 cm thick sections. In the case of sediment core ODP-161-976A the 

initial age model of Jiménez-Amat and Zahn [2015] was shifted significantly within the studied 

section by about 700 years. The reason for this shift are the new AMS 14C dates accomplished 

during this study emphasizing the need of a dense dating strategy. According to the final age 

model, sedimentation rates range between 9.8 and 50.0 cm/kyr in core ODP-161-976A and 

between 4.8 and 33.3 cm/kyr in core GeoB5901-2, respectively. With 0.5 cm sampling intervals 

decadal to multi-decadal resolution is achieved. The studied section of sediment core ODP-161-

976A dates between approximately 5.4 to 3.0 cal. ka BP exhibiting a temporal resolution 

between 10 to 57 years per sample with continuous high resolution between 5.4 and 4.6 cal. ka 

BP. The analysed section of sediment core GeoB5901-2 dates between approximately 6.2 and 

1.8 cal. ka BP resulting in a temporal resolution between 15 and 104 years per sample. Age 
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models and sedimentation rates for both sediment cores are shown in Figs 5.2 and 5.3, 

respectively.  

 

Table 5.1 Age model of sediment cores ODP-161-976A and GeoB5901-2. All dates from previous studies have 

been re-calibrated. Not considered dates are shown in grey. 

sediment 

core 
lab No. 

depth 

(cm) 

AMS14C age 

(yr BP) ±σ 

cal. age (yr 

BP) ±2σ 

dated 

material 
reference 

GeoB5901-2 KIA-14522 2.00 1840 ± 35 1392 ± 96 planktic mix [Kim et al., 2004] 

GeoB5901-2 KIA-53006 8.25 2485 ± 25 2162 ± 110 G. ruber w+p this study 

GeoB5901-2 KIA-53005 12.25 3185 ± 27 2973 ± 106 G. ruber w+p this study 

GeoB5901-2 KIA-53002 14.75 3545 ± 26 3436 ± 82 G. ruber w+p this study 

GeoB5901-2 KIA-14521 16.00 3685 ± 35 3590 ± 108 planktic mix [Kim et al., 2004] 

GeoB5901-2 KIA-53003 16.75 3789 ± 27 3730 ± 95 G. ruber w+p this study 

GeoB5901-2 KIA-53004 18.25 3852 ± 27 3801 ± 100 G. ruber w+p this study 

GeoB5901-2 KIA-14520 24.00 4500 ± 40 4689 ± 123 planktic mix [Kim et al., 2004] 

GeoB5901-2 KIA-52665 26.25 4820 ± 35 5116 ± 138 G. ruber w+p this study 

GeoB5901-2 KIA-14518 30.00 5035 ± 40 5384 ± 101 planktic mix [Kim et al., 2004] 

GeoB5901-2 KIA-52666 30.75 5130 ± 40 5486 ± 99 G. ruber w+p this study 

GeoB5901-2 KIA-14516 90.00 7035 ± 55 7518 ± 97 planktic mix [Kim et al., 2004] 

GeoB5901-2 KIA-13704 120.00 7495 ± 50 7955 ± 121 planktic mix [Kim et al., 2004] 

ODP-161-

976C 
KIA-6435 61.00 1710 ± 40 1259 ± 82 G. bulloides 

[Combourieu 

Nebout et al., 2002] 

ODP-161-

976C 
KIA-6436 103.00 3235 ± 30 3050 ± 106 G. bulloides 

[Combourieu 

Nebout et al., 2002] 

ODP-161-

976A 
KIA-53326 116.25 4435 ± 35 4636 ± 138 G. bulloides this study 

ODP-161-

976A 
KIA-53235 120.25 4435 ± 30 4619 ± 117 G. ruber w+p this study 

ODP-161-

976A 
KIA-53327 120.25 4480 ± 40 4671 ± 130 G. bulloides this study 

ODP-161-

976A 
KIA-53236 124.75 4435 ± 35 4636 ± 138 G. ruber w+p this study 

ODP-161-

976A 
KIA-53234 132.75 4650 ± 35 4885 ± 84 G. ruber w+p this study 

ODP-161-

976A 
KIA-53325 132.75 4700 ± 50 4945 ± 134 G. bulloides this study 

ODP-161-

976C 
KIA-6437 214.00 7010 ± 50 7500 ± 84 G. bulloides 

[Combourieu 

Nebout et al., 2002] 

 

5.3.3 Organic geochemical analysis and calculations 

Lipids were extracted from the freeze-dried and finely ground sediment samples with an 

Accelerated Solvent Extractor (ASE-200, Dionex) at 100 bar and 100 °C using a 9:1 (v/v) 

mixture of dichloromethane (DCM) and methanol. After extraction samples were de-sulphured 

by stirring for 30 minutes with activated copper. The de-sulphured lipids were subsequently 

separated by silica gel column chromatography using activated silica gel (450 °C for 4 h) into 

neutral (hexane) and polar (DCM) fractions containing n-alkanes and alkenones, respectively. 
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The neutral fraction was further separated using silver-nitrate (AgNO3) coated silica gel. 

Samples were then left at room temperature for approximately 24 hours for homogenisation.  

Afterwards, n-alkanes were analysed by gas chromatography (GC) using an Agilent 6890N gas 

chromatograph equipped with a Restek XTI-5 capillary column (30 m x 320 µm x 0.25 µm) 

and a Flame Ionization Detector (FID) at the Institute of Geosciences, Kiel University. Example 

chromatograms are provided in the supplement of this paper. n-Alkanes were identified by 

comparison of their retention times with an external standard containing a series of n-alkane 

homologues of known concentration. On this basis, n-alkanes were also quantified using the 

FID peak areas calibrated against the external standard. For environmental interpretation the 

sum of terrestrial sourced, odd n-alkane homologues n-C27 to n-C33 is used. The mean analytical 

error (2σ) is 7.0 ng/ g sediment based on replicate analyses (n = 62). 

Various studies used ratios among individual n-alkane homologues as environmental sensitive 

parameter, for example the Norm33 ratio [e.g. Herrmann et al., 2016]. The Norm33 ratio was 

calculated by the following equation: 

Norm33 = n-C33 / (n-C29 + n-C33)       (1) 

where n-CX is the peak area of the n-alkane with x carbon atoms in the chromatogram. The 

mean analytical error (2σ) is 0.004 based on replicate analyses (n = 62). 

Alkenones were analysed on a multi-dimensional, double gas column chromatography (MD-

GC) set up with two Agilent 6890 gas chromatographs. The compounds (C37:2 and C37:3) were 

quantified by calibration to an external standard. The alkenone concentration is derived from 

the sum of the C37:2 and C37:3 isomers with a mean analytical error (2σ) of 6.9 ng/g sediment. 

The alkenone unsaturation index ( U37
K' ) was obtained by using the peak areas of the 

aforementioned compounds applying the equation of Prahl and Wakeham [1987]: 

U37
K'  = C37:2 / (C37:2 + C37:3)        (2) 

where C37:X represents the respective peak area in the chromatogram. The U37
K'  index was 

subsequently transferred into annual mean SST using the calibration of Müller et al. [1998]: 

SST (°C) = (U37
K'  – 0.044)/ 0.033       (3) 

The laboratory internal analytical error is approximately 0.12 °C, while the error of the 

calibration is 1.5 °C.  
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5.3.4 Planktonic foraminiferal analysis and modern analogue technique 

For foraminiferal analysis sediment samples of approximately 10 cc were washed over 63 μm 

sieves, dried at 40 °C and, subsequently dry sieved for larger fractions. Planktonic foraminifera 

assemblages were analysed in the size fractions >150 μm enabling the application of commonly 

used transfer techniques for SST reconstructions based on relative abundances of 26 taxonomic 

categories within the assemblage, following concept by Pflaumann et al. [1996]. For reliable 

assemblage counts samples were dry split into aliquots of at least 300 specimens with a Kiel 

dry sample splitter. For SST estimates we used SIMMAX non-distance-weighted modern 

analogue technique, using a similarity index of >0.963 and based on 10 closest analogues 

[Pflaumann et al., 2003]. Because the study sites are influenced by Atlantic and Mediterranean 

ocean circulation, we combined an updated North Atlantic core top database [Kucera et al., 

2005a; Kucera et al., 2005b; Salgueiro et al., 2014] and the Mediterranean database [Hayes et 

al., 2005] with modern temperature at 10 m water depth taken from the World Ocean Atlas 

1998 [Salgueiro et al., 2014]. Seasonal temperatures are averaged for northern hemisphere 

summer (July to September) and winter (December to February). This method applied on 

overall 1212 core top samples from the Atlantic and the Mediterranean yields a root-mean 

square error predicted accuracy of ± 1.3 °C for summer and winter seasons. 

 

5.4 Results 

5.4.1 ODP-161-976A 

Terrestrial proxies. The terrestrial n-alkane concentration varies between 67 and 714 ng/g 

sediment exhibiting no long-term trend across the covered time period from 5.4 to 3.0 cal. ka 

BP (Fig 5.3). Three distinct concentration minima below 200 ng/g sediment can be observed at 

5.4 cal. ka BP, from 5.0 to 4.9 cal. ka BP and, from about 4.8 to 4.7 cal. ka BP. Less distinct 

minima are observed between 4.4 and 4.3 cal. ka BP and at about 3.7 cal. ka BP. A sharp 

increase towards high concentrations of up to 617 ng/g sediment is evident at about 4.2 cal. ka 

BP. n-Alkane concentrations appear to remain generally above 450 ng/g sediment until 3.8 cal. 

ka BP, when concentrations sharply decrease towards 209 ng/g sediment at 3.7 cal. ka BP. 

Afterwards, n-alkane concentrations reveal a slightly increasing trend towards 3.0 cal. ka BP. 

The Norm33 ratio exhibits no trends and varies between 0.29 and 0.49 (Fig 5.3). Four sharp 

increases towards values greater than 0.42 can be recognized at about 5.4 cal. ka BP, from 5.0 
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to 4.9 cal. ka BP, from 4.8 to 4.7 cal. ka BP and, at about 4.6 cal. ka BP. Apparently, the Norm33 

maxima parallel the n-alkane concentration minima between 5.4 and 4.7 cal. ka BP.  

 

 

Figure 5.3 Data of marine sediment cores ODP-161-976A (red) and GeoB5901-2 (blue). (a) Terrestrial n-alkane 

concentration (n-C27-33) indicative of precipitation change. Pearson’s correlation coefficient has been calculated 

based on 100-year time slices for two periods (see supplement for further information). (b) Norm33 n-alkane ratio 

showing plant water stress. (c) Alkenone and planktonic foraminifera based sea surface temperature (SST) 

reconstruction from ODP-161-976A (black – summer; grey – winter; red – annual mean). Error bars indicate the 

uncertainty of the calibration for the annual mean (red) and seasonal (black) reconstructions. (d) Sedimentation 

rate of both cores are shown for comparison. Coloured dots at the bottom show AMS 14C age control points and 

associated 2σ errors.  

 

Marine proxies. The alkenone-derived annual mean SST remains quite stable between 18.9 °C 

and 20.0 °C (Fig 5.3). No trends are visible in the analysed time period. Only weak maxima in 

the annual mean SST of 0.5 to 1.0 °C in amplitude are apparent at about 5.4, 3.3 and, 3.0 cal. 
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ka BP as well as between 5.1 and 4.6 cal. ka BP at about 100 year intervals (Fig 5.4). All 

foraminifera-derived seasonal SST reconstructions suggest similar stable temperature 

conditions without any obvious trends between 5.4 and 3.0 cal. ka BP. Summer SSTs vary 

around 22.8 ± 0.1 °C with several cooling episodes of up to 1 °C at about 5.0, 4.6, 4.3, 3.6, 3.3 

and, 3.2 cal. ka BP. Winter SST generally vary around 15.0 ± 0.1 °C with weak warming 

episodes of up to 1 °C at about 5.0, 4.6, 4.3, 3.6, 3.3 and, 3.2 cal. ka BP. Thus, the winter SST 

maxima and summer SST minima are contemporaneous and result in a decreasing seasonal SST 

difference during these periods. Notably, the seasonal SST maxima or minima, respectively, do 

not parallel the SST maxima observed in the annual mean reconstruction. The alkenone 

concentration varies between about 224 and 440 ng/ g sediment and shows an increasing trend 

from 5.4 to 4.0 cal. ka BP followed by a decreasing trend towards 3.0 cal. ka BP (Fig 5.4). 

These trends are superimposed by several minima from 5.4 to 5.3 cal. ka BP, around 5.2, 5.0, 

4.8 cal. ka BP, from 4.7 to 4.6 cal. ka BP, at 3.8 cal. ka BP and, from 3.1 to 3.0 cal. ka BP. The 

alkenone concentration is to some degree correlated (r = 0.61) to the annual mean SST across 

the studied time period (see supplement) with warmer annual mean SSTs paralleled by 

decreased alkenones content at about 5.4, 5.2, 4.9, 4.7, 4.6 cal. ka BP and, from 3.1 to 3.0 cal. 

ka BP (Fig 5.4). 

5.4.2 GeoB5901-2 

Terrestrial proxies. The terrestrial n-alkane concentration varies between 9 and 535 ng/g 

sediment and has an increasing trend towards younger ages between 5.4 and 3.0 cal. ka BP (Fig 

5.3). During the studied time period at least three periods of decreasing n-alkane concentration 

below 100 ng/g sediment are found from 5.1 to 4.7 cal. ka BP, from 4.4 to 4.3 cal. ka BP and, 

at about 3.7 cal. ka BP. The oldest concentration minimum reveals a “W”-shaped pattern with 

increasing concentrations of up to 110 ng/g sediment at about 4.9 cal. ka BP. An additional 

concentration minimum (46 ng/g sediment) at 5.2 cal. ka BP is only corroborated by a single 

data point and, thus, not robust. The Norm33 varies without any trends between 0.31 and 0.51 

showing high amplitude maxima with values above 0.42 at about 5.0, 4.8, 4.3 and, 3.7 cal. ka 

BP (Fig 5.3). Notably, the Norm33 reveals maxima during periods of low terrestrial n-alkane 

concentration. 

Marine proxies. Alkenone-derived annual mean SST vary without any trends between 5.5 and 

3.0 cal. ka BP and reveal SSTs around 20.4 ± 0.3 °C with the exception of a period from about 

4.3 to 3.9 cal. ka BP, where SST vary around 21.6 ± 0.6 °C with maximum SST being 22.7 °C  
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Figure 5.4 Potential driver of atmospheric and Alboran Sea climate variability. (a) NAO reconstruction [Olsen 

et al., 2012]. (b) Terrestrial n-alkane concentrations from ODP-161-976A (red) and GeoB5901-2 (blue) (this 

study). (c) Annual mean SST from ODP-161-976A (this study). (d) Alkenone concentration from ODP-161-976A 

indicative of MPP variability (this study). Thick red lines show the 5-point running means. Orange bars indicate 

dry phases observed in this study, while grey bars indicate periods of annual mean SST maxima and MPP minima 

at the core location of ODP-161-976A. 

 

(Fig 5.5). Foraminifera-derived summer SST reveal a slight decreasing trend towards the 

present between 6.2 and 1.8 cal. ka BP. Notably, between about 6.2 and 4.0 cal. ka BP the 

variability in summer SST is quite high with a mean of 22.4 ± 0.7 °C superimposed by several 

warm events of up to 23.9 °C that occur at 6.0, 5.8, 5.5, 4.7 and, 4.1 cal. ka BP. Also, the 

variability and the amplitudes of the warm events decrease towards the present. After 4.0 cal. 

ka BP summer SST vary around 21.7 ± 0.2 °C. Winter SST reveal a very similar pattern 

compared to the summer SST with high variability (16.0 ± 0.7 °C) until 4.0 cal. ka BP and less 

(16.8 ± 0.2 °C) afterwards. Overall, there is a warming trend from about 16 to 17 °C towards 

younger ages with major cooling episodes at 6.0, 5.8, 5.5, 4.7 and, 4.1 cal. ka BP. Winter SST 

decrease below 15.0 °C during most of these periods. The observed SST events in the seasonal 

reconstructions (summer and winter) are contemporaneous and result in an increasing seasonal 

difference of up to 9.3 °C during these events (Fig 5.5). Overall, the seasonal difference is 

decreasing towards younger ages from 6.4 to 4.7 °C. SST events within the seasonal 

reconstructions do not parallel any events in the alkenone derived annual mean SST. The warm 

period observed in the annual mean data between 4.3 and 3.9 cal. ka BP is not visible in the 
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seasonal data. Also, the annual mean SST is very close to summer conditions, even exceeding 

those around 4.2 cal. ka BP. 

 

 

Figure 5.5 Oceanic variability in the Gulf of Cádiz. (a) Stacked hematite-stained grain percentages from marine 

sediment cores in the North Atlantic showing Bond Events (BEs) 2 to 4 [Bond et al., 2001]. (b) Seasonal SST 

difference (winter – summer) deduced from the GeoB5901-2 foraminiferal data. (c) Summer insolation at 35° N 

[Laskar et al., 2004]. (d) Alkenone and planktonic foraminifera based SST reconstruction from GeoB5901-2 (black 

– summer; grey – winter; blue – annual mean). Error bars indicate the uncertainty of the calibration for the annual 

mean (blue) and seasonal (black) reconstructions. 

 

5.4.3 Comparison of both sediment cores 

In general, a good agreement between the n-alkane concentration in both sediment cores is 

apparent (Fig 5.3). This is corroborated by the high correlation coefficient (r = 0.82) for the 

period between 5.5 and 3.6 cal. ka BP. Since the correlation calculation is based on 100-year 

time slices (see supplement), there is not such a robust correlation in the younger part between 

3.6 and 3.0 cal. ka BP (r = 0.04). Nonetheless, visual inspection implies a good agreement 

between both records when only the more pronounced minima and maxima are considered for 

this younger interval. The n-alkane concentration minima observed at about 4.3 and 3.7 cal. ka 

BP appear to be contemporaneous in both regions. Also, the two events from about 5.0 to 4.9 

cal. ka BP and from 4.8 to 4.7 cal. ka BP in ODP-161-976A as well as the “W”-shaped event 
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between 5.1 and 4.7 cal. ka BP in GeoB5901-2 correspond to a large extent. Only the drop 

towards low n-alkane concentrations between 5.1 and 5.0 cal. ka BP is offset by about 100 years 

(Fig 5.3). Bearing in the mind the chronological uncertainties around 5.0 cal. ka BP of ±110 

years and ±160 years in the age model of GeoB5901-2 and ODP-161-976A, respectively, this 

offset likely is chronological bias. The Norm33 maxima of both sediment cores correspond well 

between 5.4 and 4.7 cal. ka BP (Fig 5.3). 

With respect to absolute SST values and trends in the temperature reconstructions, differences 

between both cores are larger than for the terrestrial biomarker records. The alkenone-based as 

well as the foraminifera-derived winter SST were about 1 °C warmer in the Gulf of Cádiz, while 

summer SST were about 1 °C warmer in the Alboran Sea. The most apparent difference 

between both regions is noticeable in the seasonal warm/cold events, which do not agree in 

their timing, as is the same for the much more moderate events observed in the alkenone-based 

SST records. Also, the overall trend in the difference in seasonal SST estimates is not similar 

in both regions. While in the Gulf of Cádiz (GeoB5901-2) the seasonal difference increases (i.e. 

summer warming and winter cooling), the seasonal difference in the Alboran Sea record (ODP-

161-976A) record does not change significantly. 

 

5.5 Discussion 

5.5.1 Terrestrial climate conditions in southern Iberia 

Terrestrial plants synthesize long-chain n-alkanes in their leaves as coating for protection 

against water loss [Eglinton and Hamilton, 1967]. These long-chain n-alkanes are either eroded 

directly from the leaves by wind or deposited in the soils in autumn. Afterwards, n-alkanes are 

removed from the atmosphere or eroded from the soils by rain and are further transported into 

the marine realm via aeolian and riverine transport [e.g. Bird et al., 1995; Conte and Weber, 

2002; Schreuder et al., 2018]. The fraction of the riverine input in coastal areas is usually much 

higher compared to the aeolian input. Therefore, terrestrial n-alkane concentrations have 

already been successfully applied to study the riverine input in marine settings in the 

Mediterranean [Abrantes et al., 2017; Cortina et al., 2016; Jalali et al., 2016; Jalali et al., 

2017]. More specifically, Rodrigo-Gámiz et al. [2015] have shown from radiogenic isotopes 

that in the Alboran Sea the riverine dominates the aeolian input during the studied time period. 

Because of the dominant riverine transport mechanism, it is assumed that both proxies integrate 

spatially over the river catchment areas shown in Fig 5.1 and, thus, indicate climate conditions 
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for the entire southernmost Iberian Peninsula. The dominant catchment for sediment core 

GeoB5901-2 is the one of the Guadalquivir river draining into the Gulf of Cádiz. The smaller 

mountainous rivers draining the southern Sierra Nevada area are considered as more relevant 

for sediment core ODP-161-976A. A delivery of material from the Guadalquivir with the inflow 

of the Atlantic water through the Strait of Gibraltar cannot be excluded, though. Since the river 

discharge and also the plant growing season is strongly coupled to precipitation and the rainy 

season at the Iberian Peninsula is in winter (Fig 5.1) [Lionello, 2012], the n-alkane proxies are 

probably biased towards the winter season.  

Consequently, intervals of very low n-alkane concentration in the studied cores are interpreted 

as periods of dry winters, which occurred in southern Iberia at 5.4 ± 0.3, from 5.1 to 4.9 ± 0.1, 

from 4.8 to 4.7 ± 0.1, from 4.4 to 4.3 ± 0.1 and, at 3.7 ± 0.1 cal. ka BP (Fig 5.3). Drier conditions 

at about 5.5 cal. ka BP well in phase with the end of the African Humid Period [deMenocal et 

al., 2000]. This transition appears to be marked by an aridity event as evidenced by speleothem 

data from El Refugio Cave and Grotte de Piste [Walczak et al., 2015; Wassenburg et al., 2016] 

and high charcoal concentration in Cabo de Gata between about 5.4 and 5.3 cal. ka BP. Also, a 

contemporaneous remarkable decrease in Mediterranean forest was noticed by Ramos-Román 

et al. [2018b] from 5.5 to 5.4 cal. ka BP. Schröder et al. [2018] describe a drought event centred 

at about 5.3 cal. ka BP in Lake Medina (SW Iberia). The dry phases between about 5.1 and 4.9 

and from 4.8 to 4.7 cal. ka BP observed in this study are corroborated by regional speleothem 

records [Moreno et al., 2017; Wassenburg et al., 2016]. A dramatic forest decline occurred 

between 5.0 and 4.5 cal. ka BP in SE Iberia [Pantaléon-Cano et al., 2003] along with high 

charcoal concentrations at Cabo de Gata indicating more frequent wild fires [Burjachs and 

Expósito, 2015]. Moderate forest declines are found in pollen records from the Alboran Sea and 

Elx sequence (Fig 5.6) [Burjachs and Expósito, 2015; Fletcher and Sánchez Goñi, 2008]. The 

following period between 4.4 and 3.8 cal. ka BP comprising the 4.2 ka BP event is discussed in 

more detail in chapter 5.5.2. The youngest dry phase found in this study at about 3.7 cal. ka BP 

has also been inferred from pollen data at Elx and Villaverde [Burjachs and Expósito, 2015; 

Carrión et al., 2001], while pollen data from the Alboran Sea indicate a moderate forest decline 

[Fletcher and Sánchez Goñi, 2008]. Additional evidence for a severe dry phase around 3.7 cal. 

ka BP again stems from speleothem data [Moreno et al., 2017; Walczak et al., 2015].  

Notably, in the GeoB5901-2 data all dry episodes are paralleled by Norm33 maxima, while in 

the ODP-161-976A record the dry phases at about 5.4, 4.9 and, 4.7 cal. ka BP coincide with 

Norm33 maxima (Fig 5.3). A tendency towards higher n-alkane chain lengths, as revealed by 
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Figure 5.6 Proxy data from the Iberian Peninsula. (a) Speleothem density data from El Refugio Cave [Walczak 

et al., 2015]. (b) Pollen data from Elx sequence [Burjachs and Expósito, 2015; Burjachs et al., 1997] and marine 

sediment core MD95-2043 [Fletcher and Sánchez Goñi, 2008]. (c) Norm33 n-alkane ratios from Borreguil de la 

Caldera and Borreguil de la Virgen. These data have been calculated on the basis of n-alkane raw data from 

[García-Alix et al., 2018]. (d) Norm33 n-alkane ratios from ODP-161-976A (red) and GeoB5901-2 (blue) (this 

study). (e) Terrestrial n-alkane concentrations from ODP-161-976A (red) and GeoB5901-2 (blue) (this study). 

The orange bars indicate dry phases observed in this study. The locations of all the references are shown in Fig 

5.1. 

 

increasing Norm33 values, is an indication for warmer and/or drier environmental conditions 

[Bush and McInerney, 2013; Leider et al., 2013; Rommerskirchen et al., 2006]. A local study 

from southern Iberia further shows that increasing chain lengths are a function of decreasing 

water availability [García-Alix et al., 2017]. Consequently, the Norm33 maxima observed in 

this study indicate high water stress for the plants in relation to the dry climate episodes. This 

is supported by Sierra Nevada bog sediments Borreguil de la Virgen and Borreguil de la Caldera 

(Fig 5.6) [García-Alix et al., 2018], which also show Norm33 maxima during such dry episodes. 

It has further been shown that Mediterranean forests declined while scrubs expanded in 
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southern Iberia during the respective dry phases [Fletcher et al., 2007; Ramos-Román et al., 

2018a; Ramos-Román et al., 2018b]. Accordingly, the dry episodes caused a noticeable 

response in the vegetation, which suffered from decreasing water availability. This further 

implies that the vegetation in southern Iberia at that time was very sensitive to winter 

precipitation changes. 

5.5.2 The 4.2 ka BP event 

The manifestation of the 4.2 ka BP event across the Mediterranean is currently intensively 

debated with a particular focus on the western part. In the Eastern and Central Mediterranean 

many studies suggest a dry phase in the time window between 4.4 and 3.8 cal. ka BP [e.g. Calò 

et al., 2012; Cheng et al., 2015; Finné et al., 2017; Zanchetta et al., 2016]. In the Western 

Mediterranean evidence for a dry phase associated with the 4.2 ka BP event comes from 

northern Algeria [Ruan et al., 2016] and pollen data from southern Iberia [Ramos-Román et al., 

2018a]. Furthermore, a drastic forest opening in SE Iberia is indicated from pollen sequences 

at Cabo de Gata around 4.4 cal. ka BP and at Elx at about 4.3 cal. ka BP (Fig 5.6) [Burjachs 

and Expósito, 2015]. Additional indications for a dry phase coinciding with the 4.2 ka BP event 

come from lithological analyses in SE Iberia [Navarro-Hervás et al., 2014], a hiatus in pollen 

data from SW Iberia [Schröder et al., 2018], and speleothem data [Moreno et al., 2017; Walczak 

et al., 2015; Wassenburg et al., 2016].  

Compared to the prolonged dry phase between about 4.4 and 3.8 cal. ka BP recorded in 

speleothems from the Italian Peninsula and Algeria [Ruan et al., 2016; Zanchetta et al., 2016], 

our data indicate a more complex environmental pattern around the 4.2 ka BP event. The 

terrestrial n-alkane concentrations suggest a brief dry period from about 4.4 to 4.3 cal. ka BP 

followed by a rapid return to relatively moister conditions after about 4.2 cal. ka BP, which 

lasted until approximately 3.8 cal. ka BP. The Norm33 data, further, shows a peak in the 

GeoB5901-2 at about 4.3 cal. ka BP indicating that plants in the Guadalquivir basin were 

suffering from water stress. Contrastingly, the intermediate drop in n-alkane concentration in 

ODP-161-976A from the Alboran Sea is not paralleled by a Norm33 maximum. This might 

imply that the dry episode between about 4.4 and 4.3 cal. ka BP was more severely manifested 

in the lowlands of the Guadalquivir basin compared to the high altitudes of the Sierra Nevada. 

Altogether, our reconstructions show that the onset of the dry phase at about 4.4 cal. ka BP is 

in line with proxy data from the Central Mediterranean, while the rapid return to relatively 

moister conditions at about 4.2 cal. ka BP lasting until about 3.8 cal. ka BP highlights regional 

differences in the duration of the 4.2 ka BP event compared to the prolonged dry phase 
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associated with the 4.2 ka BP event in Italian and Algerian speleothems [Ruan et al., 2016; 

Zanchetta et al., 2016]. This interpretation is corroborated by dry conditions at 4.4 cal. ka BP 

and wet conditions at 4.2 cal. ka BP found in ostracod shells from northern Morocco [Zielhofer 

et al., 2017; Zielhofer et al., 2019]. 

5.5.3 Hydrological conditions in the Gulf of Cádiz and the Alboran Sea 

In contrast to the terrestrial climate variability our marine reconstructions suggest fairly stable 

conditions between 5.4 and 3.0 cal. ka BP in the Alboran Sea and between 6.2 and 1.8 cal. ka 

BP the Gulf of Cádiz. The maximum range in the annual mean values based on alkenones is 

about 1 °C and, thus, within the calibration uncertainty. The low temporal resolution of 

previously studied cores from the area (below about 115 and 250 years for annual mean and 

seasonal data, respectively) further hampers the comparison with here observed SST events. 

Therefore, a careful interpretation of the alkenone-based SST results is required.  

Alkenone-derived SSTs from sediment core ODP-161-976A suggest annual mean temperatures 

between 18.9 and 20.0 °C (Fig 5.4), which exceed the modern values of about 18.0 °C 

[Locarnini et al., 2013]. An overall cooling trend over the course of the Mid- to Late Holocene 

in response to decreasing insolation (Fig 5.5) is known on regional as well as on global scale 

[e.g. Cacho et al., 2001; NGRIP-Members, 2004], thus corroborating warmer SSTs during the 

Mid- Holocene compared to modern SSTs. Annual mean SST values around 19 °C at that time 

were also reconstructed by other studies from the Alboran Sea [Ausín et al., 2015; Cacho et al., 

2001; Martrat et al., 2014; Pérez-Folgado et al., 2003; Rodrigo-Gámiz et al., 2014]. Moreover, 

Cacho et al. [2001] described a cold SST event of about 1.5 °C in the Alboran Sea between 

5.94 and 4.75 cal. ka BP. Our data from the Alboran Sea shows no cooling event of similar 

magnitude between 5.4 and 4.7 cal. ka BP. Bearing in mind the error of the calibration there 

might be a cooling at about 5.3 cal. ka BP in the order of just 0.5 °C, but surface water conditions 

between 5.4 and 4.7 cal. ka BP appear to have even been warmer compared to the period 

afterwards. In the Gulf of Cádiz alkenone-based SST values vary between 20.0 to 22.7 °C and 

are warmer compared to recent annual mean temperatures (18.7 °C) [Locarnini et al., 2013]. 

Higher SSTs during the Mid- Holocene might be partly a consequence of higher insolation 

during this period. However, previous alkenone analyses of Kim et al. [2004] on the same 

sediment core yielded SST values between 19 and 20 °C using a different SST calibration of 

Prahl et al. [1988], which would result in slightly cooler SSTs for our data as well. Additionally, 

annual mean SSTs around 20 °C in Gulf of Cádiz were also found by Cacho et al. [2001]. 
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Summer temperatures. Reconstructed summer SST based on foraminiferal assemblage 

variations vary around 22.8 °C in the Alboran Sea and around 22.4 and 21.7 °C before and after 

approximately 4.0 cal. ka BP, respectively, in the Gulf of Cádiz. Alboran Sea summer SSTs are 

exceeding modern ones (21.4 °C) [Locarnini et al., 2013] likely due to higher insolation forcing 

during the Mid- Holocene. This is even better demonstrated by the summer SST record in the 

Gulf of Cádiz. Here, summer SST estimates are progressively cooling towards mean summer 

SSTs around 21.7 °C, which perfectly agree with modern summer temperatures in the Gulf of 

Cádiz (21.7 °C) [Locarnini et al., 2013]. Reconstructed Alboran Sea summer SSTs are 

supported by Rodrigo-Gámiz et al. [2014], who estimated summer SSTs varying around 22 °C 

between 5.5 and 3.0 cal. ka BP. Pérez-Folgado et al. [2003] found even warmer summer SSTs 

between 24 and 25 °C in the Alboran Sea. This difference may be a result of the Pérez-Folgado 

et al. [2003] data calibrated against August temperatures only, while our method used the mean 

of the summer season (July – September). These authors also found a 0.5 °C cooling between 

about 5.0 and 4.5 cal. ka BP, when our data implies two cold events of approximately 1 °C at 

about 5.0 and 4.6 cal. ka BP. In the Gulf of Cádiz, in sediment core MD99-2339 [Salgueiro et 

al., 2014], summer SSTs vary between approximately 22 and 24 °C, exhibiting a cooling trend 

towards the present, which is in harmony with our summer SST reconstructions deduced from 

GeoB5901-2. 

Winter temperatures. Winter SSTs in the Alboran Sea vary around ca. 15.0 °C between 5.4 and 

3.0 cal. ka BP and agree with modern conditions (15.4 °C) [Locarnini et al., 2013]. Moreover, 

winter SSTs (February) around 14.5 °C during the Mid- to Late Holocene reported by Pérez-

Folgado et al. [2003] support our results. Winter SSTs between 16 and 17 °C between 6.2 and 

1.8 cal. ka BP in the Gulf of Cádiz are also in good agreement with the modern winter SSTs of 

16.0 °C [Locarnini et al., 2013]. Slightly colder winter SSTs between 15 and 16 °C were 

reconstructed from dinocyst assemblages in the neighbouring core MD99-2339 [Penaud et al., 

2016].  

5.5.4 Potential drivers of terrestrial and oceanic climate variability 

Under modern conditions the NAO is responsible for much of the variability in winter 

precipitation at the Iberian Peninsula [Hurrell, 1995; Zorita et al., 1992]. Many paleo-climatic 

studies provide evidence for NAO-like climate variability since the Mid- Holocene [Abrantes 

et al., 2017; Deininger et al., 2017; Olsen et al., 2012]. We, thus, compare the observed 

sequence of dry climate episodes to a reconstruction of NAO-like variability from Lake SS1220 

in Greenland (Fig 5.4) [Olsen et al., 2012]. All dry phases observed in this study can be 
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associated with positive excursions in the NAO reconstruction. Moreover, it is evident that a 

wetter period between about 4.2 and 3.8 cal. ka BP coincides with a period of more stable, less 

positive NAO-like conditions. Accordingly, we conclude that the dry phases observed between 

5.4 and 3.0 cal. ka BP in southern Iberia were caused by more dominant positive NAO-like 

conditions. Yet, other atmospheric circulation patterns like the Scandinavian and the East 

Atlantic patterns also influence precipitation variability at the Iberian Peninsula [Abrantes et 

al., 2017; Hernández et al., 2015]. This may explain, why our records do not reveal dry episodes 

between 4.7 and 4.5 cal. ka BP and at about 3.1 cal. ka BP despite the NAO reconstruction 

suggests a strong positive circulation mode for these times. Interestingly, at around 5.2, 4.6, and 

3.0 cal. ka BP we found contemporaneous minima in the MPP and maxima in annual mean 

SSTs in the Alboran Sea (Fig 5.6). This linkage is also visible in the dry phases at about 5.4 cal. 

ka BP and between 5.0 and 4.8 cal. ka BP, while during those at about 4.3 and 3.7 cal. ka BP 

the warming of the annual mean SSTs was more pronounced. This linkage has previously been 

described by Ausín et al. [2015] since 7.7 cal. ka BP in the Alboran Sea and can also be related 

to NAO forcing. Currently, the inflow of the Atlantic Waters through the Strait of Gibraltar is 

strong under negative NAO conditions and, thereby, its flow within the Alboran Sea is shifted 

southwards. This promotes intensified upwelling of cold and nutrient rich waters, which also 

result in higher MPP [Sarhan et al., 2000]. During positive NAO conditions, on the other hand, 

the inflow of the Atlantic Waters is weakened resulting in a more stable water column with 

limited upwelling and, thus, low MPP [Sarhan et al., 2000]. Despite the calibration uncertainty 

of the annual mean SST reconstructions a similar mechanism is also indicated by our data 

during the Mid- to Late Holocene. Accordingly, we conclude that a NAO-like variability was 

coupled to the terrestrial variability in southern Iberia as well as for the surface water variability 

in the Alboran Sea between 5.4 and 3.0 cal. ka BP. 

It has further been suggested that NAO-like variability in the past was responsible for oceanic 

changes in the subtropical Atlantic such as the position of the Azores Front [Goslin et al., 2018; 

Repschläger et al., 2017] as well as for increased upwelling and related SST changes along the 

western Iberian margin [Abrantes et al., 2017]. In more detail, Abrantes et al. [2017] suggest 

that warm winters and cool summers during the Medieval Climate Anomaly were related to 

positive NAO-like conditions. For the time interval between 6.2 and 1.8 cal. ka BP we cannot 

confirm a general link between the NAO and the hydrological conditions in the Gulf of Cádiz. 

Interestingly, we observe two notable differences between the hydrological conditions in the 

Gulf of Cádiz and the Alboran Sea: (1) the summer/winter SST variability in the Gulf of Cádiz 

is opposite resulting in a greater seasonality during seasonal SST events, while seasonality 
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appears to decrease during summer/winter events in the Alboran Sea within methodological 

error and (2) the observed seasonal warming/cooling events in both adjacent basins are not 

contemporaneous. This suggests different mechanisms driving the hydrological variability in 

the Gulf of Cádiz and the Alboran Sea. The pronounced seasonal SST variability in the Gulf of 

Cádiz is in general agreement with the stacked ice-rafted debris (IRD) records for the North 

Atlantic (Fig 5.5) [Bond et al., 2001]. This implies that larger seasonal SST contrasts in the 

Gulf of Cádiz relate to periods of enhanced iceberg discharge in the North Atlantic during Bond 

Events 3 and 4. During Bond Events cold polar water masses have been advected as far south 

as the latitude of Britain [Bond et al., 1997]. Our data suggests that this regime resulted in colder 

winter temperatures in the Gulf of Cádiz as well. Moreover, the Bond Events likely weakened 

the deep water formation in the North Atlantic by limiting the oceanic heat transport towards 

the north [Bond et al., 2001; Wanner et al., 2011]. Repschläger et al. [2017] further proposed 

that Early Holocene freshwater forcing from the Laurentide ice sheet may have resulted in a 

weak subsurface heat transport from the Subtropical Gyre (STG) towards the North Atlantic 

and, subsequently, in a subsurface heat storage within the STG. Following these mechanisms, 

we hypothesize that during Bond Events 3 and 4 the northward heat transport was blocked due 

to freshwater forcing in the North Atlantic, which in turn results in a heat storage within the 

STG. During summer, when the Intertropical Convergence Zone (ITCZ) moved northwards, 

these heated water masses probably reached the Gulf of Cádiz via the Azores Current resulting 

in warmer summer temperatures. These warmer water masses could also reach the Alboran Sea 

through the Strait of Gibraltar, but are not recorded within our data because summer 

temperatures in the Alboran Sea were generally warmer by about 1 °C during the studied period. 

Interestingly, it seems that annual mean SSTs in the Gulf of Cádiz warmed by up to 2 °C during 

Bond Event 3 (Fig 5.5). This might imply rather a growing season shift of the alkenone-

producing coccolithophores from spring to summer rather than a warming of the annual mean 

SSTs. Such a reaction of the coccolithophores might be also indicated to a lesser extent during 

Bond Event 2 when annual mean SSTs warmed by approximately 1 °C at about 3.2 cal. ka BP. 

Our data does not cover the whole interval, though. Also, Bond Event 4 is not entirely covered 

so that this interpretation remains hypothetical. But all in all, the influence of cold water from 

the North Atlantic during winter along with the influence of warmer subtropical water masses 

during summer likely resulted in a pronounced seasonality during Bond Events 3 and 4 (Fig 

5.5). Notably, the amplitude of the seasonal events and their according high seasonality as well 

as the overall seasonality in the Gulf of Cádiz were decreasing towards the present. It is, 

moreover, interesting to note that Bond Event 2 is not visible in our seasonal SST records at all 
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(Fig 5.5). The general decrease in seasonality in the Gulf of Cádiz can be attributed to 

decreasing summer insolation. We hypothesize that this is also true for the decreasing amplitude 

of the seasonal SST events. During Bond Event 4, when summer insolation was high, the more 

northward position of the ITCZ during summer allowed for a stronger inflow of warmer 

subtropical water masses into the Gulf of Cádiz. On the other hand, during winter the ITCZ was 

much further south compared to its present position, allowing enhanced southward flow of the 

colder water masses from the north. During Bond Event 3 the summer and winter positions of 

the ITCZ were already less extreme, thus, weakening the influence of either warm and cold 

water masses during summer or winter, respectively. Later, during Bond Event 2 seasonal 

movements of the ITCZ were even more limited that no influence of either cold water masses 

during winter or warm subtropical water masses during summer are recognizable by a 

pronounced seasonal temperature difference in the Gulf of Cádiz. 

 

5.6 Conclusion 

Two marine sediment cores from the Gulf of Cádiz and the Alboran Sea have been studied 

aiming at exploring the climatic variability with respect to precipitation and vegetation change 

in southern Iberia as well as resolving seasonal hydrological conditions during the Mid- to Late 

Holocene. The following conclusions can be drawn from this study: 

 

− Based on terrestrial n-alkane concentrations we found five major dry climate episodes in 

southern Iberia at 5.4 ± 0.3, from 5.1 to 4.9 ± 0.1, from 4.8 to 4.7 ± 0.1, from 4.4 to 4.3 ± 

0.1, and at 3.7 ± 0.1 cal. ka BP. These dry phases also impacted the vegetation, which 

suffered from environmental stress due to reduced water availability.  

− The manifestation of the 4.2 ka BP event in southern Iberia appears to be shorter compared 

to the prolonged dry episode observed in other regions. Instead, our data suggests a distinct 

dry phase from 4.4 to 4.3 ± 0.1 cal. ka BP followed by a rapid shift towards relatively 

moister conditions at about 4.2 cal. ka BP, which lasted until approximately 3.8 cal. ka BP. 

− SST reconstructions suggest fairly stable annual mean temperature conditions in the 

Alboran Sea and the Gulf of Cádiz with estimates values varying within the range of 

uncertainty of the calibration. Based on summer and winter SST estimates the new records 

imply different mechanisms driving the seasonal variability in these two oceanic basins. 

While in the Gulf of Cádiz opposite seasonal SST events (i.e. summer warming and winter 
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cooling) of up to 2 °C amplitude enhanced the seasonal SST difference, only slight seasonal 

SST variations (i.e. summer cooling and winter warming) within the methodological 

uncertainty have been found in the Alboran Sea at different times.  

− The new records further suggest that variability in precipitation and vegetation in southern 

Iberia and probably the hydrological variability in the Alboran Sea can be well explained 

by a NAO-like atmospheric circulation. Dominant positive NAO-like conditions appear 

contemporaneous with the observed dry phases over southern Iberia associated with slightly 

warmer annual mean SSTs and decreased MPP in the Alboran Sea. 

− The variability of the seasonal SST contrasts in the Gulf of Cádiz seems to be closely related 

to North Atlantic Bond Events. We observe increasing seasonality with summer warming 

and winter cooling during Bond Events 3 and 4. We propose that during winter the 

southward transport of cold water masses from the North Atlantic affected the Gulf of 

Cádiz, while during summer warm water masses originating from the STG reached our 

study site. Bond Event 2 is not reflected by a larger difference in our seasonal SST 

reconstructions. This is likely due to decreasing summer insolation that also influences the 

seasonal movements of the subtropical Azores Front, which in the Gulf of Cádiz can also 

limit either the inflow of cold or warm water masses during winter and summer, 

respectively. 
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5.8 Supplement 

 

Figure 5.7 Supplementary figure S5.1 . (a) 100 yr-means of the n-alkane concentration of sediment cores ODP-

161-976A (red) and GeoB5901-2 (blue) calculated from the raw data. Black dots and grey triangles indicate the 

subdivision of two periods with large differences in the correlation. (b) scatter plot for the period from 3.0 to 3.6 

cal. ka BP (grey triangle) and from 3.6 to 5.4 cal. ka BP (black dots) and the according correlation factors (R).  
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Figure 5.8 Supplementary figure S5.2. Scatter plot for annual mean SST and MPP from sediment core ODP-161-

976A and the according correlation factor (R). 

 

 

 

Figure 5.9 Supplementary figure S5.3. Example chromatograms showing the n-alkane distribution for high 

terrestrial n-alkane concentrations interpreted as wet periods (a and c) and low terrestrial n-alkane 

concentrations interpreted as dry periods (b and d) in sediment cores ODP-161-976A (red) and GeoB5901-2 

(blue), respectively. 
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6 Spatial patterns of temperature, precipitation, and settlement 

dynamics on the Iberian Peninsula during the Chalcolithic and 

the Bronze Age 

6.1 Abstract 

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

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

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

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

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

during the Chalcolithic and the Bronze Age – a period of major social turnover. Paleo-climatic 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

strategies. 

 

6.2 Introduction 

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

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

dry spells particularly in its Mediterranean region [Giorgi and Lionello, 2008]. As a 
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consequence, people likely will increasingly suffer from bad crop yields and bad health status 

[Kovats et al., 2014]. A better understanding of how climate change affected people in the past 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

signals are often masked by variable and highly local land use signals [Fyfe et al., 2019; López-

Sáez et al., 2014; Schneider et al., 2016]. In this respect, the study of marine archives turns out 

to be an important tool for regional paleo-climatic reconstructions as local land use signals are 

diluted in such archives, which incorporate large-scale regional signals [Faust and Wolf, 2017]. 

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

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

event [Bini et al., 2019; Schirrmacher et al., 2019]. Parallel to the precipitation changes, the 

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

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

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

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

Iberian Peninsula remains less clear [Bini et al., 2019; Weinelt et al., 2015]. 

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

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

along with large-scale population displacements [Weiss, 2017; Welc and Marks, 2014]. 

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

ancient societies of the Iberian Peninsula is still under debate [Lillios et al., 2016]. The rich and 
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well-explored Chalcolithic and Bronze Age archaeological record with many well-dated 

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

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

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

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

the environment [Blanco-González et al., 2018; Drake et al., 2017; Fyfe et al., 2019; Lillios et 

al., 2016; Walsh et al., 2019]. Yet, these data are often generalized over a sub-region of the 

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

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

which likely biases the results towards ritual behaviour [Hinz et al., 2012a]. Regarding climatic 

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

climatic datasets. Considering only a small number of single-proxy data results in potentially 

large uncertainty questioning their representativeness on a regional scale.  

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

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

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

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

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

Peninsula and trace coherent regional patterns, we compiled a variety of paleo-climatic proxies 

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

Africa and its adjacent seas along the Iberian margin, respectively (Fig 6.1). Based on this 

paleo-climatic multi-proxy compilation, we compare the demographic development of the 

Iberian Peninsula, which is based on a compilation of AMS 14C data from archaeological 

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

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

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

6.2.1 Climate of the Iberian Peninsula 

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

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

[Fick and Hijmans, 2017], the distribution of precipitation reveals a marked regional pattern, 

which is mainly driven by the Atlantic and Mediterranean atmospheric regimes [Lionello, 

2012]. Today, precipitation on the Iberian Peninsula in general is associated with the westerly 
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Figure 6.1 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 paleo-climatic archives see Tab 6.1. 
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wind belt [Zorita et al., 1992] and to a large extent controlled by the North Atlantic Oscillation 

[Hernández et al., 2015; Hurrell, 1995; Trigo et al., 2004]. However, the Atlantic climate is 

bounded to the northern and western coasts and typically marked by high precipitation of  

400 mm to more than 1000 mm during the rainy season from October to February and between 

300 mm and 700 mm from March to September [Fick and Hijmans, 2017]. In contrast, the 

Mediterranean climate, which is most pronounced at the southern and eastern coasts as well as 

in the Meseta area, is characterized by significantly drier conditions with a rainy winter season 

(up to 500 mm) and a dry summer season barely exceeding 200 mm [Fick and Hijmans, 2017].  

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

Iberian coasts are tightly coupled (Fig 6.6), the marine conditions with respect to temperature, 

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

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

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

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

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

SSTs [Haynes et al., 1993; Peliz et al., 2002]. At the southern coast in the Alboran Sea Atlantic 

water masses circulate in two anti-cyclonic gyres [Lionello, 2012]. These gyres promote local 

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

[Sarhan et al., 2000]. 

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

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

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

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

Ramos-Román et al., 2018]. The overall cooling trend is questioned by [Davis et al., 2003], 

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

across southwest Europe. Nonetheless, the Holocene Climatic Optimum between ca. 9500 and 

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

the Iberian Peninsula suggesting intense winter precipitation and high temperatures [Jalut et 

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

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

et al., 2015]. Also, between 7000 and 5000 cal. BP (5050 – 3050 BCE) the Mediterranean 

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

the Iberian Peninsula [Pérez-Obiol et al., 2011]. Seasonality in sea surface temperatures, on the 

other hand, became smaller, i.e. cooler summers and warmer winters, during the Holocene, 
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which is particularly evident in the Atlantic realm [Schirrmacher et al., 2019]. These long-term 

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

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

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

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

precipitation variability on the Iberian Peninsula since the Mid- Holocene [Ausín et al., 2015; 

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

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

[Bond et al., 2001], a series of iceberg discharge events in the North Atlantic [Ramos-Román 

et al., 2018; Schirrmacher et al., 2019; Smith et al., 2016; Zielhofer et al., 2019].  

6.2.2 Archaeological background 

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

of this study and can be found elsewhere [Blanco-González et al., 2018; Chapman, 2008; Lull 

et al., 2013a]. The following summary intends to provide an overview of the most important 

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

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

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

metalworking [Bartelheim and Pearce, 2015]. Whereas people in Galicia, Asturias, and the 

northern Meseta mainly lived in small farmsteads [Blanco-González et al., 2018], in the 

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

sites such as Zambujal and Los Millares emerged [Kunst and Lutz, 2008; Molina González et 

al., 2004]. As suggested from different trade networks [Schuhmacher, 2017], both sites likely 

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

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

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

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

features between rivalling societies at that time [Lull et al., 2015]. Apart from these notable 

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

pottery [Müller and van Willigen, 2001], a megalithic burial tradition [Schulz Paulsson, 2019], 

or participation in long-distance exchange networks [Schuhmacher, 2017]. Moreover, 

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

walled enclosures (sometimes on hilltops), or pit complexes [Blanco-González et al., 2018; Lull 

et al., 2015; Valera, 2015], which are perhaps the most prominent and best explored settlement 
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features from that time. So-called mega-sites, for instance, Valencina de la Concepción or 

Marroquíes Bajos encompassed an area of up to 450 and 113 hectares, respectively [García 

Sanjuán et al., 2017]. Apart from these, also small sites in the lowlands associated with 

increased agricultural production, whose frequencies are likely underestimated due to their low 

visibility in the field, were settled in the south at that time [Chapman, 2008; García Sanjuán et 

al., 2016].  

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

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

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

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

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

[Lull et al., 2015; Soares et al., 2007; Valera, 2015]. The rapidity of these transformations, 

which occurred within some decades [García Sanjuán et al., 2018; Lull et al., 2015], imply a 

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

Alentejo, Algarve, and Extremadura regions [Lull et al., 2013a; Valera, 2015]. In the Meseta, 

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

people increasingly relied on pastoralism [López Saez et al., 2017]. Furthermore, the site of Los 

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

BCE) and probably ended violently by fire [Lull et al., 2015].  

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

Iberian Peninsula [Comendador Rey et al., 2014]. Nonetheless, in Galicia and Asturias social 

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

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

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

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

Peninsula with broad control of specialized metallurgy and agricultural practises [Delgado-

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

endowments of grave goods, [Lull et al., 2011] have defined five to six distinct social classes 

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

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

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

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

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

Guadiana river basins [Aranda et al., 2008]. The motillas were used for groundwater extraction 
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supplying the intense agriculture practised at that time [Aranda et al., 2008; Benítez de Lugo 

Enrich and Mejías, 2017]. Overall, irrigation techniques were known in the Argaric culture and 

spread westwards during the following centuries [Mora-González et al., 2016; Mora-González 

et al., 2018]. While the Argaric people were not engaged in trans-regional trade, highly 

specialized manufacturing processes are documented [Delgado-Raack and Risch, 2015]. 

Starting from the hilltop settlements, where the elites and, thus, the political power was situated, 

intense agricultural production took place in the lowlands [Aranda et al., 2008; Castro et al., 

1999]. Processing of cereals took place in specialized workshops at the hilltop sites, while the 

food was stored in different areas within the sites where it was redistributed by the elites 

[Delgado-Raack and Risch, 2015]. It has been proposed that the end of the Argaric culture by 

c. 3500 cal. BP (1550 BCE) is characterized by environmental over-exploitation due to intense 

agriculture [Chapman, 2008]. At that time, 50 to 100 per cent of Argaric settlements, among 

them hilltop sites and the motillas, were abandoned and replaced by small sites based on 

subsistence [Lull et al., 2013a]. Along with the collapse of the Argaric culture, its political 

system also disappeared [Chapman, 2008]. 

 

6.3 Methods 

6.3.1 Paleo-climatological compilation and approach 

In this paper, we compiled climate data from various archives (Fig 6.1) including multiple 

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

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

on own data [Schirrmacher et al., 2019] and other published data have been accomplished from 

various databases such as SISAL [Atsawawaranunt et al., 2019], PANGAEA WDC-Mare, 

NOAA, and European Pollen Database (Tab 6.1). Temperature and precipitation have been 

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

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

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

between 12 °W and 6 °E and 32 °N to 45 °N (Fig 6.1; Tab 6.1). Altogether, the database 

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

terrestrial archives (e.g. peat deposits), and is based on 18 different quantitative or qualitative 

proxies. While 111 datasets reflect precipitation changes, 46 datasets are indicative of sea 

surface and/or atmospheric temperature variability. With 97 datasets pollen represent the 

majority of the compiled proxies.  
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The compiled temperature data from marine sediment archives are based on a suite of biomarker 

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

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

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

via modern analogue technique (MAT), all reflecting sea surface temperatures (SSTs). A tight 

coupling between SST and atmospheric temperature variability along the Iberian coasts is 

suggested from observational data (Fig 6.6) and justifies the use of SST data for a comparative 

study with archaeological data. To assess seasonality as a variable potentially highly influential 

to agrarian production, the compiled climatic proxy data were assigned to individual seasons 

wherever possible. Following [Gouveia et al., 2008], we considered decreasing arboreal pollen 

(AP) percentages on the Iberian Peninsula as reflecting a decrease in winter precipitation. This 

is in harmony with interpretations in previous paleo-climatic studies from the Iberian Peninsula 

[Ramos-Román et al., 2018; Fletcher et al., 2010; Chabaud et al., 2014]. Contrastingly, 

xerophytic species such as Chenopodiaceae, Amaranthaceae, and Artemisia are adapted to 

seasonal dry conditions and, thus, are indicative of prolonged annual dry periods [Cariñanos et 

al., 2004]. Accordingly, an increase in xerophytic pollen percentage – either within a single of 

the above mentioned species or the sum of all three – was considered as reflecting annual dry 

conditions. Concerning the data of all non-pollen proxies, we follow the original interpretation 

of the authors. This also includes the interpretation of Cedrus pollen percentages in northern 

Africa, where an increase indicates decreasing summer temperatures [Lamb and van der Kaars, 

1995; Campbell et al., 2017]. 

Age models for the new marine records of cores ODP-161-976A and GeoB5901-2 

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

have been calculated using the Bacon package [Blaauw and Christen, 2011] in the R 

programming language [R Core Team, 2019]. The new AMS 14C dates were measured at the 

Leibniz Laboratory at Kiel University (Tab 6.3).  

For the analysis only paleo-climatic data between 6000 and 3000 cal. BP (4050 – 1050 BCE) 

have been compiled. For each dataset the z-score [Clark-Carter, 2014] has been calculated to 

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

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

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

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

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

proxy. For an illustration of the methodological approach please see Fig 6.2.  
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Figure 6.2 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 6.7) 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 6.1 for 

location). 

 

Considering the wide range of important parameters within the compiled paleo-climatic data, 

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

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

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

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

Table 6.2. The final QF is then based on the lowest QF of all parameters. For example, a well-

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

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

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

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

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

[Pebesma, 2004] and raster [Hijmans, 2019] within R software [R Core Team, 2019]. Thereby, 

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

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

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

1.5 while the search radius was not limited. Unfortunately, the spatial coverage of all other 
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variables was insufficient for reasonable interpolations. Animations showing the development 

of all six paleo-climatic reconstructions for the whole time period can be found in the 

supplement of this article (Videos S1 – S6). 

 

Table 6.2 Quality flag parameters. The assignment of the final quality flag (QF) is described in the text. preWin 

= 2000 – 3000 cal. BP (50 – 1050 BCE); Win = 3000 – 6000 cal. BP (1050 – 4050 BCE); postWin = 6000 – 7000 

cal. BP (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 % 

 

6.3.2 Archaeological approach 

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

archaeological contexts to infer past human activity on the Iberian Peninsula (Fig 6.1). SPDs 

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

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

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

the use of this proxy is critically debated [Contreras and Meadows, 2014; Weninger et al., 2015; 

Williams, 2012]. Nonetheless, its successful and intensive use, which is paralleled by a rapidly 

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

robust reconstructions and safer interpretations [Blanco-González et al., 2018; Drake et al., 

2017; Hinz et al., 2012a; Lillios et al., 2016; Warden et al., 2017]. In order to avoid biases from 

changes in the cultural behaviour of the societies samples from funeral and ritual contexts were 

left out, and only samples from settlement context were retained in the database [Hinz et al., 

2012a]. Iberian AMS 14C data have been compiled from existing datasets [Hinz et al., 2012b; 

IDEArq; Kneisel et al., 2013] and complemented with other published data [Lillios et al., 2016]. 

The data have been carefully checked for duplicate dates before analysis to avoid over-

representation of well-researched sites. For further analysis, AMS 14C dates between 7000 and 

2000 uncalibrated (uncal.) BP (5050 – 50 uncal. BCE) have been taken into account in order to 

ensure that the calibrated dates fall within the analysed period between 6000 and 3000 cal. BP 

(4050 – 1050 BCE). In this (uncalibrated) timeframe, our database contains 4710 dates from 

880 settlements covering the entire Iberian Peninsula. Calibration of AMS 14C data and SPD 
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computation was done using INTCAL13 calibration curve [Reimer et al., 2013] and the rcarbon 

package [Bevan and Crema, 2018; Crema et al., 2017], and using the R programming language 

[R Core Team, 2019].  Prior to sum-calibration the calibrated data were binned by site and the 

resulting site-SPDs have then been normalized to unity, in order to achieve comparability 

between all sites, and to minimize bias potentially resulting from different research intensity 

[Hinz et al., 2012a]. Nonetheless, biases introduced into the reconstructed spatial patterns by 

different archaeological research intensities cannot be fully eliminated and, thus, unavoidably 

affect the outcome. 

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

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

compilations (Fig 6.2). The advantage of medians is that their calculation is not as dependent 

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

minimizes an effect pointed out by Weninger et al. [2015] where the normalization of sum-

calibrated dates may produce false peaks related to the calibration curve and, thus, increases the 

reliability of our results. For each time slice a heat map based on the distances between 

settlements and the respective SPD of each site was calculated. An animation showing the 

development of the settlement density within the whole time period can be found in the 

supplement of this article (Video S7). 

 

6.4 Results and discussion 

6.4.1 Settlement intensity variability during the Chalcolithic and Bronze Age on 

the Iberian Peninsula 

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

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

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

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

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

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

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

near the Atlantic coast (Fig 6.3) and lasted until 4200 cal. BP (2250 BCE) (Fig 6.4; Video S7). 

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

patterns in the Alentejo and Algarve regions [Hinz et al., 2019]. In this late Chalcolithic phase, 
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the walled site of Zambujal has been constructed in the area [Kunst and Lutz, 2008] 

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

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

culture had already emerge since 5150 cal. BP (3200 BCE) [Molina González et al., 2004]. 

According to our SPD data, both societies in the SW and the SE were co-existing until ca. 4200 

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

and Algarve virtually disappeared (Fig 6.4). Yet, this final “collapse” was preceded by a gradual 

decline in SPD values starting from 4400 cal. BP (2450 BCE) onwards (Video S7) in line with 

archaeological studies from Zambujal and Perdigões [Kunst and Lutz, 2008; Valera, 2015]. 

Based on regional-clustered SPDs from settlement and burial contexts, Lillios et al. [2016] have 

argued previously that the decrease in demographic signals in the SW started around 4500 cal. 

BP (2550 BCE) and considered the possibility of demic migration towards the east. But, also 

in the SE various settlement sites have been abandoned, among them well investigated mega-

sites like Los Millares, Valencina de la Concepción, or Marroquíes Bajos coinciding with the 

disappearance of the Los Millares culture [García Sanjuán et al., 2018; Lull et al., 2015]. 

Jointly, the large-scale abandonment of settlement sites and the vanishing of traditions in 

material culture and burial rites implies that the southern part of the Iberian Peninsula featured 

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

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

Mediterranean coast and into the southern Meseta area after 4200 cal. BP (2250 BCE) (Fig 6.4). 

This development is associated with the boom of the El Argar culture [Lull et al., 2011]. Human 

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

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

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

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

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

area being abandoned by 3400 cal. BP (1450 BCE) (Fig 6.4 and Video S7). 

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

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

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

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

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

patterns with the compiled paleo-climatic data, we explore whether the subsequent development 

of the societies in the SW and the SE during the Chalcolithic, which potentially featured a 
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population migration [Lillios et al., 2016], was favoured by more pleasant climatic conditions 

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

across the Iberian Peninsula we explore its potential impact on the social collapse at that time 

in the SW and the following demographic boom associated with the El Argar culture in the SE. 

6.4.2 Development of two settlement hotspots between 5200 – 4600 cal. BP 

(3250 – 2650 BCE) 

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

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

climatic changes between 5000 and 4800 cal. BP (3050 – 2850 BCE) (Fig 6.3). Although likely 

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

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

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

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

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

of this phase (Fig 6.3). The overall relatively moist annual and winter conditions during that 

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

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

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

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

[Schirrmacher et al., 2019]. This decrease in winter precipitation was more pronounced along 

the Atlantic coast including the SW area (Fig 6.3).  

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

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

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

and, consequently, arable land [García Sanjuán et al., 2016; López-Sáez et al., 2018; Schneider 

et al., 2016]. Moreover, irrigation was likely not practised before 4300 cal. BP (2350 BCE) in 

the area, highlighting the importance of natural water resources [Benítez de Lugo Enrich and 

Mejías, 2017; Mora-González et al., 2016; Mora-González et al., 2018].  

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

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

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

climatic-induced migration from the SW. Lillios et al. [2016] already suggested a potential 

migration after ca. 4500 cal. BP (2550 BCE) from the SW towards the SE. Strontium isotopic 
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analysis (87/86Sr) of human teeth indeed suggest that a variable amount of non-local population 

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

existing social networks [Díaz-Zorita Bonilla, 2013; Díaz-Zorita Bonilla et al., 2018]. The 

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

moved eastwards for metals and related economic reasons [Bartelheim and Pearce, 2015], it 

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

ivory favoured migration towards the SE [Schuhmacher, 2017].  

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

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

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

 

 

Figure 6.3 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. 
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6.4.3 Boom and bust on the southern Iberian Peninsula between 4400 – 3400 

cal. BP (2450 – 1450 BCE) 

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

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

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

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

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

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

from the two earlier events. 

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

whole Iberian Peninsula faced cooler annual conditions (Fig 6.4). Contrastingly, the alkenone 

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

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

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

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

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

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

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

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

indicating no event-like features (Fig 6.4). Decreasing annual or winter precipitation as 

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

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

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

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

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

– the so-called Bond Event 3 [Bond et al., 2001]. This, further, corroborates the hypothesis by 

Schirrmacher et al. [2019] that cooling during Bond Event 3 close to the Iberian Atlantic coast 

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

regional decrease in precipitation on the Iberian Peninsula. 

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

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

3800 cal. BP (2050 – 1850 BCE). During this period, the hydroclimatic data points to a sharp 
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Figure 6.4 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. 

 

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

relatively constant or even increased (Fig 6.4). This leads to the conclusion that this event was 

probably driven by a sharp decrease in summer precipitation or an elongation of the summer 
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dry period. Despite just two compiled archives are indicative of summer precipitation 

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

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

[Bini et al., 2019]. Thus, this event noticeably differs from the drying trend, which is evident 

afterwards and characterized by a decrease in winter precipitation (Fig 6.4; Video S5). At the 

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

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

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

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

cal. BP (2350 – 1850 BCE) in the Central and Eastern Mediterranean [Bini et al., 2019; 

Kaniewski et al., 2018], we suggest that this event had a shorter duration (4000 – 3800 cal. BP; 

2050 – 1850 BCE) and just affected the Mediterranean coast – the SE in particular – of Iberian 

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

season. 

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

population displacements in the Near East [Weiss, 2017; Welc and Marks, 2014]. Therefore, it 

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

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

indicative of a collapse as well [Lull et al., 2015; Valera, 2015]. But, from our paleo-climatic 

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

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

3800 cal. BP; 2050 – 1850 BCE) and had likely not impacted the SW at all (Fig 6.4). This is 

corroborated by Valera et al. [2015], who proposed that the abandonment of ditched enclosures 

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

boom of the El Argar culture at that time [Lull et al., 2011] despite the dry summer conditions 

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

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

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

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

2015], and/or irrigation techniques [Benítez de Lugo Enrich and Mejías, 2017; Mora-González 

et al., 2016]. In addition, our paleo-climatic data suggests that the stable or increased winter 

precipitation during this phase supported people in maintaining the intensive agricultural 

production (Fig 6.4). 
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Interestingly, during the collapse of the Argaric society between 3600 and 3500 cal. BP (1650 

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

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

as well as speleothem data (Fig 6.4). So far, it has been suggested that the collapse of the Argaric 

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

woodland clearance [Castro et al., 1999; Lull et al., 2013a, 2013b]. This may account for the 

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

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

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

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

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

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

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

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

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

Argar culture by hampering the intense agricultural practises. 

 

6.5 Conclusion 

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

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

we compiled paleo-climatic and archaeological data from the time period between 6000 to 3000 

cal. BP (4050 – 1050 BCE) from the Iberian Peninsula. The paleo-climate was analysed for 

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

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

intensity.  

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

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

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

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

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

indicated for the SE until ca. 3600 cal. BP (1650 BCE). 
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The paleo-climatic analysis resolved the long-term Holocene aridification trend on the Iberian 

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

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

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

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

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

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

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

phase with Bond Event 3. 

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

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

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

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

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

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

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

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

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

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

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

Bronze Age. 

 

6.6 Outlook 

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

well-dated, high-resolution paleo-climate data. Especially, seasonal data have an insufficient 

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

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

and western Mediterranean coasts are clearly underrepresented. From the archaeological 

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

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

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

and dietary studies to significantly improve the knowledge of agricultural practises in the past. 
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This knowledge will be needed for better comparability of social and paleo-climatological 

variability on the Iberian Peninsula. 
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https://www.sciencedirect.com/science/article/abs/pii/S0277379119310182. 

 

Table 6.3 Supplementary table S6.1. 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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Figure 6.5 Supplementary figure S6.1. 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]. 
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Figure 6.6 Supplementary figure S6.2. 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). 
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Figure 6.7 Supplementary figure S6.3. Updated or calculated age models for all paleo-climatic archives. The 

source of the AMS 14C data is referenced in Tab 6.1 within the original publication. 
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7 Fossil leaf wax hydrogen isotopes reveal variability of North 

Atlantic climate forcing on the southeast Iberian Peninsula 

between 3000 to 6000 cal. BP 

7.1 Abstract 

Many recently published papers have investigated the spatial and temporal manifestation of the 

4.2 ka BP climate event at regional and global scales. However, questions with regard to the 

potential drivers of the associated climate change remain open. Here, we investigate the 

interaction between Atlantic and Mediterranean climate forcing on the south-eastern Iberian 

Peninsula during the Mid- to Late Holocene using compound-specific hydrogen isotopes from 

n-alkanes preserved in marine sediments. Variability of hydrogen isotope values in the study 

area is related to changes in the precipitation source and indicates three phases of increased 

Mediterranean sourced precipitation from 3250 to 3400 cal. BP, from 4300 to 5150 cal. BP, 

and from 5350 to 5450 cal. BP. These phases are in good agreement with times of a prevailing 

positive mode of the North Atlantic Oscillation, reduced storm activity in the Mediterranean, 

and an increase in summer precipitation over southeast Iberia. Instead, as suggested by a major 

decrease in hydrogen isotope values of the n-C33 n-alkane, the 4.2 ka BP event on the south-

eastern Iberian Peninsula was characterized by rapid reductions in summer precipitation 

indicating a decrease of Mediterranean sourced moisture influence. 

 

7.2 Introduction 

In recent years much effort has been made in reconstructing and understanding the socio-

environmental dynamics associated with the 4.2 ka BP event. Initially, the 4.2 ka BP event was 

described as an “archaeological event” in the Near East, where the Akkadian Empire collapsed 

due to an increase in regional aridity [Weiss et al., 1993]. Similar climatic related collapses or 

transformations within ancient societies around 4.2 ka BP have also been documented in 

different regions across the northern hemisphere [Liu and Feng, 2012; Staubwasser et al., 2003; 

Welc and Marks, 2014] including southern Iberia [Schirrmacher et al., 2020; Valera, 2015]. 

Accordingly, the narrative of a megadrought affecting ancient societies across Asia, the 

Mediterranean, and northeast Africa arose [Weiss, 2015, 2016]. 
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Such a first evidence of climate related collapses or transformations in ancient societies have 

promoted intense investigations of the “climatic” 4.2 ka BP event, which resulted in a variety 

of associated paleo-climatic studies from the Mediterranean area [Bini et al., 2019; Kaniewski 

et al., 2018; Schirrmacher et al., 2019; Schirrmacher et al., 2020], Asia [Giesche et al., 2019; 

Kathayat et al., 2018; Zhang et al., 2018], North America [Booth et al., 2005], the northern 

North Atlantic region [Bradley and Bakke, 2019; Geirsdóttir et al., 2019; Jalali et al., 2019], 

and the southern hemisphere as well [Li et al., 2018; Railsback et al., 2018]. Altogether, paleo-

climatic studies point to a series of climatic anomalies between 3800 and 4400 cal. BP, which 

across the Mediterranean region are often registered as dry and cool events [Bini et al., 2019; 

Schirrmacher et al., 2020]. 

However, potential drivers of the more widespread drier and cooler climate periods across the 

mid-latitudes of the northern hemisphere are not yet understood. Since the North Atlantic 

Oscillation (NAO) is modulating winter precipitation across large parts of the Mediterranean 

region, in particular the Western Mediterranean [Lionello, 2012; Trigo et al., 2004], it is often 

regarded as one important driver for drought associated with the 4.2 ka BP event [Ramos-

Román et al., 2018; Schirrmacher et al., 2019; Zielhofer et al., 2017]. At that time, a major 

NAO-like forcing is also suggested by modelling studies [Yan and Liu, 2019]. On the other 

hand, recent studies have indicated that the 4.2 ka BP event in the Mediterranean region could 

have been more pronounced during the summer season [Baldini et al., 2019; Bini et al., 2019; 

Schirrmacher et al., 2020]. Thus, the search for a potential driver of the climatic 4.2 ka BP 

event particularly in the Western Mediterranean region has to include seasonal variability with 

Atlantic winter versus Mediterranean summer forcing.  

To shade further light on the potential driver of climate variability around 4.2 ka BP, we 

investigate the temporal variability of the interaction between Atlantic and Mediterranean 

climatic regimes. Therefore, we analysed compound-specific hydrogen and carbon isotopes 

from land-derived n-alkanes as tracer of past atmospheric circulation patterns in a well-suited 

marine sediment core from the Alboran Sea – an area actually located at the interface of Atlantic 

and Mediterranean climate regimes (Fig 7.1). 

7.2.1 Study area 

Modern climate at the Iberian Peninsula is characterized by a large seasonality in both, 

atmospheric temperature and precipitation. In the southeast, annual mean atmospheric 

temperature ranges between 2.5 and 20 °C depending on the altitude, while summer 

 



Compound-specific hydrogen isotopes reveal variability of North Atlantic climate forcing [...] 

 

 

148 

 

Figure 7.1 Study area. A) Map showing the spatial distribution of weighted long-term (1961-2016) annual mean 

hydrogen isotopic composition of precipitation (δDprec). The raw data was downloaded from the Global Network 

of Isotopes in Precipitation (GNIP) database and interpolated using an inverse distance weighted (IDW) approach 

(unlimited search radius and power value = 3.0). Black dots show locations of weather stations used for 

calculation of regional southeast Iberian climate parameters shown below. Star indicates the location of marine 

sediment core ODP-161-976A and red crosses locations of additional archives used for regional paleo-

climatological analysis (see Tab 7.1 for more detailed information): Navarrés [Ilvonen et al., 2019], Villaverde 

[Carrión et al., 2001a], Villena [Jones et al., 2018], Siles [Carrión, 2002], El Sabinar [Carrión et al., 2004], Elx 

[Burjachs et al., 1997], Cañada de la Cruz [Carrión et al., 2001b], Antas [Pantaléon-Cano et al., 2003], Borreguil 

de la Virgen [Jiménez-Moreno and Anderson, 2012], Laguna Hondera [Mesa-Fernández et al., 2018], Laguna de 

Río Seco [Anderson et al., 2011], Padul [Ramos-Román et al., 2018], Sierra de Gádor [Carrión et al., 2003], 

Roquetas de Mar [Pantaléon-Cano et al., 2003], San Rafael [Pantaléon-Cano et al., 2003], Cabo de Gata 

[Burjachs and Expósito, 2015], El Refugio [Walczak et al., 2015], TTR14-300G [Cortés-Sánchez et al., 2011], 

ODP-161-976A [Combourieu Nebout et al., 2009; Schirrmacher et al., 2019] and, MD95-2043 [Bini et al., 2019; 

Fletcher and Sánchez Goñi, 2008; Fletcher et al., 2010; Peyron et al., 2017]. Blue arrows indicate the main storm 

track of the westerlies during positive (NAO+) and negative North Atlantic Oscillation (NAO-) B) Average seasonal 

air temperature, precipitation and, δDprec of southeast Iberia (left) as well as the correlation of their annual means 

(right). 



Compound-specific hydrogen isotopes reveal variability of North Atlantic climate forcing [...] 

 

 

149 

temperatures range between 8 and 28 °C and winter temperatures vary between -5 and 15 °C 

[Fick and Hijmans, 2017]. Annual precipitation in the area fluctuates between 150 mm at Cabo 

de Gata and 1900 mm at Gibraltar [Fick and Hijmans, 2017]. Summer precipitation ranges from 

0 to 50 mm per month and winter precipitation from 15 to 300 mm per month [Fick and 

Hijmans, 2017]. The spatial distribution of precipitation at the Iberian Peninsula is driven by 

the interaction of the Atlantic and Mediterranean atmospheric regimes with regions dominated 

by the Mediterranean regime experiencing significantly less precipitation [Lionello, 2012]. This 

is particularly true for the Sierra Nevada region in the southeast adjacent to the Alboran Sea, 

which, recently is the driest area of whole Europe. The temporal variability of precipitation on 

the entire Iberian Peninsula, on the other hand, is mainly controlled by the North Atlantic 

Oscillation (NAO), which primarily transports moisture from the Atlantic during the winter 

season [Hernández et al., 2015; Hurrell, 1995; Trigo et al., 2004]. During positive NAO 

(NAO+; i.e. a high difference in sea level pressure between the Azores and Iceland) most of the 

Iberian Peninsula, including the southeast, experiences drier conditions, because the main storm 

track of the westerlies lead towards northern and central Europe (Fig 7.1), and vice versa. The 

scarce precipitation during the summer season, when the NAO driven influence is less 

pronounced [Barnston and Livezey, 1987], is mainly driven by mesoscale synoptic patterns and 

local convective systems [Araguas-Araguas and Diaz Teijeiro, 2005]. These are responsible 

for short torrential rainfall events, which are particularly evident along the Mediterranean coast 

during times of a high land-sea temperature contrast [Araguas-Araguas and Diaz Teijeiro, 

2005].  

These two precipitation sources (Atlantic and Mediterranean) are also reflected in the spatial 

distribution of the hydrogen isotopic composition within the weighted long-term annual mean 

precipitation (δDprec; Fig 7.1). In the Atlantic dominated areas weighted annual mean δDprec 

values are typically below -40 ‰ VSMOW, while coastal areas, which are more intensely 

affected by Mediterranean precipitation sources, vary between -15 and -35 ‰ VSMOW. 

Moreover, southeast Iberian δDprec values show no significant correlation with precipitation 

amount or temperature on the annual scale (Fig 7.1). However, on the monthly scale δDprec 

values are highly correlated with precipitation amount (R = -0.928; p < 0.001) and temperature 

(R = 0.852; p < 0.001) (not shown). This is because the precipitation source, which varies on a 

seasonal scale (Atlantic winter and Mediterranean summer), is responsible for the observed 

seasonal variability of δDprec values in southeast Iberia [Araguas-Araguas and Diaz Teijeiro, 

2005]. 
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7.2.2 Compound-specific isotopes as paleo-climatic proxy 

Isotopic analyses of individual n-alkanes have been used extensively during the last years in 

tropical [Kuechler et al., 2013; Niedermeyer et al., 2010; Niedermeyer et al., 2016; Schefuß et 

al., 2005] but also in Mediterranean regions [Schäfer et al., 2018; Schemmel et al., 2016; Taylor 

et al., 2018] in order to assess terrestrial environmental and climatic parameters.  

Analysing individual n-alkane homologues for carbon isotopes (δ13CCx) provides important 

information on the distribution of C3 and C4 plants [Diefendorf and Freimuth, 2017]. Due to 

their different photosynthetic pathway, C4 plants typically exhibit elevated δ13CCx values 

varying between -20 to -15 ‰ VPDB compared to C3 plants, which vary between -45 to -30 

‰ VPDB [Diefendorf and Freimuth, 2017; Schwab et al., 2015].  

Moreover, the δ13CCx values are needed for potential correction of the hydrogen isotopic data 

of the individual n-alkanes (δDCx) [Gamarra et al., 2016; Wang et al., 2013]. Despite of 

potential alteration through the vegetation type, the δDCx data is highly correlated with that of 

the water source, i.e. precipitation (δDprec) during the plants growing season [Sachse et al., 

2012]. Additional factors controlling δDprec and, thus, also δDCx are atmospheric temperature, 

the amount of rainfall, and evaporation [Sachse et al., 2012; Wirth and Sessions, 2016]. 

Furthermore, δDCx data helps to differentiate between local precipitation sources with high 

δDprec values and distant precipitation sources (low δDprec values) [Araguas-Araguas and Diaz 

Teijeiro, 2005]. 

 

7.3 Materials and methods 

7.3.1 Sediment core and age model 

Sediment core ODP-161-976A (36°12.320’ N; 4°18.760’ W; 1108 m water depth) was 

retrieved in the Alboran Sea during the JOIDES RESOLUTION cruise in 1995 [Comas et al., 

1996]. The sampling of this sediment core was already described in a previous paper 

[Schirrmacher et al., 2019]. To achieve multi-decadal resolution, the section from 100.0 to 

149.0 cm was continuously sampled at 0.5 cm distances in the IODP (International Ocean 

Discovery Program) core repository at MARUM (Center for Marine Environmental Sciences) 

in Bremen (Germany). Also, the age model of sediment core ODP-161-976A has already been 

published in earlier publications [Schirrmacher et al., 2019; Schirrmacher et al., 2020]. The 

final age model of ODP-161-976A is based on 11 AMS 14C dates. The sediment core 
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encompasses an analysed time period between ca. 3000 to 5750 cal. BP with a temporal 

resolution varying between 8 and 114 years for ODP-161-976A. 

7.3.2 Sample preparation 

The sample preparation of sediment core ODP-161-976A followed the protocol of the 

biomarker laboratory at Kiel University and has already been described in an earlier study 

[Schirrmacher et al., 2019]. In short, n-alkanes were extracted from the freeze-dried and finely 

ground sediment samples with an accelerated solvent extractor (ASE-200, Dionex) at 100 bar 

and 100 °C using a 9:1 (v=v) mixture of dichloromethane (DCM) and methanol. After 

extraction samples were de-sulfured by stirring for 30 minutes with activated copper. The de-

sulfured n-alkanes were subsequently separated by silica gel column chromatography using 

activated silica gel and hexane. n-Alkanes were further separated using silver nitrate (AgNO3) 

coated silica gel. Subsequently, individual n-alkane homologues have been identified with an 

Agilent 6890N gas chromatograph equipped with a Restek XTI-5 capillary column (30 m x 320 

µm x 0.25 µm) based on the comparison of their retention times with an external standard 

containing a series of n-alkane homologues of known concentration. On this basis, n-alkanes 

were also quantified using the FID peak areas calibrated against the external standard. 

7.3.3 Compound-specific isotope analysis 

After quantification, terrestrial-sourced n-alkane homologues of sufficient concentration (i.e. 

n-C29, n-C31, and n-C33) have been analysed by gas chromatography-isotope ratio mass 

spectrometry (GC-IRMS) for δD and δ13C at the Leibniz Laboratory for Radiometric Dating 

and Stable Isotope Research at Kiel University. Samples have been measured on an Agilent 

6890 gas chromatograph equipped with a Gerstel KAS 4 PTV injector and an Agilent DB-5 

capillary column (30 m x 250 µm x 0.25 µm) coupled to a Thermo Scientific MAT 253 isotope 

ratio mass spectrometer (IRMS). Depending on the n-alkane concentration, between 5 and 30 

µl of each sample has been injected 2-4 times in order to achieve a statistically robust analytical 

error for each n-alkane homologue. The δD and δ13C values are reported relative to Vienna 

Standard Mean Ocean Water (‰ VSMOW) based on Arndt Schimmelmann’s A6 reference 

mixture from 2015 and Vienna Pee Dee Belemnite (‰ VPDB) scales using Arndt 

Schimmelmann’s A7 reference mixture from 2017, respectively. Long-term measurements of 

internal n-alkane standards yielded an analytical precision of ±3.0 ‰ for δD and ±0.3 ‰ for 

δ13C. 
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Table 7.4 Dataset used for the regional precipitation analysis.  

Site Season Archive Proxy Reference 

Antas annual terrestrial Xerophytes [Pantaléon-Cano et al., 2003] 

Borreguil de la Virgen annual lake Artemisia [Jiménez-Moreno and Anderson, 2012] 

Cañada de la Cruz annual lake Xerophytes [Carrión et al., 2001b] 

El Refugio Cave annual speleothem Stalagmite density [Walczak et al., 2015] 

El Sabinar annual terrestrial Xerophytes [Carrión et al., 2004] 

Elx annual terrestrial Xerophytes [Burjachs et al., 1997] 

Laguna de Río Seco annual lake Artemisia [Anderson et al., 2011] 

Laguna Hondera annual lake Ca/Ti ratio [Mesa-Fernández et al., 2018] 

MD95-2043 annual marine MAT on pollen 

[Bini et al., 2019; Fletcher and 

Sánchez Goñi, 2008; Fletcher et al., 

2010; Peyron et al., 2017] 

MD95-2043 annual marine Xerophytes [Fletcher and Sánchez Goñi, 2008] 

Navarrés annual terrestrial WAPLS on pollen [Ilvonen et al., 2019] 

ODP-161-976A annual marine MAT on pollen 
[Combourieu Nebout et al., 2009; 

Schirrmacher et al., 2020] 

Padul annual terrestrial Xerophytes [Ramos-Román et al., 2018] 

Roquetas de Mar annual terrestrial Xerophytes [Pantaléon-Cano et al., 2003] 

San Rafael annual terrestrial Xerophytes [Pantaléon-Cano et al., 2003] 

San Rafael annual terrestrial WAPLS on pollen [Ilvonen et al., 2019] 

Sierra de Gádor annual lake Xerophytes [Carrión et al., 2003] 

Siles annual lake Xerophytes [Carrión, 2002] 

TTR14-300G annual marine La/Lu ratio [Cortés-Sánchez et al., 2011] 

Villaverde annual terrestrial Xerophytes [Carrión et al., 2001a] 

Antas winter terrestrial arboreal pollen [Pantaléon-Cano et al., 2003] 

Borreguil de la Virgen winter lake arboreal pollen [Jiménez-Moreno and Anderson, 2012] 

Cañada de la Cruz winter lake arboreal pollen [Carrión et al., 2001b] 

Cabo de Gata winter terrestrial arboreal pollen [Burjachs and Expósito, 2015] 

Elx winter terrestrial arboreal pollen [Burjachs et al., 1997] 

Laguna de Río Seco winter lake arboreal pollen [Anderson et al., 2011] 

MD95-2043 winter marine MAT on pollen 

[Bini et al., 2019; Fletcher and 

Sánchez Goñi, 2008; Fletcher et al., 

2010; Peyron et al., 2017] 

MD95-2043 winter marine arboreal pollen [Fletcher and Sánchez Goñi, 2008] 

ODP-161-976A winter marine n-CC27-33 
[Schirrmacher et al., 2019; 

Schirrmacher et al., 2020] 

ODP-161-976A winter marine MAT on pollen 
[Combourieu Nebout et al., 2009; 

Schirrmacher et al., 2020] 

Padul winter terrestrial arboreal pollen [Ramos-Román et al., 2018] 

Roquetas de Mar winter terrestrial arboreal pollen [Pantaléon-Cano et al., 2003] 

San Rafael winter terrestrial arboreal pollen [Pantaléon-Cano et al., 2003] 

Sierra de Gádor winter lake arboreal pollen [Carrión et al., 2003] 

Villaverde winter terrestrial arboreal pollen [Carrión et al., 2001a] 

Villena winter terrestrial pollen aridity ratio [Jones et al., 2018] 

 

7.3.4 Regional analysis 

The regional analysis of the past seasonal precipitation development is based on a compilation 

of various climatic proxies from speleothems, marine, lacustrine, and terrestrial archives from 
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the Iberian Peninsula published in a previous paper [Schirrmacher et al., 2020]. Here, this 

compilation has been regionally subsampled for the southeast of the Iberian Peninsula with 20 

records reflecting annual and 16 records reflecting winter precipitation variability (Tab 7.1; Fig 

7.1). The z-scores [Clark-Carter, 2014] of all paleo-climatic proxies reflecting either annual or 

winter precipitation have been combined to a regional time-series of qualitative annual and 

winter precipitation change. Prior to analysis the speleothem data of El Refugio Cave [Walczak 

et al., 2015], which has an average temporal resolution of 3 years, has been downscaled to a 

temporal resolution of 50 years. The calculation of 50-year means prevents the over-

representation of this archive in the regional time-series since it had a much higher temporal 

resolution compared to all other archives. The regional time-series have then been smoothed 

using a symmetric LOESS smooth with a 2nd order polynomial and a smoothing parameter of 

0.1. In order to acquire also a measure of qualitative summer precipitation changes, the 

difference between the annual and the winter smoothed time-series has been calculated. 

 

7.4 Results 

Cumulative concentrations of odd terrestrial n-alkanes (n-C27, n-C29, n-C31, and n-C33) have 

been analysed for variability in winter precipitation amount (n-CC27-33) (Fig 7.2). The n-CC27-33 

concentration reveals no long-term trend and varies between 713.5 and 66.6 ng/ g sediment. 

Altogether, four periods of n-CC27-33 concentration below 250 ng/ g sediment have been 

identified around 3500, 4800, 5000, and 5700 cal. BP.  

Carbon and hydrogen isotopic data of three n-alkane homologues (n-C29, n-C31, and n-C33) are 

presented for the period between ca. 3000 and 5800 cal. BP. In this interval, the carbon isotopic 

values of the n-C29 homologue (δ13CC29) vary between -31.4 and -32.3 ‰ VPDB (Fig 7.2). 

δ13CC31 values vary between -30.5 and -31.7 ‰ VPDB, while δ13CC33 values range from -29.5 

to -31.6 ‰ VPDB. There is no obvious trend in any of the carbon isotopic time series, but 

average values progressively increase with increasing chain length. δ13CC29 values exhibit an 

average of -31.9 ‰ VPDB, while δ13CC31 values vary around a mean of -31.3 ‰ VPDB and 

δ13CC33 values are on average -30.5 ‰ VPDB (Fig 7.2). 

Within the studied timespan, the hydrogen isotopic values vary between -137.3 and -157.5 ‰ 

VSMOW for the n-C29 homologue (δDC29), between -141.7 and -160.8 ‰ VSMOW for δDC31, 

and between -113.8 and -139.9 ‰ VSMOW for δDC33 (Fig 7.2). While the absolute values and 

the amplitude of δDC29 and δDC31 are similar, δDC33 values are slightly higher and their 



Compound-specific hydrogen isotopes reveal variability of North Atlantic climate forcing [...] 

 

 

154 

variability is of larger amplitude. Apart from these differences, hydrogen isotopic values of all 

three homologues covary in the analysed period. Due to the larger amplitude in variability 

within the δDC33 data, periods of high and low isotopic values can be distinguished. High δDC33 

values (-125.9 ‰ VSMOW on average) are evident at 3000, from 3300 to 3400, from 4300 to 

5100, and around 5400 cal. BP. In contrast, low δDC33 values averaging -132.6 ‰ VSMOW are 

noticed from 3400 to 4200, at 5300, and at 5500 cal. BP. 

 

 

Figure 7.2 Molecular and isotopic n-alkane data from ODP-161-976A. (a) Terrestrial n-alkane concentration 

(n-CC27-33), hydrogen isotopic data of individual n-alkane homologues (b) δDC33, (c) δDC31, and (d) δDC29, carbon 

isotopic data of individual n-alkane homologues (e) δ13CC33, (f) δ13CC31, and (g) δ13CC29, and (h) sedimentation 

rate. Black squares show calibrated AMS 14C dates and their according uncertainties. 
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7.5 Discussion 

7.5.1 Drivers of hydrogen isotopic variability 

Variability of hydrogen isotopic data from individual n-alkane homologues is potentially driven 

by five major parameters, which are changes in (1) vegetation types, (2) precipitation amount, 

(3) atmospheric temperature, (4) evaporation, and (5) precipitation source [Gamarra et al., 

2016; Sachse et al., 2012; Wirth and Sessions, 2016]. In the following, we conclude that the 

variability of hydrogen isotopic values from individual n-alkanes originating from southeast 

Iberia and deposited in marine sediment core ODP-161-976A is primarily driven by changes in 

the source of precipitation. 

Several studies have highlighted the dependence of n-alkane hydrogen isotopic composition on 

the distribution of C3 and C4 plants in modern [Garcin et al., 2012] and paleo-climatic studies 

[Collins et al., 2013; Nelson et al., 2013; Wang et al., 2013]. This is due to the different 

photosynthetic regulatory pathways of these plant types, which results in a different apparent 

fractionation between the hydrogen isotopic value of precipitation (δDprec) and that of n-alkanes 

(δDCx) [Gamarra et al., 2016]. Any variation in the C3 vs. C4 plant distribution can be tested 

in parallel through n-alkane δ13C values. Typically, C4 plants exhibit δ13CCx values between 

-20 to -15 ‰ VPDB, while δ13CCx values of C3 plants vary between -45 to -30 ‰ VPDB 

[Diefendorf and Freimuth, 2017; Schwab et al., 2015]. In our case, the similarity and very low 

variability in absolute values for all three compound-specific carbon isotopic data (δ13CC29, 

δ13CC31, and δ13CC33) in sediment core ODP-161-976A suggest a dominant C3 vegetation cover 

throughout the entire period (Fig 7.2). This is in line with various pollen records from southeast 

Iberia, which show a dominance of C3 vegetation and no major change towards increased C4 

vegetation between 3000 and 6000 cal. BP [Combourieu Nebout et al., 2009; Fletcher and 

Sánchez Goñi, 2008; Ramos-Román et al., 2018]. Furthermore, δ13C and δD values within each 

n-alkane homologue are not correlated at significant level, with the exception of the n-C31 

homologue revealing a significant but moderate correlation (Tab 7.2). This rules out any 

significant changes in plant types that may have affected the hydrogen isotopic data at the core 

site. 

Other crucial parameters driving the hydrogen isotopic signal of n-alkanes are changes in 

atmospheric temperature and precipitation amount [Sachse et al., 2012]. Meteorological data 

from the southeast Iberian Peninsula implies a general connection of δDprec values to modern 

changes in the amount of precipitation and atmospheric temperature on a monthly scale (Fig 

7.1). However, no significant statistical correlation of δDprec values with precipitation amount 
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(R = 0.01, p = 0.94) and atmospheric temperature (R = -0.15, p = 0.30) exists during modern 

times on the annual scale (Fig 7.1). Moreover, there is also no significant correlation between 

all three compound-specific hydrogen isotope records and their concentration as well as with 

other ODP-161-976A data such as the cumulative n-CC27-33 concentrations (reflecting changes 

in winter precipitation amount) and alkenone-based annual mean SST (Tab 7.2), which are 

closely coupled to atmospheric temperature variability in southeast Iberia [Schirrmacher et al., 

2020]. The only exception are δDC33 values that show a significant moderate correlation with 

n-C33 concentrations (Tab 7.2). 

 

Table 7.5 Correlation of paleo-climatological parameters from ODP-161-976A. Correlation indices are given 

for the hydrogen isotopes of every individual n-alkane and their carbon isotopic values, their individual 

concentrations, cumulative concentration of long-chained odd n-alkanes, and the alkenone-based SST. Cross-plots 

of each individual parameter are provided in the supplement of this article. 

 δDC29 δDC31 δDC33 
n-Cx conc. R = 0.045; p = 0.725 R = 0.084; p = 0.529 R = 0.367; p = 0.004 

δ13CCx R = 0.176; p = 0.196 R = 0.363; p = 0.005 R = 0.245, p = 0.073 

n-CC27-33 conc. R = 0.032; p = 0.860 R = 0.089; p = 0.501 R = 0.226; p = 0.083 

alkenone SST R = 0.184; p = 0.160 R = 0.114; p = 0.382 R = 0.100; p = 0.440 

 

Another potential effect related to precipitation amount and temperature, which may alter δDCx 

values, is evaporation [Gamarra et al., 2016]. Under the semi-arid climate in southeast Iberia 

evaporation potentially is an important parameter to be considered, when interpreting δDCx data. 

Therefore, it is interesting to note that there is an offset in absolute δDCx values between the  

n-C33 homologue and the n-C29 and n-C31 homologues of ca. 25 ‰ VSMOW (Fig 7.2). It is also 

obvious that the δ13CCx values progressively increase by on average 1.5 ‰ VPDB from the n-

C29 to the n-C33 homologue (Fig 7.2), suggesting that an overall higher C4 plant proportion 

within the n-C33 alkane might account for the higher δDC33 values [Garcin et al., 2012]. In 

addition, the n-C33 alkane is dominantly produced by grasses, while the n-C29 alkane is 

dominant in trees [Bush and McInerney, 2013; Kirkels et al., 2013]. As grasses have shallower 

rooting systems compared to trees, they are much more affected by evaporation from the soils, 

which also may increase their hydrogen isotopic values [Dawson and Pate, 1996; Sachse et al., 

2012]. But, the high covariation of all three δDCx records suggests that evaporation exerted no 

major impact on the centennial-scale variability. It may be a reason for the observed offset in 

average hydrogen isotopic values between the n-C33 n-alkane and the other two homologues, 

though. 
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Thus, we assume that precipitation amount, atmospheric temperature, and related evaporation 

have not been dominant drivers for the observed n-alkane hydrogen variability in ODP-161-

976A during the analysed period. Another potential driver is the source of precipitation [Wirth 

and Sessions, 2016]. Indeed, modern analyses of meteorological data from the Western 

Mediterranean indicate that δDprec values in the area depend on the source of precipitation with 

Atlantic derived precipitation exhibiting significantly lower δDprec values compared to more 

Mediterranean derived precipitation [Araguas-Araguas and Diaz Teijeiro, 2005; Ouda et al., 

2005]. Since Atlantic sourced precipitation on the Iberian Peninsula is much more prominent 

during the winter season [Araguas-Araguas and Diaz Teijeiro, 2005; Fick and Hijmans, 2017], 

changes in precipitation source likely account for the apparent correlation of monthly δDprec 

values with the monthly variability of atmospheric temperature and precipitation amount (Fig 

7.1). n-Alkane δD values were also considered to reflect changes in the precipitation source by 

previous paleo-climatic studies from the Iberian Peninsula [Schäfer et al., 2018; Taylor et al., 

2018]. Accordingly, we conclude that the dominant parameter driving hydrogen isotopic 

variability of individual n-alkanes in marine sediment core ODP-161-976A is the source of 

precipitation with low δDCx values reflecting increasing Atlantic derived precipitation and high 

δDCx values reflecting an increase in Mediterranean sourced precipitation. 

Moreover, we have shown that evaporation and related climatic parameters are unlikely to be 

responsible for the observed centennial-scale variability in δDCx values. Thus, we attribute the 

high amplitude variability in hydrogen isotopic values of the n-C33 alkane to a higher sensitivity 

to short-term paleo-climatic variability due to the shallower rooting systems of grasses 

compared to trees [Dawson and Pate, 1996]. Thus, for further comparison we focus on the 

δDC33 data due to its higher sensitivity. 

7.5.2 Over-regional driver of climate variability 

Based on high δDC33 values we define three major periods of enhanced Mediterranean sourced 

precipitation (Fig 7.3). These range from 3250 to 3400 cal. BP, from 4300 to 5150 cal. BP, and 

from 5350 to 5450 cal. BP. These periods of enhanced Mediterranean sourced precipitation 

well correspond to times of positive modes of the North Atlantic Oscillation (NAO+) [Olsen et 

al., 2012] and reduced Western Mediterranean storminess [Dezileau et al., 2016; Sabatier et 

al., 2012] (Fig 7.3). NAO+ conditions would have favoured a northward shift of the Atlantic 

storm track towards northern and central Europe [Hurrell, 1995] (Fig 7.1). Consequently, this 

resulted in reduced storminess across the Western Mediterranean as evidenced by a clay mineral  
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Figure 7.3 Atlantic versus  Mediterranean influence. (a) Regional z-score of annual precipitation variability, (b) 

regional z-score of winter precipitation variability, (c) regional z-score of summer precipitation variability, (d) 

hydrogen isotopes of the n-C33 n-alkane homologue, (e) reconstructed NAO from lake SS1200 in Greenland [Olsen 

et al., 2012], and (f) clay mineral ratio of Smectite (Sm), Illite (Ill), and Chlorite (Chl) from Gulf of Lions sediment 

core PB06 indicative of Western Mediterranean storminess [Sabatier et al., 2012]. Vertical grey bars indicate 

periods of increased Mediterranean precipitation in southeast Iberia based on the hydrogen isotopic data from 

ODP-161-976A. 

 

ratio from the Gulf of Lions [Sabatier et al., 2012]. Along with the northward displacement of  

the Atlantic storm track the majority of Atlantic sourced precipitation was shifted to northern 

and central Europe [Trigo et al., 2002]. This results in high δDC33 values as Atlantic sourced 

 precipitation in southeast Iberia was reduced and the Mediterranean sourced precipitation 

gained more importance. The only exception is the period from 3250 to 3400 cal. BP, when the 

NAO reconstruction indicates a prominent change to a negative mode (NAO-). 
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This overall relationship can be applied in more detail to the period of the climatic 4.2 ka BP 

event, which encompasses the period from 3800 to 4400 cal. BP. At around 4300/4400 cal. BP, 

the most prominent shift from a long-lasting period of increased Mediterranean sourced 

precipitation to an increase in Atlantic sourced precipitation is observed (Fig 7.3). Taken into 

account the uncertainties in the age models of the individual records, this shift is coincident 

with a change to more negative NAO conditions [Olsen et al., 2012] and increased storminess 

in the Western Mediterranean [Dezileau et al., 2016; Sabatier et al., 2012]. Based on the 

modern precipitation seasonality and atmospheric circulation, the increase in Atlantic sourced 

precipitation after 4300 cal. BP would further imply an increased proportion of winter 

precipitation on the Iberian Peninsula [Hernández et al., 2015; Trigo et al., 2004]. Indeed, the 

overall decreasing trend in the regional winter precipitation over southeast Iberia is 

superimposed by a short-term increase around 4400 cal. BP (Fig 7.3). But, after 4300 cal. BP 

regional winter precipitation again followed the general trend towards drier conditions. Despite 

of this drying trend, winter precipitation between 3400 and 4300 cal. BP was rather stable 

revealing no high amplitude variability implying a stable Atlantic influence during winter. This 

stability is corroborated by the persistent low δDC33 values between 3400 and 4300 cal. BP. 

But still, the rather stable regional winter precipitation cannot be the main reason for the sudden 

decrease in δDC33 values after 4400 cal. BP. Another option to increase the proportion of the 

winter precipitation and, thus, to decrease the δDC33 values is to significantly reduce the summer 

precipitation. Therefore, it is interesting to note that from our regional precipitation analysis a 

decrease in summer precipitation between 3800 and 4400 cal. BP culminating around 3800 and 

4400 cal. BP is suggested (Fig 7.3). A significant decrease in summer precipitation around 3800 

and 4400 cal. BP is corroborated by stalagmite records from northern Iberia [Baldini et al., 

2019]. Altogether, this implies a weakening of the Mediterranean influence during summer and, 

thus an increase in seasonality, which resulted in the sudden decrease of the δDC33 data observed 

at 4300/4400 cal. BP. 

A potential large-scale atmospheric driver of summer precipitation variability might be the 

summer monsoon systems, in particular the West African Summer Monsoon (WASM). Dry 

conditions associated with the 4.2 ka BP event linked to a weakening of the summer monsoons 

were observed in Egypt [Welc and Marks, 2014], the Indus river valley [Dutt et al., 2018; 

Giesche et al., 2019], India [Kathayat et al., 2018], and China [Zhang et al., 2018]. But, a 

dramatic weakening of the WASM is already observed earlier at around 5000 cal. BP and not 

during the period of the 4.2 ka BP event [deMenocal et al., 2000; Weldeab et al., 2007]. 

Furthermore, modelling studies suggest that the WASM did not reach as far north as the Iberian 
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Peninsula during the Mid- Holocene [Messori et al., 2018; Patricola and Cook, 2007; Pausata 

et al., 2016]. However, all modelling studies agree with each other that the northward shift of 

the WASM belt and the regional increase in summer precipitation during the Mid- Holocene is 

underestimated by the climate models [Pausata et al., 2016; Perez-Sanz et al., 2014]. 

Accordingly, a potential impact of a WASM weakening associated with summer dry conditions 

during the 4.2 ka BP event on the south-eastern Iberian Peninsula may seem unlikely, but needs 

further investigation. 

 

7.6 Conclusion 

In order to investigate the interaction between Atlantic and Mediterranean climate at the south-

eastern Iberian Peninsula during the Mid- to Late Holocene, compound-specific hydrogen 

(δDCx) and carbon isotopic records (δ13CCx) from n-alkanes have been analysed. Detailed 

comparison with δ13CCx values, sea surface temperature variability, and changes in precipitation 

amount indicate that δDCx values analysed in this study are related to changes in the 

precipitation source. While low δDCx values are indicative of increased Atlantic origin, high 

δDCx values indicate a Mediterranean precipitation source.  

Overall, δDCx variability appears closely related to the North Atlantic Oscillation (NAO) 

between 3000 and 6000 cal. BP with positive NAO modes resulting in reduced storm activity 

across the Western Mediterranean and an increase of Mediterranean sourced precipitation in 

southeast Iberia. During these phases, which occurred from 3250 to 3400 cal. BP, from 4300 to 

5150 cal. BP, and from 5350 to 5450 cal. BP, also the amount of summer precipitation increased 

in southeast Iberia. According to this general relationship it can be concluded that the period of 

the 4.2 ka BP event (3800 to 4400 cal. BP) on the southeast of the Iberian Peninsula was a time 

of major centennial-scale climate variability including rapid changes towards reduced summer 

precipitation. These reductions in summer precipitation were related to a reduction of the 

Mediterranean influence during summer. While it is indicated that the NAO was at least not 

directly responsible for the reduced summer precipitation, a potential influence of the West 

African Summer Monsoon during this time needs further investigation. 
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Figure 7.4 Supplementary figure S7.1. Cross-plots and correlations of paleo-climatic parameters from sediment 

core ODP-161-976A. 
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8 Conclusions and outlook 

8.1 Conclusions 

By studying the paleo-climatic variability and its potential impact on ancient societies, this 

thesis tries to contribute to the discussion on the ongoing global warming and its potential 

environmental and human impacts on a regional scale. In more detail, this thesis aims to 

decipher the spatio-temporal manifestation of paleo-climatic variability on the Iberian 

Peninsula during the Mid- to Late Holocene with a particular focus on the 4.2 ka BP event. 

Paleo-climatic and paleo-environmental variables, which have been considered important, were 

atmospheric temperature and sea surface temperature (SST) as well as precipitation. Also, much 

emphasis has been paid to reconstructing the seasonal variability of these variables.  

In order to reconstruct the paleo-climatic variability of the Iberian Peninsula two main 

approaches have been pursued. The first one was the reconstruction of annual SSTs and of 

precipitation patterns based on alkenones and n-alkanes in two marine sediment cores from the 

Gulf of Cádiz (GeoB5901-2) and the Alboran Sea (ODP-161-976A), respectively. While the 

investigation of alkenones provides information on a local scale at the marine coring sites, the 

n-alkane based proxies spatially integrate over riverine catchment areas, and thus, provide 

paleo-climatic information on a regional scale. In particular, the investigation of compound-

specific hydrogen and carbon isotopes from individual n-alkanes represents a novel approach 

to study atmospheric precipitation patterns in the study area. This approach was complemented 

by the reconstruction of seasonal (summer and winter) SSTs from planktonic foraminiferal 

assemblages within both sediment cores. The second approach is based on a compilation of 

paleo-climatic proxies from the Iberian Peninsula and adjacent marine and terrestrial areas, 

which was used for analysing spatially coherent patterns of the aforementioned paleo-climatic 

variables. 

The reconstructed paleo-climatological variability, and the 4.2 ka BP event in particular, has 

been further be compared to changes in human activities of the Iberian Peninsula. Here, a focus 

was laid on the comparison to changes in settlement intensity as reconstructed from summed 

probability densities (SPDs) and aoristic analysis. 

Paleo-climatic reconstructions revealed well known long-term cooling and drying trends on the 

Iberian Peninsula during the Holocene. More precisely, the seasonal reconstructions of this 

thesis showed that the long-term cooling and drying trends were mainly associated with winter 

conditions. Moreover, the SST cooling trends seems to be restricted to the Atlantic realm at site 



Conclusions and outlook 

 

 

169 

GeoB5901-2 from the Gulf of Cádiz, whereas more stable conditions prevailed in the Alboran 

Sea where no cooling trends was reported in sediment core ODP-161-976A.  

The long-term development of SST and precipitation was superimposed by pronounced 

seasonal SST and precipitation events, which aappear uncoupled due to their different timing 

and likely were responses to different forcings. For instance, winter cooling events in the Gulf 

of Cádiz of up to 2 °C correlate with ice-rafted debris (IRD) discharge during Bond Events. 

This is particularly true for Bond Event 3 that occurred between 4400 and 4000 cal. BP. Here, 

a major winter cooling is observed on the Iberian Peninsula. In contrast, SST variations in the 

Alboran Sea appear as rather local phenomena and show similarities with the North Atlantic 

Oscillation (NAO) patterns.  

In parallel, the NAO was contributing to variability in winter precipitation amount and changes 

in the seasonal precipitation source on the southern Iberian Peninsula. Positive NAO conditions 

are generally considered to favour winter dry events and, consequently, an increased proportion 

of summer precipitation with local Mediterranean origin. However, this thesis suggests that the 

NAO likely had no impact on the 4.2 ka BP event on the Iberian Peninsula, which was 

manifested as a series of summer dry events between 4400 and 3800 cal. BP restricted to the 

south east (SE) of the Iberian Peninsula.  

Based on a comparison with reconstructed settlement intensities, it could be further shown that 

the El Argar society in the SE of the Iberian Peninsula were well able to cope with reduced 

summer precipitation during the 4.2 ka BP event. But generally, the contemporaneity of winter 

dry conditions and reductions in settlement intensities in the same area implies a high 

dependency of (agrarian) economy of Iberian societies on winter precipitation. For instance, a 

spatial shift in settlement intensity from the south west (SW) to the SE of the Iberian Peninsula 

is evident at around 4800 cal. BP under dry winter conditions. Similarly, a later sharp decline 

in settlement intensity in the SE at around 3600 cal. BP also coincided with the onset of dry 

winter conditions and here, likely contributed to the collapse of the ca. 700-year lasting boom 

phase of the El Argar society.  

Altogether, this relationship suggests that also the modern society might well be able to cope 

with the projected increase in summer heat waves. But despite being more resilient compared 

to ancient societies, modern society may also struggle much more in scenarios, when winter 

precipitation will be severly reduced due to ongoing global warming. 
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8.2 Outlook 

This thesis significantly helped to improve the understanding of the Mid- to Late Holocene 

climate variability on the Iberian Peninsula and further, provides new insights into the 4.2 ka 

BP event. In addition to these important results, this thesis also highlighted various aspects, 

which need further research in future. 

One aspect is dealing with the marine sediment cores investigated within this thesis. They 

provide new data and knowledge on a regional scale and on decadal to multi-decadal temporal 

resolution. But, surely there do exist marine archives, which are even more suitable to study the 

Holocene climate variability in much more detail. In this regard, future studies should 

concentrate on near-shore archives from the riverine mudbelts. Those archives would increase 

the temporal resolution. They would, further, enable to differentiate between the riverine basins 

and thus, allow even better investigation of regional differences in climate change. This will, 

on the one hand, improve the comparison to other local paleo-climatic archives and 

archaeological site data and, on the other hand, allow the recognition of potential spatial 

heterogeneity between different river catchments. Another advantage of those archives is the 

higher concentration of terrestrial-derived material, e.g. n-alkanes. The marine sediment cores 

analysed in this thesis contained relatively low amounts of n-alkanes, which even requires the 

improvement of the analytical setup in order to allow the measurement of the hydrogen isotopic 

composition. Still, some of the samples could not be analysed due to their low n-alkane 

concentration. Instead, near-shore archives from the riverine mudbelts will likely allow for a 

continuous measurement of the compound-specific isotopic composition of individual  

n-alkanes. 

Another crucial issue, which was noticed during this thesis, concerns the radiocarbon dating of 

marine archives. Both archives analysed in this thesis were densely dated and provide a robust 

chronological age model. But still, there is uncertainty due to the global marine reservoir age 

of 400 years and potential local reservoir effects. This impedes the comparison with terrestrial 

archives and archaeological data. Thus, more attention should be paid to the linkage of marine 

and terrestrial records. One interesting approach, for example, could be the direct dating of 

terrestrial long-chain n-alkanes, even individually. Admittedly, this would not produce an age 

model applicable to sea surface temperature estimates, but it will provide important insights 

into the depositional history of n-alkanes and the terrestrial input. In the end, it will produce a 

“true” age model for every paleo-climatic parameter based on n-alkanes. 
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The third major aspect, which needs further research in future, is the linkage between paleo-

climatic and archaeological data. One point is the already mentioned chronological issue, but 

also potential causal relationships between climate events or variability and archaeological 

transformations need further research. The comparison of climate variability and settlement 

patterns as applied in this thesis provides important information, but the establishment of causal 

relationships is hardly possible. Climatic events affect the crops in first place and, thus, the 

agricultural practises of past societies. Accordingly, more archaeo-botanical and dietary studies 

from the Iberian Peninsula are needed in order to improve the comparability of paleo-

climatological and archaeological data and maybe allow for the establishment of causal 

relationships. 

Minor aspects have been highlighted by the paleo-climatic compilation acquired during this 

thesis. As also stated within the respective chapter, the compilation highlighted the need for 

more paleo-climatic records in the study area. In general, the overall low temporal resolution 

just allows a calculation of 200-year time slices. More well-dated archives with decadal 

resolution would enable the calculation of 100-year time slices or even less. Moreover, some 

areas of the Iberian Pennsula remain underrepresented and new records are needed from these 

regions, in particular. For instance, the interior of the Iberian Peninsula including the Meseta, 

the Extremadura, the Alentejo, Galicia, and the Algarve are lacking Holocene paleo-climatic 

records. In addition, more Holocene marine records are needed from the northern coasts and 

the Bay of Biscay, the Gulf of Cádiz, and the Valencian and Catalonian coasts. Furthermore, 

much more seasonal paleo-climatic records, particularly from the summer season, are needed 

to improve the knowledge on seasonality. This will not only be important for the climate models 

but is also crucial for comparison with archaeological data since past societies organized their 

way of life around the large seasonal contrast on the Iberian Peninsula with humid winters and 

summer drought. Consequently, more detailed knowledge on the past development and 

variability of seasonality is not just important for paleo-climatological research. 
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Table A1 Age versus depth of ODP-161-976A. 

Depth (cm) Interval (cm) 
Median age 

(cal. years BP) 

Minimum age 

(cal. years BP) 

Maximum age 

(cal. years BP) 

Sedimentation 

rate (cm/ kyr) 

100.25 100.0-100.5 3001 2800 3237 31.25 

100.75 100.5-101.0 3017 2836 3249 31.25 

102.25 102.0-102.5 3071 2920 3292 27.78 

102.75 102.5-103.0 3093 2952 3307 20.83 

103.25 103.0-103.5 3122 2989 3324 16.67 

103.75 103.5-104.0 3150 3014 3342 17.86 

104.25 104.0-104.5 3177 3032 3360 19.23 

104.75 104.5-105.0 3204 3047 3398 19.23 

105.25 105.0-105.5 3232 3078 3426 14.71 

105.75 105.5-106.0 3267 3117 3442 14.71 

106.25 106.0-106.5 3303 3146 3461 13.16 

106.75 106.5-107.0 3339 3169 3485 13.89 

107.25 107.0-107.5 3374 3188 3521 13.89 

107.75 107.5-108.0 3406 3232 3551 15.63 

108.25 108.0-108.5 3438 3301 3564 15.63 

108.75 108.5-109.0 3473 3362 3582 13.89 

109.25 109.0-109.5 3507 3405 3610 14.71 

109.75 109.5-110.0 3543 3434 3654 13.89 

110.25 110.0-110.5 3587 3492 3707 9.26 

110.75 110.5-111.0 3645 3546 3782 8.62 

111.25 111.0-111.5 3703 3579 3890 8.62 

111.75 111.5-112.0 3759 3598 4017 8.62 

112.25 112.0-112.5 3813 3617 4147 9.26 

112.75 112.5-113.0 3893 3683 4238 4.72 

113.25 113.0-113.5 4002 3774 4293 4.55 

113.75 113.5-114.0 4116 3836 4355 4.46 

114.25 114.0-114.5 4225 3890 4443 4.81 

114.75 114.5-115.0 4333 3934 4560 4.81 

115.25 115.0-115.5 4411 4025 4636 9.62 

115.75 115.5-116.0 4461 4161 4648 10.00 

116.25 116.0-116.5 4514 4294 4660 9.62 

116.75 116.5-117.0 4568 4424 4680 8.93 

117.25 117.0-117.5 4623 4504 4712 8.93 

117.75 117.5-118.0 4654 4535 4748 62.50 

118.25 118.0-118.5 4662 4553 4754 62.50 

118.75 118.5-119.0 4670 4567 4761 62.50 

119.25 119.0-119.5 4679 4580 4770 62.50 

119.75 119.5-120.0 4688 4589 4780 62.50 

120.25 120.0-120.5 4697 4602 4789 62.50 

120.75 120.5-121.0 4706 4614 4796 50.00 

121.25 121.0-121.5 4715 4624 4803 50.00 

121.75 121.5-122.0 4724 4633 4811 50.00 

122.25 122.0-122.5 4733 4641 4823 62.50 

122.75 122.5-123.0 4741 4649 4832 62.50 

123.25 123.0-123.5 4751 4656 4838 50.00 

123.75 123.5-124.0 4760 4664 4847 50.00 

124.25 124.0-124.5 4769 4670 4856 50.00 

124.75 124.5-125.0 4778 4677 4866 50.00 

125.25 125.0-125.5 4787 4686 4877 50.00 

125.75 125.5-126.0 4799 4698 4885 41.67 

126.25 126.0-126.5 4810 4708 4896 41.67 

126.75 126.5-127.0 4821 4716 4912 50.00 

127.25 127.0-127.5 4831 4724 4931 50.00 

127.75 127.5-128.0 4842 4734 4945 41.67 

128.25 128.0-128.5 4855 4748 4958 35.71 

128.75 128.5-129.0 4868 4760 4971 41.67 

129.25 129.0-129.5 4881 4767 4986 41.67 

129.75 129.5-130.0 4892 4776 5006 41.67 



Appendix 

 

 

175 

Depth (cm) Interval (cm) 
Median age 

(cal. years BP) 

Minimum age 

(cal. years BP) 

Maximum age 

(cal. years BP) 

Sedimentation 

rate (cm/ kyr) 

130.25 130.0-130.5 4904 4791 5023 41.67 

130.75 130.5-131.0 4916 4811 5031 41.67 

131.25 131.0-131.5 4929 4826 5043 41.67 

131.75 131.5-132.0 4942 4837 5058 41.67 

132.25 132.0-132.5 4955 4847 5076 41.67 

132.75 132.5-133.0 4969 4866 5090 35.71 

133.25 133.0-133.5 4983 4891 5103 35.71 

133.75 133.5-134.0 4998 4910 5116 31.25 

134.25 134.0-134.5 5013 4925 5131 31.25 

134.75 134.5-135.0 5027 4936 5151 35.71 

135.25 135.0-135.5 5046 4951 5180 19.23 

135.75 135.5-136.0 5072 4967 5212 19.23 

136.25 136.0-136.5 5096 4978 5258 22.73 

136.75 136.5-137.0 5119 4988 5315 20.83 

137.25 137.0-137.5 5141 4996 5379 20.83 

137.75 137.5-138.0 5165 5013 5418 17.86 

138.25 138.0-138.5 5191 5033 5439 19.23 

138.75 138.5-139.0 5218 5051 5468 19.23 

139.25 139.0-139.5 5244 5065 5500 19.23 

139.75 139.5-140.0 5269 5077 5537 20.83 

140.25 140.0-140.5 5295 5097 5567 17.86 

140.75 140.5-141.0 5322 5120 5590 19.23 

141.25 141.0-141.5 5351 5138 5612 17.86 

141.75 141.5-142.0 5379 5157 5638 17.86 

142.25 142.0-142.5 5406 5171 5671 17.86 

142.75 142.5-143.0 5432 5196 5700 19.23 

143.25 143.0-143.5 5459 5223 5717 17.86 

143.75 143.5-144.0 5486 5246 5735 17.86 

144.25 144.0-144.5 5514 5264 5758 17.86 

144.75 144.5-145.0 5542 5282 5789 17.86 

146.25 146.0-146.5 5618 5380 5842 20.83 

146.75 146.5-147.0 5645 5403 5863 19.23 

148.25 148.0-148.5 5718 5511 5921 22.73 

148.75 148.5-149.0 5741 5560 5937 22.73 
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Table A 4 Alkenone data from ODP-161-976A. 

Depth 

(cm) 

Weight 

(g) 

soluted 

in (µl) 

C37:2 C37:3 

∑C37 

(ng/g) 
U37

K'
 

Sea surface temperature (°C) 

Area 

(pA*s) 

Conc. 

(ng/g) 

Area 

(pA*s) 

Conc. 

(ng/g) 

Müller 

et al. 

[1998] 

Ternois 

et al. 

[1997] 

Conte 

et al. 

[2006] 

Prahl 

et al. 

[1988] 

100.25 4.339 400 55.16 235.3 24.98 106.6 341.9 0.6883 19.5 21.9 20.7 19.1 

100.75 3.917 400 47.63 225.1 21.37 101.0 326.1 0.6903 19.6 22.0 20.7 19.2 

102.25 4.834 400 55.85 213.9 25.82 98.9 312.8 0.6839 19.4 21.8 20.6 19.0 

102.75 4.764 400 54.52 211.9 24.39 94.8 306.6 0.6910 19.6 22.0 20.7 19.2 

103.25 9.144 400 137.37 235.5 66.46 114.0 349.5 0.6739 19.1 21.6 20.3 18.7 

103.75 6.462 400 113.74 261.7 55.94 128.7 390.4 0.6703 19.0 21.5 20.3 18.6 

104.25 8.210 400 129.14 246.6 62.00 118.4 365.0 0.6756 19.1 21.6 20.4 18.7 

104.75 5.528 400 91.41 259.3 44.84 127.2 386.4 0.6709 19.0 21.5 20.3 18.6 

105.25 6.244 400 98.30 246.8 47.70 119.8 366.6 0.6733 19.1 21.5 20.3 18.7 

105.75 8.052 400 128.21 249.6 58.20 113.3 363.0 0.6878 19.5 21.9 20.6 19.1 

106.25 6.546 400 99.76 238.9 48.17 115.4 354.3 0.6744 19.1 21.6 20.3 18.7 

106.75 6.739 400 103.20 240.1 50.07 116.5 356.6 0.6733 19.1 21.5 20.3 18.7 

107.25 6.413 400 114.84 245.5 54.72 117.0 362.5 0.6773 19.2 21.6 20.4 18.8 

107.75 6.340 400 100.10 247.5 49.01 121.2 368.7 0.6713 19.0 21.5 20.3 18.6 

108.25 6.196 400 101.02 255.6 49.82 126.1 381.7 0.6697 19.0 21.5 20.2 18.6 

108.75 7.147 400 118.26 259.4 59.03 129.5 388.9 0.6671 18.9 21.4 20.2 18.5 

109.25 7.361 400 127.86 272.3 63.94 136.2 408.5 0.6666 18.9 21.4 20.2 18.5 

109.75 7.034 400 137.53 290.7 65.48 138.4 429.1 0.6775 19.2 21.6 20.4 18.8 

110.25 8.029 400 136.15 265.9 63.49 124.0 389.8 0.6820 19.3 21.8 20.5 18.9 

110.75 6.370 400 118.92 277.6 58.60 136.8 414.3 0.6699 19.0 21.5 20.3 18.6 

111.25 5.696 400 94.22 259.3 46.18 127.1 386.4 0.6711 19.0 21.5 20.3 18.6 

111.75 6.309 400 99.76 247.9 48.85 121.4 369.3 0.6713 19.0 21.5 20.3 18.6 

112.25 6.824 400 131.43 286.4 64.54 140.6 427.0 0.6707 19.0 21.5 20.3 18.6 

112.75 7.232 400 124.06 268.9 61.18 132.6 401.6 0.6697 19.0 21.5 20.2 18.6 

113.25 6.809 400 133.05 290.5 65.03 142.0 432.5 0.6717 19.0 21.5 20.3 18.6 

113.75 6.510 400 128.88 294.3 63.87 145.9 440.2 0.6686 18.9 21.4 20.2 18.5 

114.25 8.598 400 164.30 284.1 81.12 140.3 424.4 0.6695 19.0 21.5 20.2 18.5 

114.75 7.342 400 134.64 272.7 64.96 131.5 404.2 0.6746 19.1 21.6 20.4 18.7 

115.25 7.468 400 115.56 242.6 57.08 119.8 362.4 0.6694 19.0 21.4 20.2 18.5 

115.75 6.807 400 108.19 249.2 51.47 118.6 367.7 0.6776 19.2 21.6 20.4 18.8 

116.25 6.661 400 108.08 254.4 53.61 126.2 380.6 0.6685 18.9 21.4 20.2 18.5 

116.75 7.064 400 112.77 250.3 56.11 124.5 374.8 0.6678 18.9 21.4 20.2 18.5 

117.25 7.163 400 131.24 272.4 64.50 133.9 406.3 0.6705 19.0 21.5 20.3 18.6 

117.75 8.071 400 130.28 253.1 56.53 109.8 362.9 0.6974 19.8 22.1 20.9 19.4 

118.25 7.933 400 127.31 251.6 62.44 123.4 375.0 0.6709 19.0 21.5 20.3 18.6 

118.75 5.574 400 98.03 261.5 47.12 125.7 387.2 0.6754 19.1 21.6 20.4 18.7 

119.25 6.927 400 120.11 257.8 59.16 127.0 384.8 0.6700 19.0 21.5 20.3 18.6 

119.75 7.407 400 112.29 258.1 54.50 125.3 383.4 0.6732 19.1 21.5 20.3 18.7 

120.25 7.477 400 115.44 262.9 53.20 121.1 384.0 0.6845 19.4 21.8 20.6 19.0 

120.75 6.652 400 104.35 267.1 51.22 131.1 398.2 0.6707 19.0 21.5 20.3 18.6 

121.25 7.900 400 108.18 246.0 50.25 114.3 360.2 0.6828 19.4 21.8 20.5 18.9 

121.75 8.174 400 112.31 246.8 50.86 111.8 358.6 0.6883 19.5 21.9 20.7 19.1 

122.25 7.519 400 101.63 242.8 45.77 109.3 352.1 0.6895 19.6 21.9 20.7 19.1 

122.75 6.038 400 105.00 238.4 50.12 113.8 352.3 0.6769 19.2 21.6 20.4 18.8 

123.25 6.229 400 107.60 256.8 52.40 125.1 381.9 0.6725 19.0 21.5 20.3 18.6 

123.75 8.442 400 135.60 273.5 64.99 131.1 404.6 0.6760 19.2 21.6 20.4 18.7 

124.25 8.998 400 154.88 255.9 71.88 118.8 374.7 0.6830 19.4 21.8 20.5 18.9 

124.75 6.934 400 91.92 238.1 42.25 109.5 347.6 0.6851 19.4 21.8 20.6 19.0 

125.25 7.100 400 86.12 154.2 38.75 69.4 223.5 0.6897 19.6 21.9 20.7 19.1 

125.75 7.250 400 123.97 254.2 60.28 123.6 377.9 0.6728 19.1 21.5 20.3 18.6 

126.25 7.309 400 102.10 207.7 46.75 95.1 302.8 0.6859 19.5 21.9 20.6 19.0 

126.75 5.090 400 75.42 252.3 36.73 122.9 375.1 0.6725 19.0 21.5 20.3 18.6 

127.25 8.663 400 113.99 195.6 49.85 85.5 281.2 0.6958 19.8 22.1 20.8 19.3 

127.75 6.843 400 96.54 240.2 41.51 103.3 343.5 0.6993 19.9 22.2 20.9 19.4 

128.25 7.836 400 111.10 210.8 51.16 97.1 307.9 0.6847 19.4 21.8 20.6 19.0 

128.75 7.556 400 114.95 259.0 56.95 128.3 387.3 0.6687 18.9 21.4 20.2 18.5 
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Depth 

(cm) 

Weight 

(g) 

soluted 

in (µl) 

C37:2 C37:3 

∑C37 

(ng/g) 
U37

K'
 

Sea surface temperature (°C) 

Area 

(pA*s) 

Conc. 

(ng/g) 

Area 

(pA*s) 

Conc. 

(ng/g) 

Müller 

et al. 

[1998] 

Ternois 

et al. 

[1997] 

Conte 

et al. 

[2006] 

Prahl 

et al. 

[1988] 

129.25 6.751 400 104.40 196.6 48.34 91.0 287.6 0.6835 19.4 21.8 20.5 19.0 

129.75 7.087 400 110.28 264.9 54.77 131.6 396.5 0.6681 18.9 21.4 20.2 18.5 

130.25 7.719 400 101.68 224.3 45.59 100.5 324.8 0.6905 19.6 22.0 20.7 19.2 

130.75 6.597 400 91.44 249.0 41.37 112.6 361.6 0.6885 19.5 21.9 20.7 19.1 

131.25 8.613 400 112.67 222.7 49.69 98.2 321.0 0.6940 19.7 22.0 20.8 19.3 

131.75 6.678 400 109.97 280.4 54.20 138.2 418.6 0.6699 19.0 21.5 20.3 18.6 

132.25 6.972 400 106.52 227.2 48.59 103.6 330.8 0.6868 19.5 21.9 20.6 19.1 

132.75 5.316 400 85.16 272.7 35.91 115.0 387.8 0.7034 20.0 22.3 21.0 19.5 

133.25 8.887 400 126.79 212.1 57.49 96.2 308.3 0.6880 19.5 21.9 20.6 19.1 

133.75 7.499 400 120.13 272.7 58.16 132.1 404.8 0.6738 19.1 21.6 20.3 18.7 

134.25 6.128 400 97.42 202.1 45.62 94.6 296.7 0.6811 19.3 21.7 20.5 18.9 

134.75 7.268 400 100.51 248.4 45.23 111.8 360.2 0.6897 19.6 21.9 20.7 19.1 

135.25 7.559 400 117.09 263.7 52.74 118.8 382.5 0.6895 19.6 21.9 20.7 19.1 

135.75 7.297 400 102.81 253.1 48.24 118.7 371.8 0.6807 19.3 21.7 20.5 18.9 

136.25 8.066 400 121.24 255.9 59.98 126.6 382.5 0.6690 18.9 21.4 20.2 18.5 

136.75 6.935 400 92.66 240.0 41.87 108.4 348.5 0.6888 19.5 21.9 20.7 19.1 

137.25 7.241 400 95.10 235.9 42.67 105.9 341.8 0.6903 19.6 22.0 20.7 19.2 

137.75 7.354 400 96.43 233.2 45.14 109.2 342.4 0.6811 19.3 21.7 20.5 18.9 

138.25 7.619 400 116.07 259.4 52.16 116.6 375.9 0.6900 19.6 22.0 20.7 19.1 

138.75 7.750 400 100.34 230.3 46.99 107.8 338.2 0.6811 19.3 21.7 20.5 18.9 

139.25 8.032 400 101.57 224.9 46.71 103.4 328.4 0.6850 19.4 21.8 20.6 19.0 

139.75 7.432 400 106.62 244.3 47.86 109.6 353.9 0.6902 19.6 22.0 20.7 19.2 

140.25 8.357 400 97.70 208.0 44.45 94.6 302.6 0.6873 19.5 21.9 20.6 19.1 

140.75 7.984 400 94.43 210.4 44.47 99.1 309.4 0.6798 19.3 21.7 20.5 18.8 

141.25 6.319 400 69.99 197.0 31.41 88.4 285.5 0.6902 19.6 22.0 20.7 19.2 

141.75 7.733 400 91.22 209.8 42.25 97.2 307.0 0.6835 19.4 21.8 20.5 19.0 

142.25 8.052 400 105.89 233.9 50.14 110.8 344.7 0.6786 19.2 21.7 20.4 18.8 

142.75 7.922 400 109.38 242.0 52.89 117.0 358.9 0.6741 19.1 21.6 20.3 18.7 

143.25 8.618 400 112.41 228.6 54.92 111.7 340.2 0.6718 19.0 21.5 20.3 18.6 

143.75 6.648 400 90.66 239.0 44.71 117.8 356.8 0.6697 19.0 21.5 20.2 18.6 

144.25 8.383 400 108.65 227.1 53.42 111.7 338.8 0.6704 19.0 21.5 20.3 18.6 

144.75 7.325 400 93.92 224.7 45.52 108.9 333.6 0.6736 19.1 21.6 20.3 18.7 

146.25 2.495 400 26.24 194.7 11.40 84.6 279.3 0.6971 19.8 22.1 20.8 19.4 

146.75 4.690 400 50.69 200.1 22.94 90.5 290.6 0.6885 19.5 21.9 20.7 19.1 

148.25 3.763 400 40.34 198.5 18.27 89.9 288.3 0.6883 19.5 21.9 20.7 19.1 

148.75 6.118 400 67.77 205.1 30.55 92.4 297.5 0.6893 19.6 21.9 20.7 19.1 
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Table A 5 Planktonic foraminiferal assemblage-based sea surface temperatures from ODP-161-976A. 

Depth 

(cm) 

Similarity 

index 

non-distance weighed sea surface temperatures (°C) 

winter 

(JFM) 

JFM 

standard 

deviation 

spring 

(AMJ) 

AMJ 

standard 

deviation 

summer 

(JAS) 

JAS 

standard 

deviation 

fall 

(OND) 

OND 

standard 

deviation 

100.25 0.99 15.0 0.4 17.5 0.2 22.6 1.3 18.5 0.4 

100.75 0.97 15.2 1.0 17.5 0.3 22.7 1.3 18.8 0.9 

102.25 0.98 15.0 0.6 17.6 0.3 22.8 1.3 18.8 0.7 

104.25 0.97 15.8 0.8 17.7 0.4 22.0 1.3 19.2 0.6 

104.75 0.97 15.4 0.8 17.7 0.4 22.5 1.3 19.0 0.7 

106.25 0.97 15.9 1.1 17.8 0.4 22.3 1.3 19.4 0.5 

106.75 0.98 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

108.25 0.98 15.0 0.6 17.6 0.3 22.8 1.3 18.8 0.7 

108.75 0.97 15.7 0.7 17.5 0.5 21.4 1.3 19.0 0.5 

110.25 0.98 15.1 0.6 17.5 0.3 22.5 1.3 18.6 0.5 

110.75 0.99 14.9 0.4 17.6 0.2 22.8 1.3 18.5 0.4 

112.25 0.98 15.1 0.6 17.5 0.3 22.7 1.4 18.8 0.7 

112.75 0.97 15.0 0.6 17.6 0.3 23.0 1.3 18.9 0.6 

114.25 0.98 14.9 0.4 17.5 0.2 23.0 1.2 18.7 0.7 

114.75 0.97 15.0 0.6 17.5 0.3 23.0 1.3 18.9 0.7 

116.25 0.98 15.2 0.7 17.6 0.3 22.8 1.4 18.9 0.7 

116.75 0.97 15.8 0.9 17.7 0.5 21.9 1.2 19.2 0.4 

118.25 0.98 15.3 1.0 17.6 0.3 23.0 1.3 19.1 0.9 

118.75 0.98 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

120.25 0.98 15.1 0.6 17.5 0.3 22.7 1.4 18.8 0.7 

120.75 0.97 15.7 0.9 17.7 0.5 22.3 1.5 19.3 0.5 

122.25 0.98 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

124.75 0.98 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

126.25 0.98 15.3 1.0 17.6 0.3 23.0 1.3 19.1 0.9 

128.75 0.98 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

128.75 0.98 15.0 0.6 17.6 0.3 22.8 1.3 18.8 0.7 

128.75 0.98 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

130.25 0.98 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

132.75 0.99 15.0 0.4 17.5 0.2 22.8 1.4 18.7 0.7 

134.25 0.97 15.8 1.1 17.8 0.5 22.2 1.5 19.4 0.6 

136.75 0.98 14.9 0.4 17.5 0.2 22.7 1.3 18.5 0.4 

142.25 0.98 15.0 0.4 17.5 0.2 22.5 1.4 18.5 0.4 

144.25 0.98 14.9 0.4 17.5 0.2 22.9 1.3 18.7 0.7 

 

 

 

Table A 6 Age versus depth of GeoB5901-2. 

Depth (cm) Interval (cm) 
Median age 

(cal. years BP) 

Minimum age 

(cal. years BP) 

Maximum age 

(cal. years BP) 

Sedimentation 

rate (cm/ kyr) 

1.25 1.0-1.5 1376 1250 1549 20.83 

6.25 6.0-6.5 1742 1553 1979 10.00 

6.75 6.5-7.0 1792 1591 2005 10.00 

7.25 7.0-7.5 1839 1623 2047 12.50 

7.75 7.5-8.0 1951 1757 2139 2.72 

8.25 8.0-8.5 2136 2000 2262 2.69 

8.75 8.5-9.0 2323 2215 2416 2.69 

9.25 9.0-9.5 2508 2380 2612 2.75 

9.75 9.5-10.0 2692 2518 2842 2.75 

10.25 10.0-10.5 2808 2624 2975 10.87 

10.75 10.5-11.0 2856 2703 3005 10.87 

11.25 11.0-11.5 2904 2773 3041 10.42 

11.75 11.5-12.0 2952 2834 3086 10.42 

12.25 12.0-12.5 3000 2875 3144 10.42 

12.75 12.5-13.0 3068 2949 3210 5.68 
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Depth (cm) Interval (cm) 
Median age 

(cal. years BP) 

Minimum age 

(cal. years BP) 

Maximum age 

(cal. years BP) 

Sedimentation 

rate (cm/ kyr) 

13.25 13.0-13.5 3157 3058 3270 5.56 

13.75 13.5-14.0 3246 3161 3342 5.81 

14.25 14.0-14.5 3333 3251 3432 5.81 

14.75 14.5-15.0 3420 3332 3534 5.81 

15.25 15.0-15.5 3497 3412 3608 7.35 

15.75 15.5-16.0 3565 3496 3651 7.35 

16.25 16.0-16.5 3634 3566 3704 7.58 

16.75 16.5-17.0 3701 3622 3776 7.14 

17.25 17.0-17.5 3770 3665 3861 7.35 

17.75 17.5-18.0 3822 3718 3916 13.89 

18.25 18.0-18.5 3858 3770 3949 13.89 

18.75 18.5-19.0 3893 3800 3995 13.89 

19.25 19.0-19.5 3928 3823 4062 14.71 

19.75 19.5-20.0 3963 3840 4138 15.63 

20.25 20.0-20.5 4041 3927 4213 3.97 

20.75 20.5-21.0 4167 4082 4291 3.97 

21.25 21.0-21.5 4294 4224 4376 3.97 

21.75 21.5-22.0 4419 4349 4483 4.10 

22.25 22.0-22.5 4542 4450 4624 4.10 

22.75 22.5-23.0 4628 4528 4720 10.42 

23.25 23.0-23.5 4676 4581 4760 9.62 

23.75 23.5-24.0 4727 4620 4813 9.62 

24.25 24.0-24.5 4777 4646 4874 10.00 

24.75 24.5-25.0 4827 4669 4945 10.00 

25.25 25.0-25.5 4893 4741 5012 6.10 

25.75 25.5-26.0 4975 4850 5082 5.95 

26.25 26.0-26.5 5058 4931 5174 5.81 

26.75 26.5-27.0 5144 4983 5278 5.95 

27.25 27.0-27.5 5228 5032 5397 5.68 

27.75 27.5-28.0 5291 5091 5466 13.16 

28.25 28.0-28.5 5330 5163 5482 12.50 

28.75 28.5-29.0 5369 5228 5500 11.90 

29.25 29.0-29.5 5410 5275 5523 11.90 

29.75 29.5-30.0 5451 5308 5560 13.16 

30.25 30.0-30.5 5486 5357 5591 16.67 

30.75 30.5-31.0 5517 5415 5604 15.63 

31.25 31.0-31.5 5549 5446 5621 16.67 

31.75 31.5-32.0 5580 5471 5645 16.67 

32.75 32.5-33.0 5634 5503 5734 31.25 

34.75 34.5-35.0 5693 5562 5838 35.71 

35.25 35.0-35.5 5708 5576 5863 27.78 

38.75 38.5-39.0 5824 5666 5996 31.25 

41.75 41.5-42.0 5921 5749 6094 35.71 

43.25 43.0-43.5 5968 5792 6138 35.71 

44.25 44.0-44.5 6000 5819 6167 31.25 

44.75 44.5-45.0 6016 5831 6183 27.78 

45.25 45.0-45.5 6032 5848 6198 35.71 

45.75 45.5-46.0 6046 5869 6205 31.25 

48.25 48.0-48.5 6123 5969 6264 31.25 

49.75 49.5-50.0 6170 6028 6297 31.25 
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Table A 8 Alkenone data from GeoB5901-2. 

Depth 

(cm) 

Weight 

(g) 

soluted 

in (µl) 

C37:2 C37:3 

∑C37 

(ng/g) 
U37

K'
 

Sea surface temperature (°C) 

Area 

(pA*s) 

Conc. 

(ng/g) 

Area 

(pA*s) 

Conc. 

(ng/g) 

Müller 

et al. 

[1998] 

Ternois 

et al. 

[1997] 

Conte 

et al. 

[2006] 

Prahl 

et al. 

[1988] 

1.25 3.024 200 25.3 78.37 10.2 31.60 109.97 0.7127 20.3 22.5 21.2 19.8 

12.75 9.625 500 67.5 164.24 25.2 61.32 225.55 0.7282 20.7 22.9 21.5 20.3 

13.25 9.389 500 53.1 132.45 18.9 47.14 179.59 0.7375 21.0 23.1 21.8 20.5 

13.75 5.632 400 46.5 154.69 16.6 55.22 209.91 0.7369 21.0 23.1 21.7 20.5 

14.25 8.062 500 71.3 209.97 28.7 84.52 294.49 0.7130 20.3 22.5 21.2 19.8 

14.75 5.113 400 57.0 211.74 22.2 82.47 294.21 0.7197 20.5 22.7 21.4 20.0 

15.25 11.728 500 97.9 198.18 40.6 82.19 280.37 0.7069 20.1 22.4 21.1 19.6 

15.75 11.093 500 87.3 186.84 36.9 78.97 265.82 0.7029 20.0 22.3 21.0 19.5 

16.25 9.339 500 72.8 185.07 28.4 72.20 257.27 0.7194 20.5 22.7 21.3 20.0 

16.75 10.121 500 60.6 146.18 24.0 57.89 204.07 0.7163 20.4 22.6 21.3 19.9 

17.25 9.327 500 86.6 226.68 35.3 92.40 319.08 0.7104 20.2 22.4 21.1 19.7 

17.75 15.457 1000 60.7 191.75 24.4 77.08 268.83 0.7133 20.3 22.5 21.2 19.8 

18.25 10.623 500 74.2 170.53 24.1 55.39 225.92 0.7548 21.5 23.5 22.2 21.1 

18.75 12.733 500 106.0 189.20 37.9 67.65 256.85 0.7366 21.0 23.1 21.7 20.5 

19.25 9.779 500 87.9 204.29 28.8 66.93 271.22 0.7532 21.5 23.5 22.1 21.0 

19.75 12.292 500 99.4 183.79 36.6 67.67 251.46 0.7309 20.8 22.9 21.6 20.3 

20.25 6.771 400 66.4 178.30 20.2 54.24 232.54 0.7667 21.9 23.8 22.4 21.4 

20.25 3.018 200 59.8 180.13 23.8 71.69 251.82 0.7153 20.3 22.6 21.3 19.9 

20.75 6.278 400 56.0 160.14 16.5 47.19 207.33 0.7724 22.1 24.0 22.6 21.6 

21.25 5.812 400 46.7 144.26 12.1 37.38 181.63 0.7942 22.7 24.5 23.1 22.2 

21.75 7.011 500 49.3 157.81 16.8 53.78 211.58 0.7458 21.3 23.3 21.9 20.8 

22.25 13.303 500 99.5 167.85 37.9 63.94 231.79 0.7242 20.6 22.8 21.5 20.2 

22.75 6.974 400 72.2 185.87 25.0 64.36 250.22 0.7428 21.2 23.2 21.9 20.7 

23.25 11.227 500 102.0 198.28 37.2 72.31 270.60 0.7328 20.9 23.0 21.6 20.4 

23.75 12.764 500 112.8 192.87 44.3 75.75 268.62 0.7180 20.4 22.6 21.3 20.0 

24.25 9.987 500 85.4 186.62 33.9 74.08 260.71 0.7158 20.4 22.6 21.3 19.9 

24.75 6.250 400 73.3 204.77 29.7 82.97 287.73 0.7117 20.2 22.5 21.2 19.8 

25.25 10.155 500 81.7 175.58 33.9 72.86 248.44 0.7067 20.1 22.4 21.1 19.6 

25.75 26.559 1500 60.5 155.17 22.7 58.22 213.40 0.7272 20.7 22.9 21.5 20.2 

26.25 12.906 500 90.8 159.75 36.2 63.69 223.44 0.7150 20.3 22.6 21.2 19.9 

26.75 10.558 500 88.9 191.19 34.2 73.55 264.75 0.7222 20.6 22.7 21.4 20.1 

27.25 15.852 500 63.0 90.24 25.7 36.81 127.06 0.7103 20.2 22.4 21.1 19.7 

27.75 7.649 500 60.7 180.19 24.5 72.73 252.92 0.7124 20.3 22.5 21.2 19.8 

28.25 15.182 1000 67.3 199.41 27.6 81.78 281.19 0.7092 20.2 22.4 21.1 19.7 

28.75 11.113 500 101.4 205.23 42.7 86.42 291.65 0.7037 20.0 22.3 21.0 19.5 

29.25 12.623 500 132.3 235.74 55.7 99.25 334.99 0.7037 20.0 22.3 21.0 19.6 

29.75 8.473 500 87.1 231.21 36.1 95.83 327.04 0.7070 20.1 22.4 21.1 19.6 

48.25 3.036 200 76.7 227.29 30.1 89.20 316.49 0.7182 20.4 22.6 21.3 20.0 

 

 

 

Table A 9 Planktonic foraminiferal assemblage-based sea surface temperatures from GeoB5901-2. 

Depth 

(cm) 

Similarity 

index 

non-distance weighed sea surface temperatures (°C) 

winter 

(JFM) 

JFM 

standard 

deviation 

spring 

(AMJ) 

AMJ 

standard 

deviation 

summer 

(JAS) 

JAS 

standard 

deviation 

fall 

(OND) 

OND 

standard 

deviation 

6.25 0.98 16.5 0.9 18.1 0.3 21.8 0.8 19.7 0.3 

6.75 0.98 16.8 0.4 18.3 0.1 21.6 0.3 19.8 0.2 

7.25 0.98 16.8 0.5 18.2 0.1 21.5 0.3 19.7 0.2 

7.75 0.98 16.7 1.1 18.2 0.5 21.7 0.8 19.8 0.6 

8.25 0.98 16.8 0.4 18.3 0.1 21.6 0.4 19.8 0.2 

8.75 0.99 16.7 1.1 18.2 0.5 21.7 0.8 19.8 0.6 

9.25 0.98 17.1 0.7 18.4 0.3 21.6 0.3 19.9 0.6 
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Depth 

(cm) 

Similarity 

index 

non-distance weighed sea surface temperatures (°C) 

winter 

(JFM) 

JFM 

standard 

deviation 

spring 

(AMJ) 

AMJ 

standard 

deviation 

summer 

(JAS) 

JAS 

standard 

deviation 

fall 

(OND) 

OND 

standard 

deviation 

9.75 0.99 16.7 0.6 18.1 0.4 21.3 0.6 19.6 0.4 

10.25 0.98 16.6 0.5 18.1 0.4 21.4 0.6 19.6 0.4 

10.75 0.98 16.7 0.5 18.2 0.1 21.5 0.3 19.7 0.3 

11.25 0.99 16.7 1.1 18.2 0.5 21.7 0.8 19.8 0.6 

11.75 0.98 16.9 0.5 18.3 0.1 21.5 0.4 19.8 0.2 

12.25 0.98 16.8 1.1 18.3 0.5 21.8 0.8 19.9 0.6 

12.75 0.98 16.7 1.1 18.2 0.5 21.7 0.8 19.8 0.6 

13.25 0.96 17.0 0.7 18.3 0.5 21.7 0.3 20.1 0.5 

13.75 0.98 17.0 0.4 18.3 0.1 21.5 0.3 19.9 0.2 

14.25 0.98 16.7 1.1 18.2 0.5 21.7 0.8 19.8 0.6 

14.75 0.98 16.8 1.1 18.3 0.5 21.8 0.8 19.9 0.6 

15.25 0.97 17.0 0.6 18.3 0.2 21.6 0.4 20.0 0.4 

15.75 0.98 16.9 1.1 18.3 0.5 21.7 0.8 19.9 0.6 

16.25 0.98 17.1 0.6 18.4 0.3 21.5 0.4 20.0 0.5 

16.75 0.98 16.8 1.1 18.3 0.5 21.7 0.8 19.9 0.6 

17.25 0.98 17.0 0.4 18.3 0.1 21.5 0.4 19.9 0.2 

17.75 0.98 16.7 1.1 18.3 0.5 21.8 0.8 19.9 0.6 

18.25 0.98 16.6 1.3 18.2 0.6 22.0 1.0 19.8 0.7 

18.75 0.97 16.6 0.9 18.1 0.3 21.7 0.8 19.7 0.3 

19.25 0.97 16.5 1.3 18.2 0.6 22.0 1.0 19.8 0.7 

19.75 0.98 16.8 1.1 18.3 0.5 21.8 0.8 19.8 0.6 

20.25 0.97 15.7 1.5 17.8 0.5 22.7 1.4 19.5 0.5 

20.75 0.97 16.6 0.9 18.1 0.4 21.8 0.8 19.8 0.4 

21.25 0.98 16.7 1.1 18.2 0.5 21.8 0.8 19.8 0.6 

21.75 0.98 16.9 0.7 18.3 0.3 21.5 0.3 19.9 0.5 

22.25 0.98 16.6 1.0 18.2 0.5 21.8 0.8 19.8 0.6 

22.75 0.98 16.4 1.3 18.1 0.6 22.0 1.0 19.7 0.7 

23.25 0.98 16.7 1.1 18.3 0.5 21.8 0.8 19.9 0.6 

23.75 0.97 15.7 1.5 17.8 0.5 22.7 1.4 19.5 0.5 

24.25 0.97 16.5 1.4 18.1 0.6 21.8 0.9 19.6 0.9 

24.75 0.98 16.7 1.1 18.2 0.5 21.8 0.8 19.8 0.6 

25.25 0.98 16.4 1.3 18.1 0.5 22.0 1.0 19.7 0.7 

25.75 0.98 16.3 1.1 18.1 0.4 22.0 1.0 19.6 0.4 

26.25 0.97 16.0 1.7 18.0 0.6 22.3 1.2 19.5 1.0 

26.75 0.97 15.8 1.5 17.9 0.5 22.6 1.3 19.5 0.5 

27.25 0.98 16.4 1.3 18.1 0.6 22.0 1.0 19.7 0.7 

27.75 0.98 16.4 1.1 18.1 0.4 22.1 1.0 19.7 0.5 

28.25 0.97 16.0 1.5 17.9 0.5 22.5 1.3 19.6 0.5 

28.75 0.98 16.5 1.3 18.2 0.6 22.0 1.0 19.8 0.6 

29.25 0.97 16.1 1.3 18.0 0.5 22.2 1.2 19.6 0.4 

29.75 0.98 16.3 1.1 18.1 0.4 22.0 1.0 19.6 0.4 

30.25 0.97 14.6 0.8 17.5 0.3 23.9 0.8 19.2 0.3 

30.75 0.97 14.6 0.8 17.5 0.3 23.9 0.8 19.2 0.3 

31.25 0.98 16.5 1.3 18.1 0.5 22.0 1.0 19.7 0.7 

31.75 0.98 16.5 1.3 18.2 0.6 22.0 1.0 19.8 0.7 

32.75 0.98 16.5 0.9 18.1 0.3 21.7 0.8 19.6 0.4 

34.75 0.98 16.3 1.1 18.1 0.4 22.0 1.0 19.6 0.4 

35.25 0.97 15.7 1.4 17.8 0.5 22.6 1.4 19.4 0.4 

38.75 0.97 14.9 1.1 17.6 0.4 23.6 1.1 19.3 0.4 

41.75 0.97 15.5 1.5 17.7 0.5 22.9 1.4 19.4 0.5 

43.25 0.98 16.1 1.3 18.0 0.5 22.2 1.2 19.5 0.4 

44.25 0.97 15.5 1.5 17.8 0.5 23.0 1.4 19.5 0.5 

44.75 0.97 16.0 1.4 17.8 0.5 22.4 1.4 19.6 0.5 

45.25 0.97 14.6 0.9 17.7 0.4 23.8 1.0 19.0 0.9 

45.75 0.98 14.6 0.8 17.5 0.3 23.9 0.8 19.2 0.3 

48.25 0.97 15.7 1.5 17.8 0.5 22.7 1.4 19.5 0.5 

49.75 0.98 16.1 1.2 18.0 0.5 22.2 1.2 19.5 0.4 
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Table A 11 LOESS interpolated seasonal 

precipitation data from the SE of the Iberian 

Peninsula based on compiled paleo-climatic data. 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 

3000 NA NA NA 
3001 NA -0.72 NA 

3002 NA -0.72 NA 
3003 NA -0.72 NA 

3004 NA -0.72 NA 

3005 NA -0.72 NA 
3006 NA -0.72 NA 

3007 -0.93 -0.72 -0.21 

3008 -0.93 -0.72 -0.21 
3009 -0.93 -0.72 -0.21 

3010 -0.92 -0.72 -0.21 

3011 -0.92 -0.72 -0.21 
3012 -0.92 -0.72 -0.20 

3013 -0.92 -0.72 -0.20 

3014 -0.92 -0.72 -0.20 
3015 -0.92 -0.72 -0.20 

3016 -0.91 -0.72 -0.20 

3017 -0.91 -0.72 -0.20 
3018 -0.91 -0.72 -0.19 

3019 -0.91 -0.72 -0.19 

3020 -0.91 -0.72 -0.19 
3021 -0.91 -0.72 -0.19 

3022 -0.90 -0.72 -0.19 

3023 -0.90 -0.72 -0.19 
3024 -0.90 -0.72 -0.18 

3025 -0.90 -0.72 -0.18 

3026 -0.90 -0.71 -0.18 
3027 -0.89 -0.71 -0.18 

3028 -0.89 -0.71 -0.18 

3029 -0.89 -0.71 -0.18 
3030 -0.89 -0.71 -0.18 

3031 -0.89 -0.71 -0.17 

3032 -0.89 -0.71 -0.17 
3033 -0.88 -0.71 -0.17 

3034 -0.88 -0.71 -0.17 

3035 -0.88 -0.71 -0.17 
3036 -0.88 -0.71 -0.17 

3037 -0.88 -0.71 -0.17 

3038 -0.87 -0.71 -0.17 
3039 -0.87 -0.71 -0.16 

3040 -0.87 -0.71 -0.16 

3041 -0.87 -0.71 -0.16 
3042 -0.87 -0.71 -0.16 

3043 -0.87 -0.71 -0.16 

3044 -0.86 -0.70 -0.16 
3045 -0.86 -0.70 -0.16 

3046 -0.86 -0.70 -0.16 

3047 -0.86 -0.70 -0.16 
3048 -0.86 -0.70 -0.16 

3049 -0.86 -0.70 -0.16 

3050 -0.85 -0.70 -0.16 

3051 -0.85 -0.70 -0.15 

3052 -0.85 -0.70 -0.15 
3053 -0.85 -0.70 -0.15 

3054 -0.85 -0.69 -0.15 

3055 -0.85 -0.69 -0.15 
3056 -0.84 -0.69 -0.15 

3057 -0.84 -0.69 -0.15 

3058 -0.84 -0.69 -0.15 
3059 -0.84 -0.69 -0.15 

3060 -0.84 -0.69 -0.15 

3061 -0.84 -0.69 -0.15 
3062 -0.84 -0.68 -0.15 

3063 -0.83 -0.68 -0.15 

3064 -0.83 -0.68 -0.15 
3065 -0.83 -0.68 -0.15 

3066 -0.83 -0.68 -0.15 

3067 -0.83 -0.68 -0.15 
3068 -0.83 -0.68 -0.15 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3069 -0.82 -0.67 -0.15 
3070 -0.82 -0.67 -0.15 

3071 -0.82 -0.67 -0.15 

3072 -0.82 -0.67 -0.15 
3073 -0.82 -0.67 -0.15 

3074 -0.82 -0.67 -0.15 

3075 -0.82 -0.66 -0.15 
3076 -0.81 -0.66 -0.15 

3077 -0.81 -0.66 -0.15 

3078 -0.81 -0.66 -0.15 
3079 -0.81 -0.66 -0.15 

3080 -0.81 -0.65 -0.15 

3081 -0.81 -0.65 -0.15 
3082 -0.81 -0.65 -0.16 

3083 -0.81 -0.65 -0.16 

3084 -0.80 -0.65 -0.16 
3085 -0.80 -0.65 -0.16 

3086 -0.80 -0.64 -0.16 

3087 -0.80 -0.64 -0.16 
3088 -0.80 -0.64 -0.16 

3089 -0.80 -0.64 -0.16 

3090 -0.80 -0.63 -0.16 
3091 -0.79 -0.63 -0.16 

3092 -0.79 -0.63 -0.16 

3093 -0.79 -0.63 -0.16 
3094 -0.79 -0.63 -0.16 

3095 -0.79 -0.62 -0.16 

3096 -0.79 -0.62 -0.16 
3097 -0.79 -0.62 -0.17 

3098 -0.78 -0.62 -0.17 

3099 -0.78 -0.62 -0.17 
3100 -0.78 -0.61 -0.17 

3101 -0.78 -0.61 -0.17 

3102 -0.78 -0.61 -0.17 
3103 -0.78 -0.61 -0.17 

3104 -0.77 -0.60 -0.17 

3105 -0.77 -0.60 -0.17 

3106 -0.77 -0.60 -0.17 

3107 -0.77 -0.60 -0.17 
3108 -0.77 -0.59 -0.17 

3109 -0.77 -0.59 -0.17 

3110 -0.77 -0.59 -0.18 
3111 -0.76 -0.59 -0.18 

3112 -0.76 -0.58 -0.18 

3113 -0.76 -0.58 -0.18 
3114 -0.76 -0.58 -0.18 

3115 -0.76 -0.58 -0.18 

3116 -0.76 -0.57 -0.18 
3117 -0.75 -0.57 -0.18 

3118 -0.75 -0.57 -0.18 

3119 -0.75 -0.57 -0.18 
3120 -0.75 -0.56 -0.18 

3121 -0.75 -0.56 -0.18 

3122 -0.74 -0.56 -0.18 
3123 -0.74 -0.56 -0.18 

3124 -0.74 -0.55 -0.19 

3125 -0.74 -0.55 -0.19 
3126 -0.74 -0.55 -0.19 

3127 -0.73 -0.55 -0.19 

3128 -0.73 -0.54 -0.19 
3129 -0.73 -0.54 -0.19 

3130 -0.73 -0.54 -0.19 

3131 -0.73 -0.53 -0.19 
3132 -0.72 -0.53 -0.19 

3133 -0.72 -0.53 -0.20 

3134 -0.72 -0.52 -0.20 
3135 -0.72 -0.52 -0.20 

3136 -0.72 -0.52 -0.20 

3137 -0.72 -0.51 -0.20 
3138 -0.71 -0.51 -0.20 

3139 -0.71 -0.51 -0.20 

3140 -0.71 -0.50 -0.21 
3141 -0.71 -0.50 -0.21 

3142 -0.71 -0.50 -0.21 



Appendix 

 

 

200 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3143 -0.71 -0.49 -0.21 
3144 -0.70 -0.49 -0.21 

3145 -0.70 -0.49 -0.22 

3146 -0.70 -0.48 -0.22 
3147 -0.70 -0.48 -0.22 

3148 -0.70 -0.47 -0.22 

3149 -0.69 -0.47 -0.22 
3150 -0.69 -0.47 -0.23 

3151 -0.69 -0.46 -0.23 

3152 -0.69 -0.46 -0.23 
3153 -0.69 -0.45 -0.23 

3154 -0.69 -0.45 -0.24 

3155 -0.68 -0.45 -0.24 
3156 -0.68 -0.44 -0.24 

3157 -0.68 -0.44 -0.24 

3158 -0.68 -0.43 -0.24 
3159 -0.68 -0.43 -0.25 

3160 -0.67 -0.43 -0.25 

3161 -0.67 -0.42 -0.25 
3162 -0.67 -0.42 -0.25 

3163 -0.67 -0.41 -0.25 

3164 -0.67 -0.41 -0.26 
3165 -0.66 -0.40 -0.26 

3166 -0.66 -0.40 -0.26 

3167 -0.66 -0.40 -0.26 
3168 -0.66 -0.39 -0.26 

3169 -0.65 -0.39 -0.27 

3170 -0.65 -0.38 -0.27 
3171 -0.65 -0.38 -0.27 

3172 -0.65 -0.38 -0.27 

3173 -0.64 -0.37 -0.27 
3174 -0.64 -0.37 -0.28 

3175 -0.64 -0.36 -0.28 

3176 -0.64 -0.36 -0.28 
3177 -0.63 -0.35 -0.28 

3178 -0.63 -0.35 -0.28 

3179 -0.63 -0.35 -0.28 

3180 -0.63 -0.34 -0.28 

3181 -0.62 -0.34 -0.28 
3182 -0.62 -0.33 -0.29 

3183 -0.62 -0.33 -0.29 

3184 -0.61 -0.33 -0.29 
3185 -0.61 -0.32 -0.29 

3186 -0.61 -0.32 -0.29 

3187 -0.61 -0.31 -0.29 
3188 -0.60 -0.31 -0.29 

3189 -0.60 -0.31 -0.29 

3190 -0.60 -0.30 -0.29 
3191 -0.59 -0.30 -0.29 

3192 -0.59 -0.30 -0.29 

3193 -0.59 -0.29 -0.29 
3194 -0.58 -0.29 -0.30 

3195 -0.58 -0.29 -0.30 

3196 -0.58 -0.28 -0.30 
3197 -0.57 -0.28 -0.30 

3198 -0.57 -0.27 -0.30 

3199 -0.57 -0.27 -0.30 
3200 -0.56 -0.27 -0.30 

3201 -0.56 -0.26 -0.30 

3202 -0.56 -0.26 -0.30 
3203 -0.55 -0.26 -0.30 

3204 -0.55 -0.26 -0.30 

3205 -0.55 -0.25 -0.30 
3206 -0.55 -0.25 -0.30 

3207 -0.54 -0.25 -0.30 

3208 -0.54 -0.24 -0.30 
3209 -0.54 -0.24 -0.30 

3210 -0.53 -0.23 -0.30 

3211 -0.53 -0.23 -0.30 
3212 -0.53 -0.23 -0.30 

3213 -0.52 -0.22 -0.30 

3214 -0.52 -0.22 -0.30 
3215 -0.52 -0.22 -0.30 

3216 -0.51 -0.21 -0.30 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3217 -0.51 -0.21 -0.30 
3218 -0.51 -0.20 -0.30 

3219 -0.50 -0.20 -0.30 

3220 -0.50 -0.20 -0.30 
3221 -0.50 -0.19 -0.31 

3222 -0.49 -0.19 -0.31 

3223 -0.49 -0.18 -0.31 
3224 -0.49 -0.18 -0.31 

3225 -0.48 -0.17 -0.31 

3226 -0.48 -0.17 -0.31 
3227 -0.48 -0.16 -0.31 

3228 -0.48 -0.16 -0.31 

3229 -0.47 -0.16 -0.32 
3230 -0.47 -0.15 -0.32 

3231 -0.47 -0.15 -0.32 

3232 -0.46 -0.14 -0.32 
3233 -0.46 -0.14 -0.32 

3234 -0.46 -0.13 -0.32 

3235 -0.46 -0.13 -0.33 
3236 -0.45 -0.12 -0.33 

3237 -0.45 -0.12 -0.33 

3238 -0.45 -0.12 -0.33 
3239 -0.44 -0.11 -0.33 

3240 -0.44 -0.11 -0.33 

3241 -0.44 -0.10 -0.34 
3242 -0.44 -0.10 -0.34 

3243 -0.43 -0.10 -0.34 

3244 -0.43 -0.09 -0.34 
3245 -0.43 -0.09 -0.34 

3246 -0.42 -0.08 -0.34 

3247 -0.42 -0.08 -0.34 
3248 -0.42 -0.08 -0.34 

3249 -0.41 -0.07 -0.34 

3250 -0.41 -0.07 -0.34 
3251 -0.41 -0.06 -0.34 

3252 -0.40 -0.06 -0.34 

3253 -0.40 -0.06 -0.34 

3254 -0.40 -0.05 -0.34 

3255 -0.39 -0.05 -0.34 
3256 -0.39 -0.05 -0.34 

3257 -0.38 -0.05 -0.34 

3258 -0.38 -0.04 -0.34 
3259 -0.38 -0.04 -0.34 

3260 -0.37 -0.04 -0.34 

3261 -0.37 -0.03 -0.33 
3262 -0.37 -0.03 -0.33 

3263 -0.36 -0.03 -0.33 

3264 -0.36 -0.03 -0.33 
3265 -0.35 -0.03 -0.33 

3266 -0.35 -0.02 -0.32 

3267 -0.34 -0.02 -0.32 
3268 -0.34 -0.02 -0.32 

3269 -0.34 -0.02 -0.32 

3270 -0.33 -0.02 -0.31 
3271 -0.33 -0.02 -0.31 

3272 -0.32 -0.02 -0.31 

3273 -0.32 -0.02 -0.30 
3274 -0.32 -0.01 -0.30 

3275 -0.31 -0.01 -0.30 

3276 -0.31 -0.01 -0.29 
3277 -0.30 -0.01 -0.29 

3278 -0.30 -0.01 -0.29 

3279 -0.29 -0.01 -0.28 
3280 -0.29 -0.01 -0.28 

3281 -0.29 -0.01 -0.27 

3282 -0.28 -0.01 -0.27 
3283 -0.28 -0.01 -0.27 

3284 -0.27 -0.01 -0.26 

3285 -0.27 -0.01 -0.26 
3286 -0.27 -0.01 -0.25 

3287 -0.26 -0.01 -0.25 

3288 -0.26 -0.01 -0.25 
3289 -0.25 -0.01 -0.24 

3290 -0.25 -0.01 -0.24 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3291 -0.25 -0.02 -0.23 
3292 -0.24 -0.02 -0.23 

3293 -0.24 -0.02 -0.22 

3294 -0.24 -0.02 -0.22 
3295 -0.23 -0.02 -0.21 

3296 -0.23 -0.02 -0.21 

3297 -0.23 -0.02 -0.20 
3298 -0.22 -0.02 -0.20 

3299 -0.22 -0.02 -0.20 

3300 -0.22 -0.03 -0.19 
3301 -0.21 -0.03 -0.19 

3302 -0.21 -0.03 -0.18 

3303 -0.21 -0.03 -0.18 
3304 -0.20 -0.03 -0.17 

3305 -0.20 -0.03 -0.17 

3306 -0.20 -0.03 -0.16 
3307 -0.20 -0.04 -0.16 

3308 -0.19 -0.04 -0.15 

3309 -0.19 -0.04 -0.15 
3310 -0.19 -0.04 -0.15 

3311 -0.19 -0.04 -0.14 

3312 -0.18 -0.05 -0.14 
3313 -0.18 -0.05 -0.13 

3314 -0.18 -0.05 -0.13 

3315 -0.18 -0.05 -0.13 
3316 -0.18 -0.05 -0.12 

3317 -0.17 -0.06 -0.12 

3318 -0.17 -0.06 -0.11 
3319 -0.17 -0.06 -0.11 

3320 -0.17 -0.06 -0.11 

3321 -0.17 -0.06 -0.10 
3322 -0.17 -0.07 -0.10 

3323 -0.17 -0.07 -0.10 

3324 -0.17 -0.07 -0.10 
3325 -0.16 -0.07 -0.09 

3326 -0.16 -0.07 -0.09 

3327 -0.16 -0.08 -0.09 

3328 -0.16 -0.08 -0.08 

3329 -0.16 -0.08 -0.08 
3330 -0.16 -0.08 -0.08 

3331 -0.17 -0.09 -0.08 

3332 -0.17 -0.09 -0.08 
3333 -0.17 -0.09 -0.08 

3334 -0.17 -0.09 -0.08 

3335 -0.17 -0.10 -0.07 
3336 -0.17 -0.10 -0.07 

3337 -0.17 -0.10 -0.07 

3338 -0.18 -0.10 -0.07 
3339 -0.18 -0.10 -0.07 

3340 -0.18 -0.11 -0.07 

3341 -0.18 -0.11 -0.07 
3342 -0.18 -0.11 -0.07 

3343 -0.19 -0.12 -0.07 

3344 -0.19 -0.12 -0.07 
3345 -0.19 -0.12 -0.07 

3346 -0.20 -0.13 -0.07 

3347 -0.20 -0.13 -0.07 
3348 -0.20 -0.14 -0.06 

3349 -0.20 -0.14 -0.06 

3350 -0.21 -0.15 -0.06 
3351 -0.21 -0.15 -0.06 

3352 -0.21 -0.16 -0.06 

3353 -0.22 -0.16 -0.06 
3354 -0.22 -0.17 -0.05 

3355 -0.22 -0.17 -0.05 

3356 -0.23 -0.18 -0.05 
3357 -0.23 -0.18 -0.05 

3358 -0.23 -0.19 -0.04 

3359 -0.24 -0.19 -0.04 
3360 -0.24 -0.20 -0.04 

3361 -0.24 -0.21 -0.03 

3362 -0.24 -0.21 -0.03 
3363 -0.25 -0.22 -0.03 

3364 -0.25 -0.22 -0.03 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3365 -0.25 -0.23 -0.02 
3366 -0.25 -0.24 -0.02 

3367 -0.26 -0.24 -0.01 

3368 -0.26 -0.25 -0.01 
3369 -0.26 -0.25 -0.01 

3370 -0.26 -0.26 0.00 

3371 -0.27 -0.27 0.00 
3372 -0.27 -0.27 0.00 

3373 -0.27 -0.28 0.01 

3374 -0.27 -0.28 0.01 
3375 -0.27 -0.29 0.02 

3376 -0.27 -0.30 0.02 

3377 -0.28 -0.30 0.03 
3378 -0.28 -0.31 0.03 

3379 -0.28 -0.31 0.03 

3380 -0.28 -0.32 0.03 
3381 -0.28 -0.32 0.04 

3382 -0.29 -0.33 0.04 

3383 -0.29 -0.33 0.04 
3384 -0.29 -0.33 0.04 

3385 -0.30 -0.34 0.04 

3386 -0.30 -0.34 0.04 
3387 -0.31 -0.35 0.04 

3388 -0.31 -0.35 0.04 

3389 -0.32 -0.35 0.04 
3390 -0.32 -0.35 0.03 

3391 -0.32 -0.36 0.03 

3392 -0.33 -0.36 0.03 
3393 -0.33 -0.36 0.03 

3394 -0.34 -0.37 0.03 

3395 -0.35 -0.37 0.02 
3396 -0.35 -0.37 0.02 

3397 -0.36 -0.37 0.02 

3398 -0.36 -0.38 0.02 
3399 -0.37 -0.38 0.01 

3400 -0.37 -0.38 0.01 

3401 -0.38 -0.39 0.01 

3402 -0.38 -0.39 0.01 

3403 -0.39 -0.39 0.01 
3404 -0.39 -0.40 0.00 

3405 -0.40 -0.40 0.00 

3406 -0.40 -0.40 0.00 
3407 -0.41 -0.41 0.00 

3408 -0.41 -0.41 0.00 

3409 -0.42 -0.41 -0.01 
3410 -0.42 -0.41 -0.01 

3411 -0.43 -0.42 -0.01 

3412 -0.43 -0.42 -0.01 
3413 -0.43 -0.42 -0.01 

3414 -0.44 -0.43 -0.01 

3415 -0.44 -0.43 -0.01 
3416 -0.44 -0.43 -0.01 

3417 -0.45 -0.43 -0.01 

3418 -0.45 -0.44 -0.01 
3419 -0.45 -0.44 -0.01 

3420 -0.46 -0.44 -0.01 

3421 -0.46 -0.45 -0.01 
3422 -0.46 -0.45 -0.01 

3423 -0.46 -0.45 -0.01 

3424 -0.46 -0.45 -0.01 
3425 -0.46 -0.46 -0.01 

3426 -0.46 -0.46 0.00 

3427 -0.46 -0.46 0.00 
3428 -0.46 -0.46 0.00 

3429 -0.46 -0.46 0.01 

3430 -0.46 -0.47 0.01 
3431 -0.45 -0.47 0.01 

3432 -0.45 -0.47 0.02 

3433 -0.45 -0.47 0.02 
3434 -0.45 -0.47 0.03 

3435 -0.44 -0.48 0.03 

3436 -0.44 -0.48 0.04 
3437 -0.43 -0.48 0.05 

3438 -0.43 -0.48 0.05 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3439 -0.42 -0.48 0.06 
3440 -0.42 -0.48 0.06 

3441 -0.41 -0.48 0.07 

3442 -0.41 -0.48 0.07 
3443 -0.40 -0.48 0.08 

3444 -0.40 -0.48 0.08 

3445 -0.39 -0.48 0.09 
3446 -0.38 -0.48 0.09 

3447 -0.38 -0.48 0.10 

3448 -0.37 -0.48 0.10 
3449 -0.37 -0.47 0.11 

3450 -0.36 -0.47 0.11 

3451 -0.36 -0.47 0.11 
3452 -0.35 -0.47 0.12 

3453 -0.34 -0.46 0.12 

3454 -0.34 -0.46 0.12 
3455 -0.33 -0.46 0.12 

3456 -0.33 -0.46 0.13 

3457 -0.32 -0.45 0.13 
3458 -0.32 -0.45 0.13 

3459 -0.31 -0.45 0.13 

3460 -0.31 -0.44 0.13 
3461 -0.31 -0.44 0.13 

3462 -0.30 -0.44 0.13 

3463 -0.30 -0.43 0.13 
3464 -0.30 -0.43 0.13 

3465 -0.29 -0.43 0.13 

3466 -0.29 -0.42 0.13 
3467 -0.29 -0.42 0.13 

3468 -0.29 -0.42 0.13 

3469 -0.28 -0.42 0.13 
3470 -0.28 -0.41 0.13 

3471 -0.28 -0.41 0.13 

3472 -0.27 -0.41 0.14 
3473 -0.27 -0.41 0.14 

3474 -0.27 -0.41 0.14 

3475 -0.26 -0.41 0.14 

3476 -0.26 -0.40 0.15 

3477 -0.26 -0.40 0.15 
3478 -0.25 -0.40 0.15 

3479 -0.25 -0.40 0.16 

3480 -0.24 -0.40 0.16 
3481 -0.24 -0.40 0.16 

3482 -0.24 -0.41 0.17 

3483 -0.23 -0.41 0.17 
3484 -0.23 -0.41 0.18 

3485 -0.22 -0.41 0.18 

3486 -0.22 -0.41 0.19 
3487 -0.21 -0.41 0.19 

3488 -0.21 -0.41 0.20 

3489 -0.20 -0.41 0.21 
3490 -0.20 -0.41 0.21 

3491 -0.20 -0.41 0.22 

3492 -0.19 -0.41 0.22 
3493 -0.19 -0.41 0.23 

3494 -0.18 -0.41 0.23 

3495 -0.18 -0.42 0.24 
3496 -0.17 -0.42 0.24 

3497 -0.17 -0.42 0.25 

3498 -0.17 -0.42 0.25 
3499 -0.16 -0.42 0.26 

3500 -0.16 -0.42 0.26 

3501 -0.15 NA NA 
3502 -0.15 -0.42 0.27 

3503 -0.15 -0.42 0.28 

3504 -0.14 -0.42 0.28 
3505 -0.14 -0.42 0.29 

3506 -0.13 -0.43 0.29 

3507 -0.13 -0.43 0.30 
3508 -0.12 -0.43 0.30 

3509 -0.12 -0.43 0.31 

3510 -0.12 -0.43 0.31 
3511 -0.11 -0.43 0.32 

3512 -0.11 -0.43 0.32 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3513 -0.11 -0.43 0.32 
3514 -0.11 -0.43 0.33 

3515 -0.10 -0.44 0.33 

3516 -0.10 -0.44 0.33 
3517 -0.10 -0.44 0.34 

3518 -0.10 -0.44 0.34 

3519 -0.10 -0.44 0.34 
3520 -0.10 -0.44 0.34 

3521 -0.09 -0.44 0.35 

3522 -0.09 -0.44 0.35 
3523 -0.09 -0.44 0.35 

3524 -0.09 -0.44 0.35 

3525 -0.09 -0.45 0.35 
3526 -0.09 -0.45 0.36 

3527 -0.09 -0.45 0.36 

3528 -0.09 -0.45 0.36 
3529 -0.09 -0.45 0.36 

3530 -0.09 -0.45 0.36 

3531 -0.09 -0.45 0.36 
3532 -0.09 -0.45 0.36 

3533 -0.10 -0.45 0.36 

3534 -0.10 -0.45 0.36 
3535 -0.10 -0.46 0.36 

3536 -0.10 -0.46 0.36 

3537 -0.10 -0.46 0.36 
3538 -0.10 -0.46 0.35 

3539 -0.10 -0.46 0.35 

3540 -0.11 -0.46 0.35 
3541 -0.11 -0.46 0.35 

3542 -0.11 -0.46 0.35 

3543 -0.11 -0.46 0.35 
3544 -0.12 -0.46 0.35 

3545 -0.12 -0.46 0.34 

3546 -0.12 -0.46 0.34 
3547 -0.12 -0.46 0.34 

3548 -0.13 -0.46 0.34 

3549 -0.13 -0.47 0.34 

3550 -0.13 -0.47 0.34 

3551 -0.13 -0.47 0.34 
3552 -0.14 -0.47 0.33 

3553 -0.14 -0.47 0.33 

3554 -0.14 -0.47 0.33 
3555 -0.15 -0.48 0.33 

3556 -0.15 -0.48 0.33 

3557 -0.15 -0.48 0.33 
3558 -0.15 -0.48 0.33 

3559 -0.16 -0.49 0.33 

3560 -0.16 -0.49 0.33 
3561 -0.16 -0.49 0.33 

3562 -0.17 -0.50 0.33 

3563 -0.17 -0.50 0.33 
3564 -0.17 -0.50 0.33 

3565 -0.18 -0.50 0.33 

3566 -0.18 -0.51 0.33 
3567 -0.18 -0.51 0.33 

3568 -0.18 -0.51 0.33 

3569 -0.19 -0.52 0.33 
3570 -0.19 -0.52 0.33 

3571 -0.19 -0.52 0.33 

3572 -0.19 -0.52 0.33 
3573 -0.20 -0.53 0.33 

3574 -0.20 -0.53 0.33 

3575 -0.20 -0.53 0.33 
3576 -0.20 -0.54 0.33 

3577 -0.20 -0.54 0.33 

3578 -0.21 -0.54 0.33 
3579 -0.21 -0.54 0.33 

3580 -0.21 -0.54 0.33 

3581 -0.21 -0.55 0.33 
3582 -0.21 -0.55 0.33 

3583 -0.22 -0.55 0.33 

3584 -0.22 -0.55 0.33 
3585 -0.22 -0.55 0.33 

3586 -0.22 -0.55 0.33 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3587 -0.22 -0.55 0.33 
3588 -0.23 -0.55 0.33 

3589 -0.23 -0.55 0.32 

3590 -0.23 -0.55 0.32 
3591 -0.23 -0.55 0.32 

3592 -0.24 -0.55 0.32 

3593 -0.24 -0.55 0.31 
3594 -0.24 -0.55 0.31 

3595 -0.24 -0.55 0.31 

3596 -0.25 -0.55 0.30 
3597 -0.25 -0.55 0.30 

3598 -0.25 -0.55 0.30 

3599 -0.26 -0.55 0.29 
3600 -0.26 -0.55 0.29 

3601 -0.26 -0.55 0.29 

3602 -0.26 -0.55 0.28 
3603 -0.27 -0.55 0.28 

3604 -0.27 -0.54 0.27 

3605 -0.27 -0.54 0.27 
3606 -0.28 -0.54 0.27 

3607 -0.28 -0.54 0.26 

3608 -0.28 -0.54 0.26 
3609 -0.29 -0.54 0.25 

3610 -0.29 -0.54 0.25 

3611 -0.29 -0.53 0.24 
3612 -0.29 -0.53 0.24 

3613 -0.30 -0.53 0.23 

3614 -0.30 -0.53 0.23 
3615 -0.30 -0.53 0.22 

3616 -0.31 -0.53 0.22 

3617 -0.31 -0.52 0.21 
3618 -0.31 -0.52 0.21 

3619 -0.32 -0.52 0.20 

3620 -0.32 -0.52 0.20 
3621 -0.32 -0.52 0.19 

3622 -0.32 -0.51 0.19 

3623 -0.33 -0.51 0.19 

3624 -0.33 -0.51 0.18 

3625 -0.33 -0.51 0.18 
3626 -0.33 -0.51 0.17 

3627 -0.34 -0.50 0.17 

3628 -0.34 -0.50 0.16 
3629 -0.34 -0.50 0.16 

3630 -0.35 -0.50 0.15 

3631 -0.35 -0.49 0.15 
3632 -0.35 -0.49 0.14 

3633 -0.35 -0.49 0.14 

3634 -0.35 -0.49 0.13 
3635 -0.36 -0.49 0.13 

3636 -0.36 -0.48 0.12 

3637 -0.36 -0.48 0.12 
3638 -0.36 -0.48 0.12 

3639 -0.37 -0.48 0.11 

3640 -0.37 -0.47 0.11 
3641 -0.37 -0.47 0.10 

3642 -0.37 -0.47 0.10 

3643 -0.37 -0.47 0.09 
3644 -0.38 -0.47 0.09 

3645 -0.38 -0.46 0.09 

3646 -0.38 -0.46 0.08 
3647 -0.38 -0.46 0.08 

3648 -0.39 -0.46 0.07 

3649 -0.39 -0.46 0.07 
3650 -0.39 -0.45 0.06 

3651 -0.39 -0.45 0.06 

3652 -0.39 -0.45 0.05 
3653 -0.40 -0.44 0.05 

3654 -0.40 -0.44 0.04 

3655 -0.40 -0.44 0.03 
3656 -0.40 -0.43 0.03 

3657 -0.40 -0.43 0.02 

3658 -0.41 -0.42 0.02 
3659 -0.41 -0.42 0.01 

3660 -0.41 -0.42 0.01 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3661 -0.41 -0.41 0.00 
3662 -0.42 -0.41 -0.01 

3663 -0.42 -0.40 -0.01 

3664 -0.42 -0.40 -0.02 
3665 -0.42 -0.40 -0.02 

3666 -0.42 -0.39 -0.03 

3667 -0.43 -0.39 -0.04 
3668 -0.43 -0.38 -0.04 

3669 -0.43 -0.38 -0.05 

3670 -0.43 -0.38 -0.05 
3671 -0.43 -0.37 -0.06 

3672 -0.43 -0.37 -0.06 

3673 -0.44 -0.37 -0.07 
3674 -0.44 -0.36 -0.07 

3675 -0.44 -0.36 -0.08 

3676 -0.44 -0.36 -0.08 
3677 -0.44 -0.36 -0.09 

3678 -0.45 -0.35 -0.09 

3679 -0.45 -0.35 -0.09 
3680 -0.45 -0.35 -0.10 

3681 -0.45 -0.35 -0.10 

3682 -0.45 -0.35 -0.10 
3683 -0.45 -0.35 -0.11 

3684 -0.45 -0.34 -0.11 

3685 -0.46 -0.34 -0.11 
3686 -0.46 -0.34 -0.12 

3687 -0.46 -0.34 -0.12 

3688 -0.46 -0.34 -0.12 
3689 -0.46 -0.34 -0.12 

3690 -0.46 -0.33 -0.13 

3691 -0.46 -0.33 -0.13 
3692 -0.46 -0.33 -0.13 

3693 -0.46 -0.33 -0.13 

3694 -0.47 -0.33 -0.14 
3695 -0.47 -0.33 -0.14 

3696 -0.47 -0.33 -0.14 

3697 -0.47 -0.33 -0.14 

3698 -0.47 -0.32 -0.14 

3699 -0.47 -0.32 -0.15 
3700 -0.47 -0.32 -0.15 

3701 -0.47 -0.32 -0.15 

3702 -0.47 -0.32 -0.15 
3703 -0.47 -0.32 -0.15 

3704 -0.47 -0.32 -0.16 

3705 -0.48 -0.32 -0.16 
3706 -0.48 -0.32 -0.16 

3707 -0.48 -0.32 -0.16 

3708 -0.48 -0.32 -0.16 
3709 -0.48 -0.31 -0.16 

3710 -0.48 -0.31 -0.17 

3711 -0.48 -0.31 -0.17 
3712 -0.48 -0.31 -0.17 

3713 -0.48 -0.31 -0.17 

3714 -0.48 -0.31 -0.17 
3715 -0.49 -0.31 -0.18 

3716 -0.49 -0.31 -0.18 

3717 -0.49 -0.31 -0.18 
3718 -0.49 -0.31 -0.18 

3719 -0.49 -0.31 -0.18 

3720 -0.49 -0.31 -0.18 
3721 -0.49 -0.31 -0.19 

3722 -0.50 -0.31 -0.19 

3723 -0.50 -0.31 -0.19 
3724 -0.50 -0.31 -0.19 

3725 -0.50 -0.31 -0.19 

3726 -0.50 -0.31 -0.20 
3727 -0.50 -0.31 -0.20 

3728 -0.51 -0.31 -0.20 

3729 -0.51 -0.31 -0.20 
3730 -0.51 -0.30 -0.21 

3731 -0.51 -0.30 -0.21 

3732 -0.52 -0.30 -0.21 
3733 -0.52 -0.30 -0.21 

3734 -0.52 -0.30 -0.22 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3735 -0.52 -0.30 -0.22 
3736 -0.53 -0.30 -0.22 

3737 -0.53 -0.30 -0.22 

3738 -0.53 -0.30 -0.23 
3739 -0.53 -0.30 -0.23 

3740 -0.54 -0.30 -0.24 

3741 -0.54 -0.30 -0.24 
3742 -0.55 -0.30 -0.25 

3743 -0.55 -0.30 -0.25 

3744 -0.56 -0.30 -0.26 
3745 -0.57 -0.30 -0.26 

3746 -0.57 -0.30 -0.27 

3747 -0.58 -0.30 -0.28 
3748 -0.59 -0.30 -0.28 

3749 -0.59 -0.30 -0.29 

3750 -0.60 -0.30 -0.30 
3751 -0.61 -0.30 -0.31 

3752 -0.62 -0.30 -0.31 

3753 -0.63 -0.30 -0.32 
3754 -0.63 -0.30 -0.33 

3755 -0.64 -0.30 -0.34 

3756 -0.65 -0.31 -0.34 
3757 -0.66 -0.31 -0.35 

3758 -0.67 -0.31 -0.36 

3759 -0.67 -0.31 -0.36 
3760 -0.68 -0.31 -0.37 

3761 -0.69 -0.32 -0.37 

3762 -0.70 -0.32 -0.38 
3763 -0.70 -0.32 -0.38 

3764 -0.71 -0.32 -0.39 

3765 -0.72 -0.33 -0.39 
3766 -0.72 -0.33 -0.39 

3767 -0.73 -0.33 -0.40 

3768 -0.73 -0.33 -0.40 
3769 -0.74 -0.34 -0.40 

3770 -0.74 -0.34 -0.40 

3771 -0.75 -0.34 -0.41 

3772 -0.75 -0.34 -0.41 

3773 -0.75 -0.34 -0.41 
3774 -0.76 -0.34 -0.41 

3775 -0.76 -0.35 -0.41 

3776 -0.76 -0.35 -0.41 
3777 -0.76 -0.35 -0.41 

3778 -0.76 -0.35 -0.42 

3779 -0.76 -0.35 -0.42 
3780 -0.76 -0.35 -0.42 

3781 -0.76 -0.35 -0.42 

3782 -0.76 -0.34 -0.42 
3783 -0.76 -0.34 -0.42 

3784 -0.76 -0.34 -0.42 

3785 -0.76 -0.34 -0.42 
3786 -0.76 -0.34 -0.42 

3787 -0.76 -0.34 -0.42 

3788 -0.76 -0.34 -0.42 
3789 -0.76 -0.34 -0.42 

3790 -0.76 -0.34 -0.42 

3791 -0.76 -0.34 -0.42 
3792 -0.76 -0.34 -0.42 

3793 -0.76 -0.34 -0.42 

3794 -0.76 -0.33 -0.42 
3795 -0.75 -0.33 -0.42 

3796 -0.75 -0.33 -0.42 

3797 -0.75 -0.33 -0.42 
3798 -0.75 -0.33 -0.42 

3799 -0.75 -0.33 -0.42 

3800 -0.75 -0.33 -0.42 
3801 -0.74 -0.33 -0.42 

3802 -0.74 -0.33 -0.42 

3803 -0.74 -0.32 -0.42 
3804 -0.74 -0.32 -0.42 

3805 -0.74 -0.32 -0.41 

3806 -0.73 -0.32 -0.41 
3807 -0.73 -0.32 -0.41 

3808 -0.73 -0.32 -0.41 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3809 -0.73 -0.32 -0.41 
3810 -0.73 -0.32 -0.41 

3811 -0.72 -0.32 -0.41 

3812 -0.72 -0.31 -0.41 
3813 -0.72 -0.31 -0.40 

3814 -0.72 -0.31 -0.40 

3815 -0.71 -0.31 -0.40 
3816 -0.71 -0.31 -0.40 

3817 -0.71 -0.31 -0.40 

3818 -0.71 -0.31 -0.39 
3819 -0.70 -0.31 -0.39 

3820 -0.70 -0.31 -0.39 

3821 -0.70 -0.31 -0.39 
3822 -0.70 -0.31 -0.39 

3823 -0.69 -0.31 -0.38 

3824 -0.69 -0.31 -0.38 
3825 -0.69 -0.31 -0.38 

3826 -0.69 -0.31 -0.37 

3827 -0.68 -0.31 -0.37 
3828 -0.68 -0.31 -0.37 

3829 -0.68 -0.31 -0.36 

3830 -0.68 -0.31 -0.36 
3831 -0.67 -0.32 -0.36 

3832 -0.67 -0.32 -0.35 

3833 -0.67 -0.32 -0.35 
3834 -0.66 -0.32 -0.34 

3835 -0.66 -0.32 -0.34 

3836 -0.65 -0.32 -0.34 
3837 -0.65 -0.32 -0.33 

3838 -0.65 -0.32 -0.33 

3839 -0.64 -0.32 -0.32 
3840 -0.64 -0.32 -0.32 

3841 -0.63 -0.32 -0.31 

3842 -0.63 -0.32 -0.31 
3843 -0.63 -0.32 -0.30 

3844 -0.62 -0.33 -0.30 

3845 -0.62 -0.33 -0.29 

3846 -0.61 -0.33 -0.29 

3847 -0.61 -0.33 -0.28 
3848 -0.61 -0.33 -0.28 

3849 -0.60 -0.33 -0.27 

3850 -0.60 -0.33 -0.27 
3851 -0.60 -0.33 -0.26 

3852 -0.59 -0.33 -0.26 

3853 -0.59 -0.33 -0.25 
3854 -0.58 -0.33 -0.25 

3855 -0.58 -0.34 -0.24 

3856 -0.57 -0.34 -0.24 
3857 -0.57 -0.34 -0.23 

3858 -0.56 -0.34 -0.22 

3859 -0.55 -0.34 -0.21 
3860 -0.55 -0.34 -0.21 

3861 -0.54 -0.34 -0.20 

3862 -0.53 -0.34 -0.19 
3863 -0.53 -0.34 -0.18 

3864 -0.52 -0.34 -0.18 

3865 -0.51 -0.35 -0.17 
3866 -0.51 -0.35 -0.16 

3867 -0.50 -0.35 -0.15 

3868 -0.49 -0.35 -0.14 
3869 -0.48 -0.35 -0.13 

3870 -0.48 -0.35 -0.13 

3871 -0.47 -0.35 -0.12 
3872 -0.46 -0.35 -0.11 

3873 -0.45 -0.35 -0.10 

3874 -0.44 -0.35 -0.09 
3875 -0.44 -0.36 -0.08 

3876 -0.43 -0.36 -0.07 

3877 -0.42 -0.36 -0.06 
3878 -0.41 -0.36 -0.05 

3879 -0.41 -0.36 -0.04 

3880 -0.40 -0.37 -0.03 
3881 -0.39 -0.37 -0.03 

3882 -0.39 -0.37 -0.02 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3883 -0.38 -0.37 -0.01 
3884 -0.37 -0.37 0.00 

3885 -0.37 -0.38 0.01 

3886 -0.36 -0.38 0.02 
3887 -0.36 -0.38 0.03 

3888 -0.35 -0.38 0.03 

3889 -0.34 -0.39 0.04 
3890 -0.34 -0.39 0.05 

3891 -0.34 -0.39 0.05 

3892 -0.33 -0.39 0.06 
3893 -0.33 -0.39 0.07 

3894 -0.32 -0.40 0.07 

3895 -0.32 -0.40 0.08 
3896 -0.32 -0.40 0.08 

3897 -0.31 -0.40 0.09 

3898 -0.31 -0.40 0.09 
3899 -0.31 -0.41 0.10 

3900 -0.30 -0.41 0.10 

3901 -0.30 -0.41 0.11 
3902 -0.30 -0.41 0.11 

3903 -0.29 -0.41 0.12 

3904 -0.29 -0.41 0.12 
3905 -0.29 -0.41 0.12 

3906 -0.29 -0.41 0.13 

3907 -0.28 -0.41 0.13 
3908 -0.28 -0.41 0.13 

3909 -0.28 -0.41 0.14 

3910 -0.28 -0.42 0.14 
3911 -0.28 -0.42 0.14 

3912 -0.27 -0.42 0.15 

3913 -0.27 -0.42 0.15 
3914 -0.27 -0.42 0.15 

3915 -0.27 -0.42 0.16 

3916 -0.27 -0.42 0.16 
3917 -0.26 -0.43 0.16 

3918 -0.26 -0.43 0.16 

3919 -0.26 -0.43 0.17 

3920 -0.26 -0.43 0.17 

3921 -0.26 -0.43 0.17 
3922 -0.26 -0.43 0.18 

3923 -0.26 -0.44 0.18 

3924 -0.26 -0.44 0.18 
3925 -0.25 -0.44 0.18 

3926 -0.25 -0.44 0.19 

3927 -0.25 -0.44 0.19 
3928 -0.25 -0.44 0.19 

3929 -0.25 -0.45 0.19 

3930 -0.25 -0.45 0.20 
3931 -0.25 -0.45 0.20 

3932 -0.25 -0.45 0.20 

3933 -0.25 -0.45 0.20 
3934 -0.25 -0.45 0.20 

3935 -0.25 -0.45 0.21 

3936 -0.25 -0.46 0.21 
3937 -0.25 -0.46 0.21 

3938 -0.25 -0.46 0.21 

3939 -0.25 -0.46 0.21 
3940 -0.25 -0.46 0.21 

3941 -0.25 -0.46 0.21 

3942 -0.25 -0.46 0.21 
3943 -0.25 -0.46 0.21 

3944 -0.25 -0.46 0.21 

3945 -0.25 -0.46 0.21 
3946 -0.25 -0.46 0.21 

3947 -0.25 -0.46 0.21 

3948 -0.25 -0.46 0.21 
3949 -0.25 -0.46 0.21 

3950 -0.25 -0.46 0.21 

3951 -0.26 -0.46 0.21 
3952 -0.26 -0.46 0.20 

3953 -0.26 -0.46 0.20 

3954 -0.26 -0.46 0.20 
3955 -0.27 -0.46 0.19 

3956 -0.27 -0.46 0.19 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
3957 -0.27 -0.45 0.18 
3958 -0.28 -0.45 0.18 

3959 -0.28 -0.45 0.17 

3960 -0.28 -0.45 0.16 
3961 -0.29 -0.44 0.16 

3962 -0.29 -0.44 0.15 

3963 -0.30 -0.44 0.14 
3964 -0.30 -0.44 0.13 

3965 -0.31 -0.43 0.13 

3966 -0.31 -0.43 0.12 
3967 -0.31 -0.43 0.11 

3968 -0.32 -0.42 0.10 

3969 -0.32 -0.42 0.10 
3970 -0.33 -0.41 0.09 

3971 -0.33 -0.41 0.08 

3972 -0.33 -0.41 0.07 
3973 -0.34 -0.40 0.07 

3974 -0.34 -0.40 0.06 

3975 -0.34 -0.39 0.05 
3976 -0.34 -0.39 0.04 

3977 -0.35 -0.38 0.04 

3978 -0.35 -0.38 0.03 
3979 -0.35 -0.38 0.03 

3980 -0.35 -0.37 0.02 

3981 -0.35 -0.37 0.01 
3982 -0.35 -0.36 0.01 

3983 -0.36 -0.36 0.00 

3984 -0.36 -0.35 0.00 
3985 -0.36 -0.35 -0.01 

3986 -0.36 -0.34 -0.02 

3987 -0.36 -0.34 -0.02 
3988 -0.36 -0.34 -0.03 

3989 -0.37 -0.33 -0.04 

3990 -0.37 -0.33 -0.04 
3991 -0.37 -0.32 -0.05 

3992 -0.37 -0.32 -0.06 

3993 -0.38 -0.31 -0.06 

3994 -0.38 -0.31 -0.07 

3995 -0.38 -0.31 -0.07 
3996 -0.38 -0.30 -0.08 

3997 -0.39 -0.30 -0.09 

3998 -0.39 -0.29 -0.09 
3999 -0.39 -0.29 -0.10 

4000 -0.39 -0.29 -0.11 

4001 -0.40 -0.28 -0.11 
4002 -0.40 -0.28 -0.12 

4003 -0.40 -0.28 -0.12 

4004 -0.40 -0.28 -0.13 
4005 -0.41 -0.27 -0.13 

4006 -0.41 -0.27 -0.14 

4007 -0.41 -0.27 -0.14 
4008 -0.41 -0.27 -0.15 

4009 -0.42 -0.26 -0.15 

4010 -0.42 -0.26 -0.16 
4011 -0.42 -0.26 -0.16 

4012 -0.42 -0.26 -0.16 

4013 -0.42 -0.25 -0.17 
4014 -0.42 -0.25 -0.17 

4015 -0.43 -0.25 -0.18 

4016 -0.43 -0.25 -0.18 
4017 -0.43 -0.24 -0.18 

4018 -0.43 -0.24 -0.19 

4019 -0.43 -0.24 -0.19 
4020 -0.43 -0.24 -0.19 

4021 -0.43 -0.23 -0.20 

4022 -0.43 -0.23 -0.20 
4023 -0.43 -0.23 -0.20 

4024 -0.43 -0.22 -0.21 

4025 -0.43 -0.22 -0.21 
4026 -0.43 -0.22 -0.21 

4027 -0.43 -0.22 -0.21 

4028 -0.43 -0.21 -0.21 
4029 -0.42 -0.21 -0.21 

4030 -0.42 -0.21 -0.22 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4031 -0.42 -0.20 -0.22 
4032 -0.42 -0.20 -0.22 

4033 -0.42 -0.20 -0.22 

4034 -0.41 -0.20 -0.22 
4035 -0.41 -0.19 -0.22 

4036 -0.41 -0.19 -0.22 

4037 -0.41 -0.19 -0.22 
4038 -0.40 -0.18 -0.22 

4039 -0.40 -0.18 -0.22 

4040 -0.40 -0.18 -0.22 
4041 -0.39 -0.17 -0.22 

4042 -0.39 -0.17 -0.22 

4043 -0.39 -0.17 -0.22 
4044 -0.38 -0.17 -0.22 

4045 -0.38 -0.16 -0.21 

4046 -0.37 -0.16 -0.21 
4047 -0.37 -0.16 -0.21 

4048 -0.37 -0.15 -0.21 

4049 -0.36 -0.15 -0.21 
4050 -0.36 -0.15 -0.21 

4051 -0.35 -0.15 -0.21 

4052 -0.35 -0.14 -0.21 
4053 -0.34 -0.14 -0.20 

4054 -0.34 -0.14 -0.20 

4055 -0.33 -0.13 -0.20 
4056 -0.33 -0.13 -0.20 

4057 -0.33 -0.13 -0.20 

4058 -0.32 -0.13 -0.20 
4059 -0.32 -0.12 -0.19 

4060 -0.31 -0.12 -0.19 

4061 -0.31 -0.12 -0.19 
4062 -0.30 -0.12 -0.19 

4063 -0.30 -0.11 -0.19 

4064 -0.30 -0.11 -0.18 
4065 -0.29 -0.11 -0.18 

4066 -0.29 -0.11 -0.18 

4067 -0.28 -0.10 -0.18 

4068 -0.28 -0.10 -0.18 

4069 -0.27 -0.10 -0.18 
4070 -0.27 -0.10 -0.17 

4071 -0.27 -0.09 -0.17 

4072 -0.26 -0.09 -0.17 
4073 -0.26 -0.09 -0.17 

4074 -0.26 -0.09 -0.17 

4075 -0.25 -0.08 -0.17 
4076 -0.25 -0.08 -0.17 

4077 -0.25 -0.08 -0.16 

4078 -0.24 -0.08 -0.16 
4079 -0.24 -0.08 -0.16 

4080 -0.24 -0.08 -0.16 

4081 -0.23 -0.07 -0.16 
4082 -0.23 -0.07 -0.16 

4083 -0.23 -0.07 -0.16 

4084 -0.23 -0.07 -0.16 
4085 -0.23 -0.07 -0.16 

4086 -0.22 -0.06 -0.16 

4087 -0.22 -0.06 -0.16 
4088 -0.22 -0.06 -0.16 

4089 -0.22 -0.06 -0.16 

4090 -0.22 -0.06 -0.16 
4091 -0.22 -0.05 -0.16 

4092 -0.22 -0.05 -0.17 

4093 -0.22 -0.05 -0.17 
4094 -0.22 -0.05 -0.17 

4095 -0.22 -0.05 -0.17 

4096 -0.21 -0.05 -0.17 
4097 -0.21 -0.04 -0.17 

4098 -0.21 -0.04 -0.17 

4099 -0.21 -0.04 -0.17 
4100 -0.21 -0.04 -0.17 

4101 -0.21 -0.04 -0.17 

4102 -0.21 -0.03 -0.17 
4103 -0.21 -0.03 -0.17 

4104 -0.21 -0.03 -0.17 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4105 -0.20 -0.03 -0.18 
4106 -0.20 -0.03 -0.18 

4107 -0.20 -0.03 -0.18 

4108 -0.20 -0.02 -0.18 
4109 -0.20 -0.02 -0.18 

4110 -0.20 -0.02 -0.18 

4111 -0.20 -0.02 -0.18 
4112 -0.20 -0.02 -0.18 

4113 -0.20 -0.02 -0.18 

4114 -0.20 -0.02 -0.18 
4115 -0.19 -0.01 -0.18 

4116 -0.19 -0.01 -0.18 

4117 -0.19 -0.01 -0.18 
4118 -0.19 -0.01 -0.18 

4119 -0.19 -0.01 -0.18 

4120 -0.19 -0.01 -0.18 
4121 -0.19 -0.01 -0.18 

4122 -0.19 -0.01 -0.18 

4123 -0.19 -0.01 -0.18 
4124 -0.19 0.00 -0.18 

4125 -0.19 0.00 -0.18 

4126 -0.19 0.00 -0.18 
4127 -0.18 0.00 -0.18 

4128 -0.18 0.00 -0.18 

4129 -0.18 0.00 -0.18 
4130 -0.18 0.00 -0.18 

4131 -0.18 0.00 -0.18 

4132 -0.18 0.00 -0.18 
4133 -0.18 0.00 -0.18 

4134 -0.18 0.00 -0.18 

4135 -0.18 0.00 -0.18 
4136 -0.18 0.00 -0.18 

4137 -0.18 0.00 -0.18 

4138 -0.18 0.00 -0.18 
4139 -0.18 0.00 -0.18 

4140 -0.18 0.00 -0.18 

4141 -0.18 0.00 -0.18 

4142 -0.18 -0.01 -0.18 

4143 -0.18 -0.01 -0.18 
4144 -0.18 -0.01 -0.18 

4145 -0.18 -0.01 -0.18 

4146 -0.19 -0.01 -0.18 
4147 -0.19 -0.01 -0.18 

4148 -0.19 -0.01 -0.18 

4149 -0.19 -0.01 -0.18 
4150 -0.19 -0.01 -0.18 

4151 -0.19 -0.01 -0.18 

4152 -0.20 -0.01 -0.18 
4153 -0.20 -0.02 -0.18 

4154 -0.20 -0.02 -0.19 

4155 -0.20 -0.02 -0.19 
4156 -0.21 -0.02 -0.19 

4157 -0.21 -0.02 -0.19 

4158 -0.21 -0.02 -0.19 
4159 -0.22 -0.02 -0.19 

4160 -0.22 -0.02 -0.20 

4161 -0.22 -0.03 -0.20 
4162 -0.23 -0.03 -0.20 

4163 -0.23 -0.03 -0.20 

4164 -0.23 -0.03 -0.20 
4165 -0.24 -0.03 -0.21 

4166 -0.24 -0.03 -0.21 

4167 -0.25 -0.03 -0.21 
4168 -0.25 -0.03 -0.21 

4169 -0.25 -0.04 -0.22 

4170 -0.26 -0.04 -0.22 
4171 -0.26 -0.04 -0.22 

4172 -0.26 -0.04 -0.22 

4173 -0.27 -0.04 -0.23 
4174 -0.27 -0.04 -0.23 

4175 -0.28 -0.04 -0.23 

4176 -0.28 -0.05 -0.23 
4177 -0.28 -0.05 -0.24 

4178 -0.29 -0.05 -0.24 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4179 -0.29 -0.05 -0.24 
4180 -0.29 -0.05 -0.24 

4181 -0.30 -0.05 -0.25 

4182 -0.30 -0.05 -0.25 
4183 -0.31 -0.05 -0.25 

4184 -0.31 -0.06 -0.25 

4185 -0.31 -0.06 -0.26 
4186 -0.32 -0.06 -0.26 

4187 -0.32 -0.06 -0.26 

4188 -0.32 -0.06 -0.26 
4189 -0.32 -0.06 -0.26 

4190 -0.33 -0.06 -0.27 

4191 -0.33 -0.06 -0.27 
4192 -0.33 -0.06 -0.27 

4193 -0.34 -0.06 -0.27 

4194 -0.34 -0.06 -0.27 
4195 -0.34 -0.07 -0.27 

4196 -0.34 -0.07 -0.28 

4197 -0.34 -0.07 -0.28 
4198 -0.35 -0.07 -0.28 

4199 -0.35 -0.07 -0.28 

4200 -0.35 -0.07 -0.28 
4201 -0.35 -0.07 -0.28 

4202 -0.35 -0.07 -0.28 

4203 -0.35 -0.07 -0.28 
4204 -0.35 -0.07 -0.28 

4205 -0.35 -0.07 -0.28 

4206 -0.35 -0.07 -0.28 
4207 -0.35 -0.07 -0.28 

4208 -0.35 -0.07 -0.28 

4209 -0.35 -0.07 -0.28 
4210 -0.35 -0.07 -0.28 

4211 -0.35 -0.08 -0.28 

4212 -0.36 -0.08 -0.28 
4213 -0.36 -0.08 -0.28 

4214 -0.36 -0.08 -0.27 

4215 -0.36 -0.08 -0.27 

4216 -0.36 -0.09 -0.27 

4217 -0.36 -0.09 -0.27 
4218 -0.36 -0.09 -0.27 

4219 -0.36 -0.09 -0.26 

4220 -0.36 -0.10 -0.26 
4221 -0.36 -0.10 -0.26 

4222 -0.36 -0.10 -0.26 

4223 -0.36 -0.11 -0.25 
4224 -0.36 -0.11 -0.25 

4225 -0.36 -0.11 -0.25 

4226 -0.36 -0.12 -0.24 
4227 -0.36 -0.12 -0.24 

4228 -0.36 -0.12 -0.24 

4229 -0.36 -0.13 -0.23 
4230 -0.36 -0.13 -0.23 

4231 -0.36 -0.13 -0.23 

4232 -0.36 -0.14 -0.22 
4233 -0.36 -0.14 -0.22 

4234 -0.36 -0.14 -0.22 

4235 -0.36 -0.15 -0.21 
4236 -0.36 -0.15 -0.21 

4237 -0.36 -0.15 -0.21 

4238 -0.36 -0.16 -0.20 
4239 -0.36 -0.16 -0.20 

4240 -0.36 -0.16 -0.20 

4241 -0.36 -0.17 -0.19 
4242 -0.36 -0.17 -0.19 

4243 -0.36 -0.17 -0.19 

4244 -0.36 -0.17 -0.18 
4245 -0.36 -0.18 -0.18 

4246 -0.35 -0.18 -0.17 

4247 -0.35 -0.18 -0.17 
4248 -0.35 -0.18 -0.17 

4249 -0.35 -0.19 -0.16 

4250 -0.35 -0.19 -0.16 
4251 -0.35 -0.19 -0.16 

4252 -0.34 -0.19 -0.16 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4253 -0.34 -0.19 -0.15 
4254 -0.34 -0.19 -0.15 

4255 -0.34 -0.19 -0.15 

4256 -0.34 -0.19 -0.14 
4257 -0.33 -0.19 -0.14 

4258 -0.33 -0.19 -0.14 

4259 -0.33 -0.19 -0.14 
4260 -0.33 -0.19 -0.13 

4261 -0.32 -0.19 -0.13 

4262 -0.32 -0.19 -0.13 
4263 -0.32 -0.19 -0.13 

4264 -0.31 -0.19 -0.13 

4265 -0.31 -0.18 -0.13 
4266 -0.30 -0.18 -0.12 

4267 -0.30 -0.18 -0.12 

4268 -0.30 -0.18 -0.12 
4269 -0.29 -0.17 -0.12 

4270 -0.29 -0.17 -0.12 

4271 -0.28 -0.17 -0.12 
4272 -0.28 -0.16 -0.12 

4273 -0.27 -0.16 -0.11 

4274 -0.27 -0.15 -0.11 
4275 -0.26 -0.15 -0.11 

4276 -0.26 -0.14 -0.11 

4277 -0.25 -0.14 -0.11 
4278 -0.24 -0.14 -0.11 

4279 -0.24 -0.13 -0.11 

4280 -0.23 -0.13 -0.11 
4281 -0.23 -0.12 -0.11 

4282 -0.22 -0.11 -0.10 

4283 -0.21 -0.11 -0.10 
4284 -0.21 -0.10 -0.10 

4285 -0.20 -0.10 -0.10 

4286 -0.19 -0.09 -0.10 
4287 -0.19 -0.09 -0.10 

4288 -0.18 -0.08 -0.10 

4289 -0.17 -0.08 -0.10 

4290 -0.17 -0.07 -0.10 

4291 -0.16 -0.06 -0.10 
4292 -0.16 -0.06 -0.10 

4293 -0.15 -0.05 -0.10 

4294 -0.14 -0.05 -0.10 
4295 -0.14 -0.04 -0.10 

4296 -0.13 -0.03 -0.10 

4297 -0.13 -0.03 -0.10 
4298 -0.12 -0.02 -0.10 

4299 -0.11 -0.02 -0.10 

4300 -0.11 -0.01 -0.10 
4301 -0.10 -0.01 -0.10 

4302 -0.10 0.00 -0.10 

4303 -0.09 0.00 -0.10 
4304 -0.09 0.01 -0.10 

4305 -0.08 0.01 -0.10 

4306 -0.08 0.02 -0.10 
4307 -0.07 0.02 -0.10 

4308 -0.07 0.03 -0.10 

4309 -0.06 0.03 -0.10 
4310 -0.06 0.04 -0.10 

4311 -0.05 0.05 -0.10 

4312 -0.05 0.06 -0.10 
4313 -0.04 0.07 -0.11 

4314 -0.04 0.07 -0.11 

4315 -0.03 0.08 -0.11 
4316 -0.02 0.09 -0.12 

4317 -0.02 0.10 -0.12 

4318 -0.01 0.11 -0.12 
4319 0.00 0.13 -0.13 

4320 0.00 0.14 -0.13 

4321 0.01 0.15 -0.14 
4322 0.02 0.16 -0.14 

4323 0.03 0.17 -0.15 

4324 0.03 0.19 -0.15 
4325 0.04 0.20 -0.16 

4326 0.05 0.21 -0.16 



Appendix 

 

 

208 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4327 0.06 0.23 -0.17 
4328 0.06 0.24 -0.17 

4329 0.07 0.25 -0.18 

4330 0.08 0.26 -0.19 
4331 0.09 0.28 -0.19 

4332 0.09 0.29 -0.20 

4333 0.10 0.30 -0.20 
4334 0.11 0.32 -0.21 

4335 0.12 0.33 -0.21 

4336 0.12 0.34 -0.22 
4337 0.13 0.36 -0.23 

4338 0.14 0.37 -0.23 

4339 0.14 0.38 -0.24 
4340 0.15 0.39 -0.24 

4341 0.16 0.41 -0.25 

4342 0.16 0.42 -0.25 
4343 0.17 0.43 -0.26 

4344 0.18 0.44 -0.26 

4345 0.18 0.45 -0.27 
4346 0.19 0.46 -0.27 

4347 0.19 0.47 -0.28 

4348 0.20 0.48 -0.28 
4349 0.20 0.48 -0.28 

4350 0.21 0.49 -0.29 

4351 0.21 0.50 -0.29 
4352 0.21 0.51 -0.29 

4353 0.22 0.51 -0.30 

4354 0.22 0.52 -0.30 
4355 0.22 0.53 -0.30 

4356 0.23 0.53 -0.31 

4357 0.23 0.54 -0.31 
4358 0.24 0.55 -0.31 

4359 0.24 0.55 -0.31 

4360 0.24 0.56 -0.32 
4361 0.25 0.57 -0.32 

4362 0.25 0.57 -0.32 

4363 0.25 0.58 -0.33 

4364 0.26 0.59 -0.33 

4365 0.26 0.59 -0.33 
4366 0.26 0.60 -0.33 

4367 0.27 0.60 -0.34 

4368 0.27 0.61 -0.34 
4369 0.27 0.62 -0.34 

4370 0.28 0.62 -0.34 

4371 0.28 0.63 -0.35 
4372 0.28 0.63 -0.35 

4373 0.29 0.64 -0.35 

4374 0.29 0.65 -0.35 
4375 0.29 0.65 -0.36 

4376 0.30 0.66 -0.36 

4377 0.30 0.66 -0.36 
4378 0.30 0.67 -0.36 

4379 0.31 0.67 -0.37 

4380 0.31 0.68 -0.37 
4381 0.31 0.68 -0.37 

4382 0.31 0.69 -0.37 

4383 0.32 0.69 -0.38 
4384 0.32 0.70 -0.38 

4385 0.32 0.70 -0.38 

4386 0.32 0.70 -0.38 
4387 0.32 0.71 -0.39 

4388 0.33 0.71 -0.39 

4389 0.33 0.72 -0.39 
4390 0.33 0.72 -0.39 

4391 0.33 0.73 -0.39 

4392 0.33 0.73 -0.40 
4393 0.33 0.73 -0.40 

4394 0.34 0.74 -0.40 

4395 0.34 0.74 -0.40 
4396 0.34 0.74 -0.40 

4397 0.34 0.75 -0.41 

4398 0.34 0.75 -0.41 
4399 0.34 0.75 -0.41 

4400 0.34 0.75 -0.41 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4401 0.34 0.76 -0.42 
4402 0.34 0.76 -0.42 

4403 0.34 0.76 -0.42 

4404 0.34 0.76 -0.42 
4405 0.34 0.76 -0.42 

4406 0.34 0.77 -0.43 

4407 0.34 0.77 -0.43 
4408 0.33 0.77 -0.43 

4409 0.33 0.77 -0.44 

4410 0.33 0.77 -0.44 
4411 0.33 0.77 -0.44 

4412 0.32 0.77 -0.45 

4413 0.32 0.77 -0.45 
4414 0.32 0.77 -0.46 

4415 0.31 0.77 -0.46 

4416 0.31 0.77 -0.46 
4417 0.31 0.77 -0.46 

4418 0.30 0.77 -0.47 

4419 0.30 0.77 -0.47 
4420 0.29 0.77 -0.47 

4421 0.29 0.76 -0.47 

4422 0.28 0.76 -0.48 
4423 0.28 0.76 -0.48 

4424 0.28 0.76 -0.48 

4425 0.27 0.75 -0.48 
4426 0.27 0.75 -0.48 

4427 0.26 0.75 -0.49 

4428 0.26 0.75 -0.49 
4429 0.26 0.74 -0.49 

4430 0.25 0.74 -0.49 

4431 0.25 0.74 -0.49 
4432 0.25 0.73 -0.49 

4433 0.24 0.73 -0.49 

4434 0.24 0.73 -0.49 
4435 0.24 0.72 -0.49 

4436 0.24 0.72 -0.48 

4437 0.23 0.72 -0.48 

4438 0.23 0.72 -0.48 

4439 0.23 0.71 -0.48 
4440 0.23 0.71 -0.48 

4441 0.23 0.71 -0.48 

4442 0.22 0.70 -0.48 
4443 0.22 0.70 -0.48 

4444 0.22 0.70 -0.48 

4445 0.22 0.69 -0.48 
4446 0.21 0.69 -0.47 

4447 0.21 0.68 -0.47 

4448 0.21 0.68 -0.47 
4449 0.20 0.67 -0.47 

4450 0.20 0.66 -0.46 

4451 0.20 0.66 -0.46 
4452 0.19 0.65 -0.46 

4453 0.19 0.65 -0.46 

4454 0.19 0.64 -0.45 
4455 0.19 0.63 -0.45 

4456 0.18 0.63 -0.45 

4457 0.18 0.62 -0.44 
4458 0.18 0.61 -0.44 

4459 0.17 0.61 -0.43 

4460 0.17 0.60 -0.43 
4461 0.17 0.59 -0.43 

4462 0.17 0.59 -0.42 

4463 0.16 0.58 -0.42 
4464 0.16 0.57 -0.41 

4465 0.16 0.56 -0.41 

4466 0.16 0.56 -0.40 
4467 0.15 0.55 -0.40 

4468 0.15 0.54 -0.39 

4469 0.15 0.53 -0.39 
4470 0.15 0.53 -0.38 

4471 0.15 0.52 -0.37 

4472 0.14 0.51 -0.37 
4473 0.14 0.51 -0.36 

4474 0.14 0.50 -0.36 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4475 0.14 0.49 -0.35 
4476 0.14 0.49 -0.35 

4477 0.14 0.48 -0.34 

4478 0.14 0.47 -0.33 
4479 0.14 0.47 -0.33 

4480 0.14 0.46 -0.32 

4481 0.14 0.45 -0.31 
4482 0.14 0.45 -0.31 

4483 0.14 0.44 -0.30 

4484 0.14 0.43 -0.30 
4485 0.14 0.43 -0.29 

4486 0.14 0.42 -0.28 

4487 0.14 0.42 -0.28 
4488 0.14 0.41 -0.27 

4489 0.14 0.41 -0.27 

4490 0.14 0.41 -0.26 
4491 0.14 0.40 -0.26 

4492 0.15 0.40 -0.25 

4493 0.15 0.39 -0.25 
4494 0.15 0.39 -0.24 

4495 0.15 0.38 -0.23 

4496 0.15 0.38 -0.23 
4497 0.15 0.38 -0.22 

4498 0.15 0.37 -0.22 

4499 0.15 0.37 -0.21 
4500 0.16 0.36 -0.21 

4501 0.16 0.36 -0.20 

4502 0.16 NA NA 
4503 0.16 0.35 -0.19 

4504 0.16 0.35 -0.19 

4505 0.16 0.35 -0.18 
4506 0.17 0.34 -0.17 

4507 0.17 0.34 -0.17 

4508 0.17 0.33 -0.16 
4509 0.17 0.33 -0.16 

4510 0.17 0.32 -0.15 

4511 0.17 0.32 -0.15 

4512 0.17 0.32 -0.14 

4513 0.17 0.31 -0.14 
4514 0.18 0.31 -0.13 

4515 0.18 0.30 -0.13 

4516 0.18 0.30 -0.12 
4517 0.18 0.29 -0.12 

4518 0.18 0.29 -0.11 

4519 0.18 0.29 -0.11 
4520 0.18 0.28 -0.10 

4521 0.18 0.28 -0.10 

4522 0.18 0.27 -0.09 
4523 0.18 0.27 -0.09 

4524 0.18 0.27 -0.09 

4525 0.18 0.26 -0.08 
4526 0.18 0.26 -0.08 

4527 0.18 0.25 -0.08 

4528 0.18 0.25 -0.07 
4529 0.17 0.24 -0.07 

4530 0.17 0.24 -0.07 

4531 0.17 0.23 -0.06 
4532 0.17 0.23 -0.06 

4533 0.17 0.23 -0.06 

4534 0.17 0.22 -0.05 
4535 0.17 0.22 -0.05 

4536 0.17 0.21 -0.05 

4537 0.16 0.21 -0.04 
4538 0.16 0.20 -0.04 

4539 0.16 0.20 -0.04 

4540 0.16 0.20 -0.04 
4541 0.16 0.19 -0.03 

4542 0.16 0.19 -0.03 

4543 0.15 0.18 -0.03 
4544 0.15 0.18 -0.02 

4545 0.15 0.17 -0.02 

4546 0.15 0.17 -0.02 
4547 0.15 0.16 -0.01 

4548 0.15 0.16 -0.01 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4549 0.14 0.15 0.00 
4550 0.14 0.14 0.00 

4551 0.14 0.14 0.00 

4552 0.14 0.13 0.01 
4553 0.14 0.13 0.01 

4554 0.14 0.12 0.02 

4555 0.14 0.11 0.02 
4556 0.14 0.11 0.03 

4557 0.14 0.10 0.03 

4558 0.13 0.10 0.04 
4559 0.13 0.09 0.04 

4560 0.13 0.08 0.05 

4561 0.13 0.08 0.06 
4562 0.13 0.07 0.06 

4563 0.13 0.07 0.07 

4564 0.13 0.06 0.07 
4565 0.13 0.05 0.08 

4566 0.13 0.05 0.09 

4567 0.13 0.04 0.09 
4568 0.14 0.04 0.10 

4569 0.14 0.03 0.10 

4570 0.14 0.03 0.11 
4571 0.14 0.02 0.12 

4572 0.14 0.02 0.12 

4573 0.14 0.01 0.13 
4574 0.14 0.01 0.13 

4575 0.14 0.00 0.14 

4576 0.14 0.00 0.14 
4577 0.14 0.00 0.15 

4578 0.15 -0.01 0.15 

4579 0.15 -0.01 0.16 
4580 0.15 -0.01 0.16 

4581 0.15 -0.02 0.17 

4582 0.15 -0.02 0.17 
4583 0.15 -0.02 0.17 

4584 0.15 -0.02 0.17 

4585 0.15 -0.02 0.18 

4586 0.16 -0.02 0.18 

4587 0.16 -0.02 0.18 
4588 0.16 -0.02 0.18 

4589 0.16 -0.02 0.18 

4590 0.16 -0.02 0.18 
4591 0.16 -0.02 0.19 

4592 0.16 -0.02 0.19 

4593 0.17 -0.02 0.19 
4594 0.17 -0.02 0.19 

4595 0.17 -0.02 0.18 

4596 0.17 -0.02 0.18 
4597 0.17 -0.01 0.18 

4598 0.17 -0.01 0.18 

4599 0.17 -0.01 0.18 
4600 0.17 -0.01 0.18 

4601 0.17 0.00 0.18 

4602 0.17 0.00 0.18 
4603 0.17 0.00 0.17 

4604 0.17 0.00 0.17 

4605 0.17 0.01 0.17 
4606 0.17 0.01 0.17 

4607 0.18 0.01 0.16 

4608 0.18 0.01 0.16 
4609 0.18 0.02 0.16 

4610 0.18 0.02 0.16 

4611 0.18 0.02 0.16 
4612 0.18 0.02 0.16 

4613 0.18 0.02 0.15 

4614 0.18 0.03 0.15 
4615 0.18 0.03 0.15 

4616 0.18 0.03 0.15 

4617 0.18 0.03 0.15 
4618 0.18 0.03 0.15 

4619 0.18 0.03 0.15 

4620 0.18 0.03 0.15 
4621 0.18 0.03 0.15 

4622 0.18 0.03 0.15 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4623 0.18 0.03 0.15 
4624 0.18 0.03 0.15 

4625 0.18 0.03 0.15 

4626 0.18 0.03 0.15 
4627 0.18 0.03 0.15 

4628 0.18 0.03 0.15 

4629 0.19 0.03 0.16 
4630 0.19 0.03 0.16 

4631 0.19 0.03 0.16 

4632 0.19 0.03 0.16 
4633 0.19 0.03 0.16 

4634 0.19 0.03 0.16 

4635 0.19 0.03 0.16 
4636 0.19 0.03 0.16 

4637 0.19 0.03 0.16 

4638 0.19 0.03 0.16 
4639 0.19 0.03 0.16 

4640 0.19 0.03 0.16 

4641 0.19 0.03 0.16 
4642 0.19 0.03 0.16 

4643 0.18 0.03 0.16 

4644 0.18 0.03 0.16 
4645 0.18 0.02 0.16 

4646 0.18 0.02 0.16 

4647 0.18 0.02 0.16 
4648 0.18 0.02 0.16 

4649 0.18 0.02 0.16 

4650 0.18 0.02 0.16 
4651 0.18 0.02 0.16 

4652 0.18 0.02 0.16 

4653 0.18 0.02 0.16 
4654 0.17 0.02 0.15 

4655 0.17 0.02 0.15 

4656 0.17 0.02 0.15 
4657 0.17 0.02 0.15 

4658 0.17 0.02 0.15 

4659 0.17 0.02 0.15 

4660 0.16 0.02 0.15 

4661 0.16 0.02 0.15 
4662 0.16 0.01 0.14 

4663 0.16 0.01 0.14 

4664 0.15 0.01 0.14 
4665 0.15 0.01 0.14 

4666 0.15 0.01 0.14 

4667 0.14 0.01 0.14 
4668 0.14 0.01 0.13 

4669 0.14 0.01 0.13 

4670 0.13 0.00 0.13 
4671 0.13 0.00 0.13 

4672 0.13 0.00 0.13 

4673 0.12 0.00 0.13 
4674 0.12 0.00 0.12 

4675 0.12 -0.01 0.12 

4676 0.11 -0.01 0.12 
4677 0.11 -0.01 0.12 

4678 0.11 -0.02 0.12 

4679 0.10 -0.02 0.12 
4680 0.10 -0.02 0.12 

4681 0.10 -0.03 0.13 

4682 0.09 -0.03 0.13 
4683 0.09 -0.04 0.13 

4684 0.09 -0.04 0.13 

4685 0.09 -0.05 0.13 
4686 0.08 -0.05 0.13 

4687 0.08 -0.06 0.14 

4688 0.08 -0.06 0.14 
4689 0.08 -0.07 0.14 

4690 0.07 -0.07 0.14 

4691 0.07 -0.08 0.15 
4692 0.07 -0.08 0.15 

4693 0.07 -0.09 0.16 

4694 0.07 -0.09 0.16 
4695 0.07 -0.10 0.16 

4696 0.07 -0.10 0.17 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4697 0.06 -0.11 0.17 
4698 0.06 -0.11 0.18 

4699 0.06 -0.12 0.18 

4700 0.06 -0.12 0.18 
4701 0.06 -0.13 0.19 

4702 0.06 -0.13 0.19 

4703 0.06 -0.14 0.20 
4704 0.06 -0.14 0.20 

4705 0.05 -0.15 0.20 

4706 0.05 -0.15 0.20 
4707 0.05 -0.16 0.21 

4708 0.05 -0.16 0.21 

4709 0.05 -0.16 0.21 
4710 0.05 -0.17 0.21 

4711 0.05 -0.17 0.22 

4712 0.04 -0.17 0.22 
4713 0.04 -0.18 0.22 

4714 0.04 -0.18 0.22 

4715 0.04 -0.18 0.22 
4716 0.04 -0.18 0.22 

4717 0.04 -0.18 0.21 

4718 0.04 -0.18 0.21 
4719 0.03 -0.18 0.21 

4720 0.03 -0.17 0.21 

4721 0.03 -0.17 0.20 
4722 0.03 -0.17 0.20 

4723 0.03 -0.17 0.19 

4724 0.03 -0.16 0.19 
4725 0.02 -0.16 0.18 

4726 0.02 -0.16 0.18 

4727 0.02 -0.15 0.17 
4728 0.02 -0.15 0.17 

4729 0.02 -0.15 0.16 

4730 0.02 -0.14 0.16 
4731 0.02 -0.14 0.15 

4732 0.01 -0.14 0.15 

4733 0.01 -0.13 0.15 

4734 0.01 -0.13 0.14 

4735 0.01 -0.13 0.14 
4736 0.01 -0.13 0.14 

4737 0.01 -0.13 0.14 

4738 0.01 -0.13 0.13 
4739 0.01 -0.13 0.13 

4740 0.00 -0.13 0.13 

4741 0.00 -0.13 0.13 
4742 0.00 -0.13 0.14 

4743 0.00 -0.14 0.14 

4744 0.00 -0.14 0.14 
4745 0.00 -0.14 0.14 

4746 0.00 -0.14 0.14 

4747 0.00 -0.14 0.14 
4748 0.00 -0.15 0.14 

4749 0.00 -0.15 0.15 

4750 0.00 -0.15 0.15 
4751 0.00 -0.15 0.15 

4752 0.00 -0.15 0.15 

4753 0.00 -0.16 0.15 
4754 0.00 -0.16 0.15 

4755 0.00 -0.16 0.16 

4756 0.00 -0.16 0.16 
4757 0.00 -0.16 0.16 

4758 0.00 -0.16 0.16 

4759 0.00 -0.17 0.17 
4760 0.00 -0.17 0.17 

4761 0.00 -0.17 0.17 

4762 0.00 -0.17 0.17 
4763 0.00 -0.17 0.18 

4764 0.00 -0.18 0.18 

4765 0.00 -0.18 0.18 
4766 0.01 -0.18 0.18 

4767 0.01 -0.18 0.19 

4768 0.01 -0.18 0.19 
4769 0.01 -0.19 0.20 

4770 0.01 -0.19 0.20 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4771 0.01 -0.19 0.20 
4772 0.02 -0.19 0.21 

4773 0.02 -0.19 0.21 

4774 0.02 -0.20 0.22 
4775 0.03 -0.20 0.23 

4776 0.03 -0.20 0.23 

4777 0.03 -0.20 0.24 
4778 0.04 -0.21 0.25 

4779 0.04 -0.21 0.25 

4780 0.05 -0.21 0.26 
4781 0.05 -0.21 0.27 

4782 0.06 -0.22 0.28 

4783 0.06 -0.22 0.29 
4784 0.07 -0.22 0.29 

4785 0.08 -0.23 0.30 

4786 0.08 -0.23 0.31 
4787 0.09 -0.23 0.32 

4788 0.09 -0.24 0.33 

4789 0.10 -0.24 0.34 
4790 0.11 -0.25 0.35 

4791 0.11 -0.26 0.37 

4792 0.12 -0.26 0.38 
4793 0.12 -0.27 0.40 

4794 0.13 -0.28 0.41 

4795 0.14 -0.29 0.43 
4796 0.14 -0.30 0.44 

4797 0.15 -0.31 0.46 

4798 0.16 -0.32 0.47 
4799 0.16 -0.33 0.49 

4800 0.17 -0.34 0.50 

4801 0.17 -0.35 0.52 
4802 0.18 -0.36 0.54 

4803 0.19 -0.37 0.55 

4804 0.19 -0.37 0.57 
4805 0.20 -0.38 0.58 

4806 0.20 -0.39 0.60 

4807 0.21 -0.40 0.61 

4808 0.21 -0.41 0.62 

4809 0.22 -0.42 0.63 
4810 0.22 -0.42 0.64 

4811 0.23 -0.43 0.65 

4812 0.23 -0.43 0.66 
4813 0.23 -0.44 0.67 

4814 0.24 -0.44 0.67 

4815 0.24 -0.44 0.68 
4816 0.24 -0.44 0.68 

4817 0.25 -0.44 0.69 

4818 0.25 -0.44 0.69 
4819 0.25 -0.44 0.69 

4820 0.25 -0.44 0.69 

4821 0.26 -0.44 0.69 
4822 0.26 -0.43 0.69 

4823 0.26 -0.43 0.69 

4824 0.26 -0.43 0.69 
4825 0.27 -0.42 0.69 

4826 0.27 -0.42 0.69 

4827 0.27 -0.42 0.69 
4828 0.27 -0.41 0.69 

4829 0.28 -0.41 0.68 

4830 0.28 -0.40 0.68 
4831 0.28 -0.40 0.68 

4832 0.28 -0.39 0.68 

4833 0.29 -0.39 0.67 
4834 0.29 -0.38 0.67 

4835 0.29 -0.37 0.66 

4836 0.29 -0.37 0.66 
4837 0.29 -0.36 0.65 

4838 0.30 -0.35 0.65 

4839 0.30 -0.35 0.64 
4840 0.30 -0.34 0.64 

4841 0.30 -0.33 0.63 

4842 0.30 -0.32 0.63 
4843 0.31 -0.32 0.62 

4844 0.31 -0.31 0.62 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4845 0.31 -0.30 0.61 
4846 0.31 -0.29 0.61 

4847 0.31 -0.29 0.60 

4848 0.32 -0.28 0.59 
4849 0.32 -0.27 0.59 

4850 0.32 -0.26 0.58 

4851 0.32 -0.26 0.58 
4852 0.32 -0.25 0.57 

4853 0.32 -0.24 0.56 

4854 0.32 -0.23 0.56 
4855 0.33 -0.23 0.55 

4856 0.33 -0.22 0.54 

4857 0.33 -0.21 0.54 
4858 0.33 -0.20 0.53 

4859 0.33 -0.19 0.52 

4860 0.33 -0.18 0.51 
4861 0.33 -0.16 0.50 

4862 0.34 -0.15 0.48 

4863 0.34 -0.13 0.47 
4864 0.34 -0.12 0.46 

4865 0.34 -0.10 0.44 

4866 0.34 -0.09 0.43 
4867 0.34 -0.07 0.41 

4868 0.34 -0.05 0.40 

4869 0.34 -0.04 0.38 
4870 0.34 -0.02 0.36 

4871 0.35 0.00 0.35 

4872 0.35 0.01 0.33 
4873 0.35 0.03 0.32 

4874 0.35 0.05 0.30 

4875 0.35 0.06 0.29 
4876 0.35 0.08 0.27 

4877 0.35 0.10 0.26 

4878 0.35 0.11 0.24 
4879 0.36 0.13 0.23 

4880 0.36 0.14 0.21 

4881 0.36 0.16 0.20 

4882 0.36 0.17 0.19 

4883 0.36 0.18 0.18 
4884 0.36 0.19 0.17 

4885 0.36 0.20 0.16 

4886 0.36 0.21 0.15 
4887 0.36 0.22 0.14 

4888 0.36 0.23 0.14 

4889 0.37 0.23 0.13 
4890 0.37 0.24 0.13 

4891 0.37 0.24 0.13 

4892 0.37 0.24 0.13 
4893 0.37 0.24 0.13 

4894 0.37 0.24 0.13 

4895 0.37 0.24 0.13 
4896 0.37 0.24 0.13 

4897 0.37 0.24 0.13 

4898 0.37 0.24 0.13 
4899 0.37 0.24 0.13 

4900 0.37 0.24 0.13 

4901 0.37 0.23 0.13 
4902 0.37 0.23 0.13 

4903 0.37 0.23 0.14 

4904 0.36 0.23 0.14 
4905 0.36 0.22 0.14 

4906 0.36 0.22 0.14 

4907 0.36 0.21 0.15 
4908 0.36 0.20 0.16 

4909 0.36 0.20 0.16 

4910 0.36 0.19 0.17 
4911 0.36 0.18 0.18 

4912 0.36 0.16 0.19 

4913 0.36 0.15 0.21 
4914 0.35 0.14 0.22 

4915 0.35 0.12 0.23 

4916 0.35 0.11 0.25 
4917 0.35 0.09 0.26 

4918 0.35 0.07 0.27 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4919 0.35 0.06 0.29 
4920 0.35 0.04 0.30 

4921 0.34 0.02 0.32 

4922 0.34 0.01 0.34 
4923 0.34 -0.01 0.35 

4924 0.34 -0.03 0.37 

4925 0.34 -0.05 0.38 
4926 0.33 -0.07 0.40 

4927 0.33 -0.08 0.41 

4928 0.33 -0.10 0.43 
4929 0.33 -0.12 0.44 

4930 0.33 -0.13 0.46 

4931 0.32 -0.15 0.47 
4932 0.32 -0.16 0.48 

4933 0.32 -0.18 0.50 

4934 0.32 -0.19 0.51 
4935 0.31 -0.20 0.52 

4936 0.31 -0.21 0.53 

4937 0.31 -0.22 0.53 
4938 0.31 -0.23 0.54 

4939 0.30 -0.24 0.55 

4940 0.30 -0.25 0.55 
4941 0.30 -0.26 0.55 

4942 0.29 -0.26 0.55 

4943 0.29 -0.27 0.56 
4944 0.29 -0.27 0.56 

4945 0.28 -0.28 0.56 

4946 0.28 -0.28 0.56 
4947 0.27 -0.29 0.56 

4948 0.27 -0.29 0.56 

4949 0.26 -0.30 0.56 
4950 0.26 -0.30 0.56 

4951 0.25 -0.31 0.56 

4952 0.25 -0.31 0.56 
4953 0.24 -0.32 0.56 

4954 0.23 -0.32 0.56 

4955 0.23 -0.33 0.56 

4956 0.22 -0.33 0.56 

4957 0.22 -0.34 0.55 
4958 0.21 -0.34 0.55 

4959 0.20 -0.35 0.55 

4960 0.20 -0.35 0.55 
4961 0.19 -0.35 0.54 

4962 0.19 -0.36 0.54 

4963 0.18 -0.36 0.54 
4964 0.17 -0.36 0.54 

4965 0.17 -0.37 0.53 

4966 0.16 -0.37 0.53 
4967 0.16 -0.37 0.53 

4968 0.15 -0.37 0.53 

4969 0.15 -0.38 0.52 
4970 0.14 -0.38 0.52 

4971 0.14 -0.38 0.52 

4972 0.13 -0.38 0.52 
4973 0.13 -0.39 0.51 

4974 0.12 -0.39 0.51 

4975 0.12 -0.39 0.51 
4976 0.12 -0.39 0.51 

4977 0.11 -0.39 0.51 

4978 0.11 -0.39 0.50 
4979 0.11 -0.39 0.50 

4980 0.11 -0.39 0.50 

4981 0.11 -0.40 0.50 
4982 0.10 -0.40 0.50 

4983 0.10 -0.40 0.50 

4984 0.10 -0.40 0.49 
4985 0.10 -0.40 0.49 

4986 0.09 -0.40 0.49 

4987 0.09 -0.39 0.48 
4988 0.09 -0.39 0.48 

4989 0.09 -0.39 0.48 

4990 0.08 -0.39 0.47 
4991 0.08 -0.38 0.46 

4992 0.08 -0.38 0.46 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
4993 0.07 -0.38 0.45 
4994 0.07 -0.37 0.45 

4995 0.07 -0.37 0.44 

4996 0.07 -0.37 0.43 
4997 0.06 -0.36 0.42 

4998 0.06 -0.36 0.42 

4999 0.06 -0.35 0.41 
5000 0.06 -0.35 0.40 

5001 0.05 -0.34 0.39 

5002 0.05 -0.34 0.39 
5003 0.05 -0.33 0.38 

5004 0.04 -0.33 0.37 

5005 0.04 -0.32 0.36 
5006 0.04 -0.32 0.35 

5007 0.04 -0.31 0.35 

5008 0.03 -0.30 0.34 
5009 0.03 -0.30 0.33 

5010 0.03 -0.29 0.32 

5011 0.02 -0.29 0.31 
5012 0.02 -0.29 0.31 

5013 0.02 -0.28 0.30 

5014 0.02 -0.28 0.29 
5015 0.01 -0.27 0.29 

5016 0.01 -0.27 0.28 

5017 0.01 -0.26 0.27 
5018 0.01 -0.26 0.27 

5019 0.00 -0.26 0.26 

5020 0.00 -0.26 0.26 
5021 0.00 -0.25 0.25 

5022 0.00 -0.25 0.25 

5023 0.00 -0.25 0.25 
5024 -0.01 -0.25 0.24 

5025 -0.01 -0.25 0.24 

5026 -0.01 -0.25 0.24 
5027 -0.01 -0.24 0.23 

5028 -0.01 -0.24 0.23 

5029 -0.01 -0.24 0.23 

5030 -0.02 -0.24 0.23 

5031 -0.02 -0.24 0.22 
5032 -0.02 -0.24 0.22 

5033 -0.02 -0.24 0.22 

5034 -0.02 -0.24 0.22 
5035 -0.02 -0.24 0.22 

5036 -0.02 -0.24 0.22 

5037 -0.02 -0.24 0.22 
5038 -0.02 -0.24 0.22 

5039 -0.02 -0.24 0.22 

5040 -0.02 -0.24 0.22 
5041 -0.02 -0.24 0.22 

5042 -0.02 -0.24 0.22 

5043 -0.02 -0.24 0.22 
5044 -0.02 -0.24 0.22 

5045 -0.02 -0.24 0.22 

5046 -0.02 -0.24 0.22 
5047 -0.02 -0.24 0.22 

5048 -0.02 -0.24 0.22 

5049 -0.02 -0.24 0.22 
5050 -0.02 -0.24 0.22 

5051 -0.02 -0.24 0.22 

5052 -0.02 -0.24 0.22 
5053 -0.02 -0.24 0.22 

5054 -0.02 -0.24 0.22 

5055 -0.02 -0.24 0.22 
5056 -0.01 -0.24 0.22 

5057 -0.01 -0.24 0.22 

5058 -0.01 -0.23 0.22 
5059 -0.01 -0.23 0.22 

5060 -0.01 -0.23 0.22 

5061 -0.01 -0.23 0.22 
5062 -0.01 -0.22 0.21 

5063 -0.01 -0.22 0.21 

5064 -0.01 -0.22 0.21 
5065 -0.01 -0.21 0.21 

5066 0.00 -0.21 0.20 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5067 0.00 -0.20 0.20 
5068 0.00 -0.20 0.19 

5069 0.00 -0.19 0.19 

5070 0.00 -0.18 0.18 
5071 0.00 -0.18 0.18 

5072 0.00 -0.17 0.17 

5073 0.00 -0.16 0.16 
5074 0.00 -0.15 0.16 

5075 0.00 -0.15 0.15 

5076 0.00 -0.14 0.14 
5077 0.00 -0.13 0.13 

5078 0.01 -0.12 0.12 

5079 0.01 -0.11 0.12 
5080 0.01 -0.10 0.11 

5081 0.01 -0.09 0.10 

5082 0.01 -0.08 0.09 
5083 0.01 -0.07 0.08 

5084 0.01 -0.06 0.07 

5085 0.01 -0.05 0.06 
5086 0.01 -0.04 0.05 

5087 0.01 -0.03 0.04 

5088 0.01 -0.02 0.03 
5089 0.01 -0.01 0.02 

5090 0.01 0.00 0.01 

5091 0.01 0.02 0.00 
5092 0.02 0.03 -0.01 

5093 0.02 0.04 -0.02 

5094 0.02 0.05 -0.03 
5095 0.02 0.06 -0.04 

5096 0.02 0.07 -0.05 

5097 0.02 0.08 -0.06 
5098 0.02 0.09 -0.07 

5099 0.02 0.10 -0.08 

5100 0.02 0.11 -0.09 
5101 0.02 0.12 -0.10 

5102 0.02 0.13 -0.11 

5103 0.02 0.14 -0.12 

5104 0.02 0.15 -0.12 

5105 0.03 0.16 -0.13 
5106 0.03 0.16 -0.14 

5107 0.03 0.17 -0.15 

5108 0.03 0.18 -0.15 
5109 0.03 0.19 -0.16 

5110 0.03 0.19 -0.16 

5111 0.03 0.20 -0.17 
5112 0.03 0.21 -0.18 

5113 0.03 0.21 -0.18 

5114 0.03 0.22 -0.19 
5115 0.03 0.23 -0.20 

5116 0.03 0.24 -0.20 

5117 0.04 0.25 -0.21 
5118 0.04 0.25 -0.22 

5119 0.04 0.26 -0.23 

5120 0.04 0.27 -0.23 
5121 0.04 0.28 -0.24 

5122 0.04 0.29 -0.25 

5123 0.04 0.30 -0.26 
5124 0.04 0.31 -0.27 

5125 0.04 0.32 -0.28 

5126 0.04 0.33 -0.29 
5127 0.05 0.34 -0.29 

5128 0.05 0.35 -0.30 

5129 0.05 0.36 -0.31 
5130 0.05 0.37 -0.32 

5131 0.05 0.38 -0.33 

5132 0.05 0.39 -0.34 
5133 0.05 0.39 -0.34 

5134 0.05 0.40 -0.35 

5135 0.05 0.41 -0.36 
5136 0.05 0.42 -0.37 

5137 0.05 0.43 -0.37 

5138 0.05 0.43 -0.38 
5139 0.05 0.44 -0.39 

5140 0.05 0.44 -0.39 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5141 0.05 0.45 -0.40 
5142 0.05 0.45 -0.40 

5143 0.05 0.46 -0.41 

5144 0.05 0.46 -0.41 
5145 0.05 0.47 -0.42 

5146 0.05 0.47 -0.42 

5147 0.05 0.48 -0.42 
5148 0.05 0.48 -0.43 

5149 0.05 0.48 -0.43 

5150 0.05 0.49 -0.43 
5151 0.05 0.49 -0.44 

5152 0.05 0.49 -0.44 

5153 0.06 0.50 -0.44 
5154 0.06 0.50 -0.44 

5155 0.06 0.50 -0.45 

5156 0.06 0.51 -0.45 
5157 0.06 0.51 -0.45 

5158 0.06 0.51 -0.45 

5159 0.06 0.51 -0.45 
5160 0.07 0.52 -0.45 

5161 0.07 0.52 -0.45 

5162 0.07 0.52 -0.45 
5163 0.07 0.52 -0.45 

5164 0.07 0.53 -0.45 

5165 0.08 0.53 -0.45 
5166 0.08 0.53 -0.45 

5167 0.08 0.53 -0.45 

5168 0.09 0.53 -0.44 
5169 0.09 0.53 -0.44 

5170 0.10 0.54 -0.44 

5171 0.10 0.54 -0.44 
5172 0.10 0.54 -0.43 

5173 0.11 0.54 -0.43 

5174 0.11 0.54 -0.43 
5175 0.12 0.54 -0.42 

5176 0.12 0.54 -0.42 

5177 0.13 0.54 -0.42 

5178 0.13 0.55 -0.41 

5179 0.14 0.55 -0.41 
5180 0.14 0.55 -0.41 

5181 0.15 0.55 -0.40 

5182 0.15 0.55 -0.40 
5183 0.16 0.55 -0.39 

5184 0.16 0.55 -0.39 

5185 0.17 0.55 -0.38 
5186 0.17 0.55 -0.38 

5187 0.18 0.55 -0.38 

5188 0.18 0.55 -0.37 
5189 0.19 0.55 -0.37 

5190 0.19 0.55 -0.36 

5191 0.20 0.55 -0.36 
5192 0.20 0.55 -0.35 

5193 0.20 0.55 -0.34 

5194 0.21 0.54 -0.34 
5195 0.21 0.54 -0.33 

5196 0.22 0.54 -0.32 

5197 0.22 0.54 -0.31 
5198 0.23 0.53 -0.31 

5199 0.23 0.53 -0.30 

5200 0.23 0.53 -0.29 
5201 0.24 0.52 -0.28 

5202 0.24 0.52 -0.28 

5203 0.24 0.51 -0.27 
5204 0.25 0.51 -0.26 

5205 0.25 0.50 -0.25 

5206 0.25 0.50 -0.25 
5207 0.26 0.49 -0.24 

5208 0.26 0.49 -0.23 

5209 0.26 0.48 -0.22 
5210 0.26 0.48 -0.22 

5211 0.27 0.48 -0.21 

5212 0.27 0.47 -0.20 
5213 0.27 0.47 -0.19 

5214 0.28 0.46 -0.19 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5215 0.28 0.46 -0.18 
5216 0.28 0.45 -0.17 

5217 0.28 0.45 -0.16 

5218 0.29 0.45 -0.16 
5219 0.29 0.44 -0.15 

5220 0.29 0.44 -0.14 

5221 0.30 0.44 -0.14 
5222 0.30 0.43 -0.13 

5223 0.30 0.43 -0.13 

5224 0.31 0.43 -0.12 
5225 0.31 0.43 -0.12 

5226 0.31 0.43 -0.11 

5227 0.32 0.42 -0.11 
5228 0.32 0.42 -0.10 

5229 0.32 0.42 -0.10 

5230 0.33 0.42 -0.09 
5231 0.33 0.42 -0.09 

5232 0.34 0.42 -0.08 

5233 0.34 0.42 -0.08 
5234 0.34 0.42 -0.07 

5235 0.35 0.41 -0.07 

5236 0.35 0.41 -0.06 
5237 0.35 0.41 -0.06 

5238 0.36 0.41 -0.06 

5239 0.36 0.41 -0.05 
5240 0.36 0.41 -0.05 

5241 0.37 0.41 -0.04 

5242 0.37 0.41 -0.04 
5243 0.37 0.41 -0.03 

5244 0.38 0.41 -0.03 

5245 0.38 0.41 -0.03 
5246 0.38 0.40 -0.02 

5247 0.39 0.40 -0.02 

5248 0.39 0.40 -0.01 
5249 0.39 0.40 -0.01 

5250 0.39 0.40 -0.01 

5251 0.40 0.40 0.00 

5252 0.40 0.40 0.00 

5253 0.40 0.40 0.00 
5254 0.41 0.40 0.01 

5255 0.41 0.40 0.01 

5256 0.41 0.40 0.01 
5257 0.41 0.40 0.02 

5258 0.42 0.39 0.02 

5259 0.42 0.39 0.02 
5260 0.42 0.39 0.03 

5261 0.42 0.39 0.03 

5262 0.42 0.39 0.03 
5263 0.43 0.39 0.04 

5264 0.43 0.39 0.04 

5265 0.43 0.39 0.04 
5266 0.43 0.39 0.04 

5267 0.43 0.39 0.05 

5268 0.43 0.39 0.05 
5269 0.44 0.39 0.05 

5270 0.44 0.38 0.05 

5271 0.44 0.38 0.05 
5272 0.44 0.38 0.06 

5273 0.44 0.38 0.06 

5274 0.44 0.38 0.06 
5275 0.44 0.38 0.06 

5276 0.44 0.38 0.06 

5277 0.44 0.38 0.06 
5278 0.44 0.38 0.06 

5279 0.44 0.38 0.07 

5280 0.44 0.37 0.07 
5281 0.44 0.37 0.07 

5282 0.44 0.37 0.07 

5283 0.44 0.37 0.07 
5284 0.44 0.37 0.07 

5285 0.44 0.37 0.07 

5286 0.44 0.37 0.07 
5287 0.44 0.37 0.08 

5288 0.44 0.37 0.08 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5289 0.44 0.36 0.08 
5290 0.44 0.36 0.08 

5291 0.44 0.36 0.08 

5292 0.44 0.36 0.08 
5293 0.44 0.36 0.08 

5294 0.44 0.36 0.08 

5295 0.44 0.36 0.08 
5296 0.44 0.36 0.08 

5297 0.44 0.36 0.08 

5298 0.44 0.35 0.08 
5299 0.44 0.35 0.08 

5300 0.44 0.35 0.08 

5301 0.44 0.35 0.09 
5302 0.44 0.35 0.09 

5303 0.44 0.35 0.09 

5304 0.43 0.35 0.09 
5305 0.43 0.35 0.09 

5306 0.43 0.35 0.09 

5307 0.43 0.34 0.09 
5308 0.43 0.34 0.09 

5309 0.43 0.34 0.09 

5310 0.43 0.34 0.09 
5311 0.43 0.34 0.09 

5312 0.43 0.34 0.09 

5313 0.43 0.34 0.09 
5314 0.42 0.34 0.09 

5315 0.42 0.34 0.09 

5316 0.42 0.34 0.09 
5317 0.42 0.33 0.09 

5318 0.42 0.33 0.09 

5319 0.42 0.33 0.09 
5320 0.42 0.33 0.08 

5321 0.42 0.33 0.08 

5322 0.41 0.33 0.08 
5323 0.41 0.33 0.08 

5324 0.41 0.33 0.08 

5325 0.41 0.33 0.08 

5326 0.41 0.33 0.08 

5327 0.41 0.33 0.08 
5328 0.41 0.33 0.08 

5329 0.40 0.33 0.08 

5330 0.40 0.33 0.08 
5331 0.40 0.33 0.07 

5332 0.40 0.33 0.07 

5333 0.40 0.33 0.07 
5334 0.40 0.33 0.07 

5335 0.40 0.33 0.07 

5336 0.40 0.33 0.07 
5337 0.39 0.33 0.07 

5338 0.39 0.32 0.07 

5339 0.39 0.32 0.07 
5340 0.39 0.32 0.07 

5341 0.39 0.32 0.07 

5342 0.39 0.32 0.07 
5343 0.39 0.32 0.07 

5344 0.39 0.32 0.07 

5345 0.39 0.32 0.06 
5346 0.38 0.32 0.06 

5347 0.38 0.32 0.06 

5348 0.38 0.32 0.06 
5349 0.38 0.32 0.06 

5350 0.37 0.32 0.06 

5351 0.37 0.32 0.05 
5352 0.37 0.32 0.05 

5353 0.37 0.32 0.05 

5354 0.36 0.32 0.05 
5355 0.36 0.32 0.04 

5356 0.36 0.32 0.04 

5357 0.35 0.31 0.04 
5358 0.35 0.31 0.03 

5359 0.34 0.31 0.03 

5360 0.34 0.31 0.03 
5361 0.34 0.31 0.02 

5362 0.33 0.31 0.02 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5363 0.33 0.31 0.02 
5364 0.32 0.31 0.01 

5365 0.32 0.31 0.01 

5366 0.32 0.31 0.01 
5367 0.31 0.31 0.00 

5368 0.31 0.31 0.00 

5369 0.30 0.31 0.00 
5370 0.30 0.31 -0.01 

5371 0.30 0.31 -0.01 

5372 0.29 0.31 -0.01 
5373 0.29 0.31 -0.02 

5374 0.28 0.31 -0.02 

5375 0.28 0.30 -0.02 
5376 0.28 0.30 -0.03 

5377 0.27 0.30 -0.03 

5378 0.27 0.30 -0.03 
5379 0.27 0.30 -0.03 

5380 0.27 0.30 -0.04 

5381 0.26 0.30 -0.04 
5382 0.26 0.30 -0.04 

5383 0.26 0.30 -0.04 

5384 0.26 0.30 -0.04 
5385 0.26 0.30 -0.04 

5386 0.25 0.30 -0.04 

5387 0.25 0.30 -0.04 
5388 0.25 0.30 -0.04 

5389 0.25 0.30 -0.04 

5390 0.25 0.29 -0.04 
5391 0.25 0.29 -0.04 

5392 0.25 0.29 -0.04 

5393 0.25 0.29 -0.04 
5394 0.25 0.29 -0.04 

5395 0.25 0.29 -0.04 

5396 0.25 0.29 -0.04 
5397 0.26 0.29 -0.03 

5398 0.26 0.29 -0.03 

5399 0.26 0.29 -0.03 

5400 0.26 0.29 -0.03 

5401 0.26 0.29 -0.03 
5402 0.26 0.28 -0.02 

5403 0.26 0.28 -0.02 

5404 0.26 0.28 -0.02 
5405 0.27 0.28 -0.02 

5406 0.27 0.28 -0.01 

5407 0.27 0.28 -0.01 
5408 0.27 0.28 -0.01 

5409 0.27 0.28 0.00 

5410 0.28 0.28 0.00 
5411 0.28 0.28 0.00 

5412 0.28 0.28 0.00 

5413 0.28 0.28 0.01 
5414 0.28 0.28 0.01 

5415 0.29 0.28 0.01 

5416 0.29 0.28 0.01 
5417 0.29 0.28 0.01 

5418 0.29 0.28 0.02 

5419 0.30 0.28 0.02 
5420 0.30 0.28 0.02 

5421 0.30 0.28 0.02 

5422 0.30 0.28 0.03 
5423 0.30 0.28 0.03 

5424 0.31 0.28 0.03 

5425 0.31 0.28 0.03 
5426 0.31 0.28 0.03 

5427 0.31 0.28 0.04 

5428 0.31 0.27 0.04 
5429 0.32 0.27 0.04 

5430 0.32 0.27 0.04 

5431 0.32 0.27 0.05 
5432 0.32 0.27 0.05 

5433 0.32 0.27 0.05 

5434 0.33 0.27 0.06 
5435 0.33 0.27 0.06 

5436 0.33 0.26 0.07 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5437 0.33 0.26 0.07 
5438 0.34 0.26 0.08 

5439 0.34 0.26 0.08 

5440 0.34 0.26 0.09 
5441 0.35 0.25 0.09 

5442 0.35 0.25 0.10 

5443 0.35 0.25 0.10 
5444 0.35 0.25 0.11 

5445 0.36 0.24 0.11 

5446 0.36 0.24 0.12 
5447 0.36 0.24 0.12 

5448 0.36 0.23 0.13 

5449 0.37 0.23 0.14 
5450 0.37 0.23 0.14 

5451 0.37 0.22 0.15 

5452 0.38 0.22 0.15 
5453 0.38 0.22 0.16 

5454 0.38 0.21 0.17 

5455 0.38 0.21 0.17 
5456 0.38 0.21 0.18 

5457 0.39 0.20 0.18 

5458 0.39 0.20 0.19 
5459 0.39 0.20 0.19 

5460 0.39 0.20 0.20 

5461 0.40 0.19 0.20 
5462 0.40 0.19 0.21 

5463 0.40 0.19 0.21 

5464 0.40 0.18 0.22 
5465 0.40 0.18 0.22 

5466 0.40 0.18 0.23 

5467 0.40 0.17 0.23 
5468 0.41 0.17 0.23 

5469 0.41 0.17 0.24 

5470 0.41 0.17 0.24 
5471 0.41 0.16 0.25 

5472 0.41 0.16 0.25 

5473 0.41 0.16 0.25 

5474 0.42 0.16 0.26 

5475 0.42 0.16 0.26 
5476 0.42 0.15 0.26 

5477 0.42 0.15 0.27 

5478 0.42 0.15 0.27 
5479 0.43 0.15 0.27 

5480 0.43 0.15 0.28 

5481 0.43 0.15 0.28 
5482 0.43 0.15 0.28 

5483 0.43 0.15 0.29 

5484 0.44 0.15 0.29 
5485 0.44 0.15 0.29 

5486 0.44 0.15 0.29 

5487 0.44 0.15 0.29 
5488 0.45 0.15 0.30 

5489 0.45 0.15 0.30 

5490 0.45 0.15 0.30 
5491 0.45 0.15 0.30 

5492 0.45 0.16 0.30 

5493 0.46 0.16 0.30 
5494 0.46 0.16 0.30 

5495 0.46 0.16 0.30 

5496 0.46 0.16 0.30 
5497 0.46 0.16 0.30 

5498 0.46 0.17 0.30 

5499 0.47 0.17 0.30 
5500 0.47 0.17 0.29 

5501 0.47 0.17 0.29 

5502 0.47 0.18 0.29 
5503 0.47 NA NA 

5504 0.47 0.18 0.29 

5505 0.47 0.18 0.29 
5506 0.47 0.18 0.28 

5507 0.47 0.19 0.28 

5508 0.47 0.19 0.28 
5509 0.47 0.19 0.27 

5510 0.47 0.20 0.27 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5511 0.47 0.20 0.27 
5512 0.47 0.20 0.26 

5513 0.46 0.21 0.26 

5514 0.46 0.21 0.25 
5515 0.46 0.21 0.25 

5516 0.46 0.22 0.24 

5517 0.46 0.22 0.24 
5518 0.46 0.22 0.24 

5519 0.46 0.23 0.23 

5520 0.45 0.23 0.23 
5521 0.45 0.23 0.22 

5522 0.45 0.23 0.22 

5523 0.45 0.24 0.21 
5524 0.45 0.24 0.21 

5525 0.44 0.24 0.20 

5526 0.44 0.25 0.20 
5527 0.44 0.25 0.19 

5528 0.44 0.25 0.19 

5529 0.44 0.25 0.18 
5530 0.43 0.26 0.18 

5531 0.43 0.26 0.17 

5532 0.43 0.26 0.17 
5533 0.43 0.26 0.17 

5534 0.43 0.27 0.16 

5535 0.42 0.27 0.16 
5536 0.42 0.27 0.15 

5537 0.42 0.27 0.15 

5538 0.42 0.27 0.15 
5539 0.42 0.27 0.14 

5540 0.41 0.27 0.14 

5541 0.41 0.28 0.14 
5542 0.41 0.28 0.13 

5543 0.41 0.28 0.13 

5544 0.41 0.28 0.13 
5545 0.41 0.28 0.13 

5546 0.41 0.28 0.13 

5547 0.40 0.28 0.13 

5548 0.40 0.28 0.12 

5549 0.40 0.28 0.12 
5550 0.40 0.28 0.12 

5551 0.40 0.28 0.12 

5552 0.40 0.28 0.12 
5553 0.40 0.28 0.12 

5554 0.40 0.28 0.12 

5555 0.40 0.28 0.12 
5556 0.40 0.28 0.12 

5557 0.40 0.28 0.12 

5558 0.40 0.28 0.12 
5559 0.40 0.28 0.11 

5560 0.39 0.28 0.11 

5561 0.39 0.28 0.11 
5562 0.39 0.28 0.11 

5563 0.39 0.28 0.11 

5564 0.39 0.28 0.11 
5565 0.39 0.28 0.11 

5566 0.39 0.28 0.10 

5567 0.39 0.29 0.10 
5568 0.39 0.29 0.10 

5569 0.39 0.29 0.10 

5570 0.38 0.29 0.10 
5571 0.38 0.29 0.09 

5572 0.38 0.29 0.09 

5573 0.38 0.29 0.09 
5574 0.38 0.29 0.09 

5575 0.38 0.30 0.09 

5576 0.38 0.30 0.08 
5577 0.38 0.30 0.08 

5578 0.38 0.30 0.08 

5579 0.38 0.30 0.08 
5580 0.38 0.30 0.08 

5581 0.38 0.31 0.07 

5582 0.38 0.31 0.07 
5583 0.38 0.31 0.07 

5584 0.38 0.31 0.07 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5585 0.38 0.31 0.07 
5586 0.38 0.31 0.07 

5587 0.38 0.32 0.07 

5588 0.39 0.32 0.07 
5589 0.39 0.32 0.07 

5590 0.39 0.32 0.07 

5591 0.39 0.32 0.07 
5592 0.39 0.32 0.07 

5593 0.39 0.33 0.07 

5594 0.40 0.33 0.07 
5595 0.40 0.33 0.07 

5596 0.40 0.33 0.07 

5597 0.40 0.33 0.07 
5598 0.40 0.33 0.07 

5599 0.41 0.34 0.07 

5600 0.41 0.34 0.07 
5601 0.41 0.34 0.07 

5602 0.42 0.34 0.08 

5603 0.42 0.34 0.08 
5604 0.42 0.34 0.08 

5605 0.42 0.34 0.08 

5606 0.43 0.34 0.08 
5607 0.43 0.34 0.09 

5608 0.43 0.35 0.09 

5609 0.44 0.35 0.09 
5610 0.44 0.35 0.09 

5611 0.44 0.35 0.09 

5612 0.45 0.35 0.10 
5613 0.45 0.35 0.10 

5614 0.45 0.35 0.10 

5615 0.46 0.35 0.10 
5616 0.46 0.35 0.11 

5617 0.46 0.35 0.11 

5618 0.47 0.35 0.11 
5619 0.47 0.35 0.12 

5620 0.47 0.35 0.12 

5621 0.48 0.35 0.12 

5622 0.48 0.35 0.12 

5623 0.48 0.36 0.13 
5624 0.48 0.36 0.13 

5625 0.49 0.36 0.13 

5626 0.49 0.36 0.14 
5627 0.50 0.36 0.14 

5628 0.50 0.36 0.14 

5629 0.51 0.36 0.15 
5630 0.51 0.36 0.15 

5631 0.52 0.36 0.16 

5632 0.52 0.36 0.16 
5633 0.53 0.36 0.17 

5634 0.53 0.36 0.18 

5635 0.54 0.36 0.18 
5636 0.55 0.36 0.19 

5637 0.55 0.36 0.20 

5638 0.56 0.36 0.20 
5639 0.57 0.36 0.21 

5640 0.58 0.36 0.22 

5641 0.58 0.36 0.23 
5642 0.59 0.36 0.23 

5643 0.60 0.36 0.24 

5644 0.60 0.36 0.25 
5645 0.61 0.35 0.26 

5646 0.62 0.35 0.27 

5647 0.63 0.35 0.27 
5648 0.64 0.35 0.28 

5649 0.64 0.35 0.29 

5650 0.65 0.35 0.30 
5651 0.66 0.35 0.31 

5652 0.66 0.35 0.31 

5653 0.67 0.35 0.32 
5654 0.68 0.35 0.33 

5655 0.68 0.35 0.33 

5656 0.69 0.35 0.34 
5657 0.70 0.35 0.35 

5658 0.70 0.35 0.35 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5659 0.71 0.35 0.36 
5660 0.71 0.35 0.37 

5661 0.72 0.35 0.37 

5662 0.72 0.35 0.38 
5663 0.73 0.35 0.38 

5664 0.73 0.35 0.38 

5665 0.73 0.35 0.39 
5666 0.74 0.35 0.39 

5667 0.74 0.34 0.40 

5668 0.74 0.34 0.40 
5669 0.75 0.34 0.40 

5670 0.75 0.34 0.41 

5671 0.75 0.34 0.41 
5672 0.76 0.34 0.41 

5673 0.76 0.34 0.42 

5674 0.76 0.34 0.42 
5675 0.77 0.34 0.42 

5676 0.77 0.34 0.43 

5677 0.77 0.34 0.43 
5678 0.77 0.34 0.43 

5679 0.78 0.34 0.43 

5680 0.78 0.34 0.44 
5681 0.78 0.34 0.44 

5682 0.78 0.34 0.44 

5683 0.79 0.34 0.44 
5684 0.79 0.34 0.45 

5685 0.79 0.34 0.45 

5686 0.79 0.34 0.45 
5687 0.80 0.34 0.45 

5688 0.80 0.34 0.46 

5689 0.80 0.34 0.46 
5690 0.80 0.34 0.46 

5691 0.81 0.34 0.46 

5692 0.81 0.34 0.46 
5693 0.81 0.35 0.46 

5694 0.81 0.35 0.47 

5695 0.81 0.35 0.47 

5696 0.81 0.35 0.47 

5697 0.82 0.35 0.47 
5698 0.82 0.35 0.47 

5699 0.82 0.35 0.47 

5700 0.82 0.35 0.47 
5701 0.82 0.35 0.47 

5702 0.82 0.35 0.48 

5703 0.83 0.35 0.48 
5704 0.83 0.35 0.48 

5705 0.83 0.35 0.48 

5706 0.83 0.35 0.48 
5707 0.83 0.35 0.48 

5708 0.83 0.35 0.48 

5709 0.83 0.35 0.48 
5710 0.83 0.35 0.49 

5711 0.83 0.35 0.49 

5712 0.83 0.35 0.49 
5713 0.83 0.34 0.49 

5714 0.83 0.34 0.49 

5715 0.83 0.34 0.49 
5716 0.83 0.34 0.49 

5717 0.83 0.34 0.49 

5718 0.83 0.34 0.49 
5719 0.83 0.34 0.49 

5720 0.83 0.34 0.49 

5721 0.83 0.34 0.49 
5722 0.83 0.34 0.49 

5723 0.83 0.34 0.49 

5724 0.83 0.33 0.49 
5725 0.83 0.33 0.49 

5726 0.82 0.33 0.49 

5727 0.82 0.33 0.49 
5728 0.82 0.33 0.49 

5729 0.82 0.33 0.49 

5730 0.82 0.33 0.49 
5731 0.82 0.32 0.49 

5732 0.81 0.32 0.49 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5733 0.81 0.32 0.49 
5734 0.81 0.32 0.49 

5735 0.81 0.32 0.49 

5736 0.81 0.32 0.49 
5737 0.80 0.31 0.49 

5738 0.80 0.31 0.49 

5739 0.80 0.31 0.49 
5740 0.80 0.31 0.49 

5741 0.79 0.31 0.49 

5742 0.79 0.31 0.49 
5743 0.79 0.30 0.48 

5744 0.79 0.30 0.48 

5745 0.78 0.30 0.48 
5746 0.78 0.30 0.48 

5747 0.78 0.29 0.48 

5748 0.77 0.29 0.48 
5749 0.77 0.29 0.48 

5750 0.77 0.29 0.48 

5751 0.76 0.28 0.48 
5752 0.76 0.28 0.48 

5753 0.76 0.28 0.48 

5754 0.75 0.27 0.48 
5755 0.75 0.27 0.48 

5756 0.74 0.26 0.48 

5757 0.74 0.26 0.48 
5758 0.73 0.26 0.47 

5759 0.72 0.25 0.47 

5760 0.72 0.25 0.47 
5761 0.71 0.24 0.47 

5762 0.70 0.24 0.46 

5763 0.69 0.24 0.46 
5764 0.69 0.23 0.45 

5765 0.68 0.23 0.45 

5766 0.67 0.22 0.45 
5767 0.66 0.22 0.44 

5768 0.65 0.22 0.44 

5769 0.65 0.21 0.43 

5770 0.64 0.21 0.43 

5771 0.63 0.21 0.42 
5772 0.62 0.20 0.42 

5773 0.61 0.20 0.41 

5774 0.61 0.19 0.41 
5775 0.60 0.19 0.41 

5776 0.59 0.19 0.40 

5777 0.58 0.18 0.40 
5778 0.58 0.18 0.40 

5779 0.57 0.18 0.39 

5780 0.56 0.18 0.39 
5781 0.56 0.17 0.39 

5782 0.55 0.17 0.38 

5783 0.55 0.17 0.38 
5784 0.55 0.17 0.38 

5785 0.54 0.16 0.38 

5786 0.54 0.16 0.38 
5787 0.54 0.16 0.38 

5788 0.54 0.16 0.38 

5789 0.53 0.16 0.37 
5790 0.53 0.16 0.37 

5791 0.53 0.16 0.37 

5792 0.52 0.16 0.37 
5793 0.52 0.16 0.36 

5794 0.52 0.16 0.36 

5795 0.51 0.16 0.35 
5796 0.51 0.16 0.35 

5797 0.50 0.16 0.34 

5798 0.50 0.16 0.34 
5799 0.50 0.16 0.33 

5800 0.49 0.17 0.33 

5801 0.49 0.17 0.32 
5802 0.48 0.17 0.31 

5803 0.48 0.18 0.31 

5804 0.48 0.18 0.30 
5805 0.47 0.18 0.29 

5806 0.47 0.19 0.28 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5807 0.46 0.19 0.27 
5808 0.46 0.19 0.27 

5809 0.46 0.20 0.26 

5810 0.45 0.20 0.25 
5811 0.45 0.21 0.24 

5812 0.45 0.21 0.23 

5813 0.44 0.22 0.22 
5814 0.44 0.22 0.22 

5815 0.44 0.23 0.21 

5816 0.43 0.23 0.20 
5817 0.43 0.24 0.19 

5818 0.43 0.24 0.18 

5819 0.43 0.25 0.18 
5820 0.42 0.26 0.17 

5821 0.42 0.26 0.16 

5822 0.42 0.27 0.15 
5823 0.42 0.27 0.15 

5824 0.42 0.28 0.14 

5825 0.42 0.28 0.14 
5826 0.42 0.29 0.13 

5827 0.42 0.29 0.13 

5828 0.42 0.30 0.12 
5829 0.42 0.30 0.12 

5830 0.42 0.30 0.11 

5831 0.42 0.31 0.11 
5832 0.42 0.31 0.11 

5833 0.43 0.32 0.11 

5834 0.43 0.32 0.11 
5835 0.43 0.32 0.11 

5836 0.44 0.33 0.11 

5837 0.44 0.33 0.11 
5838 0.44 0.33 0.11 

5839 0.45 0.33 0.12 

5840 0.46 0.34 0.12 
5841 0.46 0.34 0.12 

5842 0.47 0.34 0.12 

5843 0.47 0.35 0.13 

5844 0.48 0.35 0.13 

5845 0.49 0.35 0.14 
5846 0.49 0.35 0.14 

5847 0.50 0.36 0.14 

5848 0.51 0.36 0.15 
5849 0.52 0.36 0.15 

5850 0.52 0.37 0.16 

5851 0.53 0.37 0.16 
5852 0.54 0.37 0.17 

5853 0.55 0.38 0.17 

5854 0.56 0.38 0.18 
5855 0.56 0.38 0.18 

5856 0.57 0.39 0.19 

5857 0.58 0.39 0.19 
5858 0.59 0.39 0.20 

5859 0.60 0.39 0.20 

5860 0.60 0.40 0.21 
5861 0.61 0.40 0.21 

5862 0.62 0.40 0.21 

5863 0.63 0.41 0.22 
5864 0.63 0.41 0.22 

5865 0.64 0.41 0.23 

5866 0.65 0.42 0.23 
5867 0.65 0.42 0.23 

5868 0.66 0.42 0.24 

5869 0.67 0.43 0.24 
5870 0.67 0.43 0.24 

5871 0.68 0.43 0.24 

5872 0.68 0.43 0.25 
5873 0.69 0.44 0.25 

5874 0.69 0.44 0.25 

5875 0.69 0.44 0.25 
5876 0.70 0.45 0.25 

5877 0.70 0.45 0.25 

5878 0.71 0.45 0.25 
5879 0.71 0.46 0.25 

5880 0.71 0.46 0.26 

Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5881 0.72 0.46 0.26 
5882 0.72 0.46 0.26 

5883 0.73 0.47 0.26 

5884 0.73 0.47 0.26 
5885 0.74 0.47 0.27 

5886 0.74 0.47 0.27 

5887 0.75 0.48 0.27 
5888 0.75 0.48 0.27 

5889 0.76 0.48 0.28 

5890 0.76 0.48 0.28 
5891 0.77 0.49 0.28 

5892 0.77 0.49 0.29 

5893 0.78 0.49 0.29 
5894 0.78 0.49 0.29 

5895 0.79 0.50 0.29 

5896 0.80 0.50 0.30 
5897 0.80 0.50 0.30 

5898 0.81 0.50 0.30 

5899 0.81 0.50 0.31 
5900 0.82 0.50 0.31 

5901 0.82 0.51 0.31 

5902 0.83 0.51 0.32 
5903 0.83 0.51 0.32 

5904 0.83 0.51 0.32 

5905 0.84 0.51 0.33 
5906 0.84 0.51 0.33 

5907 0.85 0.52 0.33 

5908 0.85 0.52 0.33 
5909 0.85 0.52 0.33 

5910 0.86 0.52 0.33 

5911 0.86 0.52 0.34 
5912 0.86 0.53 0.34 

5913 0.87 0.53 0.34 

5914 0.87 0.53 0.34 
5915 0.87 0.53 0.34 

5916 0.87 0.53 0.34 

5917 0.87 0.54 0.34 

5918 0.87 0.54 0.34 

5919 0.87 0.54 0.34 
5920 0.88 0.54 0.33 

5921 0.88 0.54 0.33 

5922 0.87 0.54 0.33 
5923 0.87 0.55 0.33 

5924 0.87 0.55 0.33 

5925 0.87 0.55 0.32 
5926 0.87 0.55 0.32 

5927 0.87 0.55 0.31 

5928 0.86 0.55 0.31 
5929 0.86 0.56 0.31 

5930 0.86 0.56 0.30 

5931 0.86 0.56 0.30 
5932 0.85 0.56 0.29 

5933 0.85 0.56 0.29 

5934 0.85 0.56 0.28 
5935 0.84 0.56 0.28 

5936 0.84 0.57 0.27 

5937 0.84 0.57 0.27 
5938 0.83 0.57 0.26 

5939 0.83 0.57 0.26 

5940 0.83 0.57 0.25 
5941 0.82 0.57 0.25 

5942 0.82 0.57 0.24 

5943 0.81 0.57 0.24 
5944 0.81 0.57 0.23 

5945 0.80 0.57 0.23 

5946 0.80 0.58 0.22 
5947 0.79 0.58 0.22 

5948 0.79 0.58 0.21 

5949 0.78 0.58 0.21 
5950 0.78 0.58 0.20 

5951 0.77 0.58 0.19 

5952 0.76 0.58 0.19 
5953 0.76 0.58 0.18 

5954 0.75 0.58 0.18 
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Age    

(cal. BP) 

SE Iberian precipitation (z-score) 

annual winter summer 
5955 0.75 0.58 0.17 
5956 0.74 0.58 0.16 

5957 0.73 0.58 0.15 

5958 0.72 0.58 0.15 
5959 0.72 0.58 0.14 

5960 0.71 0.58 0.13 

5961 0.70 0.57 0.12 
5962 0.69 0.57 0.12 

5963 0.68 0.57 0.11 

5964 0.67 0.57 0.10 
5965 0.66 0.57 0.09 

5966 0.66 0.57 0.08 

5967 0.65 0.57 0.08 
5968 0.64 0.57 0.07 

5969 0.63 0.57 0.06 

5970 0.62 0.57 0.05 
5971 0.61 0.57 0.04 

5972 0.59 0.57 0.03 

5973 0.58 0.56 0.02 
5974 0.57 0.56 0.01 

5975 0.56 0.56 0.00 

5976 0.55 0.56 -0.01 
5977 0.54 0.56 -0.02 

5978 0.53 0.56 -0.03 

5979 0.52 0.56 -0.04 
5980 0.50 0.56 -0.05 

5981 0.49 0.55 -0.06 

5982 0.48 0.55 -0.07 
5983 0.47 0.55 -0.09 

5984 0.45 0.55 -0.10 

5985 0.44 0.55 -0.11 
5986 0.43 0.55 -0.12 

5987 0.41 0.54 -0.13 

5988 0.40 0.54 -0.14 
5989 0.38 0.54 -0.16 

5990 0.37 0.54 -0.17 

5991 0.36 0.54 -0.18 

5992 0.34 0.53 -0.19 

5993 0.33 0.53 -0.20 
5994 0.31 0.53 -0.22 

5995 0.30 0.53 -0.23 

5996 0.28 0.53 -0.24 
5997 0.27 0.52 -0.26 

5998 0.25 0.52 -0.27 

5999 0.24 0.52 -0.28 
6000 0.22 0.52 -0.30 
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