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Abstract 

 

Predicting the nature and societal impacts of future climate change requires the 

publication of a dense network of palaeoclimate proxy records and multi-scalar examination 

of past human-environment-climate relationships. In the study region of this thesis, the Late 

Antique (3rd-7th centuries CE) Eastern Mediterranean and Middle East, there are deficiencies in 

both disciplines: spatio-temporal gaps in the network of records, frequent use of records to 

discuss disparate regions, and a bias towards studying the Byzantine Empire. This 

interdisciplinary thesis contributes to the fields of palaeoclimatology, archaeology, and 

history, through three case-studies presented as four stand-alone journal articles.  

The main case-study, which is examined as a micro-region, to ensure datasets are 

proximate and comparable, is SW Anatolia (Turkey). Following the production of a new 

speleothem-based palaeoclimate record from Kocain Cave (Chapter 3) and a new 

archaeological dataset of 381 settlements (Chapter 4), evidence from this region is sufficient 

for analysis of human-climate-environment relationships. Climate change is found to be 

unimportant for settlement expansion in the Roman Imperial Period. Whilst a shift to drier 

conditions after 460 CE is initially adapted to, settlement abandonment occured at least a 

century later, following further drying and a combination of other factors. 

Chapters 5 and 6 present two additional case-studies for polities which have 

previously not been studied in relation to climatic factors – the Kingdom of Himyar and the 

Sasanian Empire. A new speleothem-based record from Hoti Cave (Oman, Chapter 5) reveals 

its driest conditions at the start of the 6th century CE, which are argued to have weakened the 

Kingdom of Himyar leading to cascading socio-political change. Conversely, coincident dry 

conditions in the Sasanian Empire (Chapter 6) had no impact, with the empire’s most 

significant growth-phase continuing unabated. Mitigation strategies against future climate 

change can be informed by further study of past societal responses.  
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Chapter 1: Introduction 

 

1.1. Palaeoclimate studies in the Eastern Mediterranean and Middle East 

In recent years, impacts from climate change in the Eastern Mediterranean - Middle 

East region (EMME; see Figure 1) have been significant, and will likely get worse (Giorgi, 2006; 

Lelieveld et al., 2012). Superimposed on a drying trend (Barlow et al., 2016; Karami, 2019), 

widespread droughts have been occurring with increasing frequency (Kaniewski et al., 2012), 

as have forest fires that result from the intensifying heat and aridity (Çolak & Sunar, 2020; 

Ertuğrul et al., 2018; Xanthopoulos & Nikolov, 2019). These changes have impacted humans 

through effects on agricultural productivity (Gornall et al., 2010), leading to recurrent famines 

and have been argued to factor into recent geo-political instability (Gleick, 2014; Kelley et al., 

2015).  

The Intergovernmental Panel for Climate Change (IPCC) states that to predict both 

the nature and impacts of future climate change accurately, past climatic variability must be 

constrained (Masson-Delmotte et al., 2013). Modern weather-station data, and observations, 

reveal climatic conditions in the EMME region to be complex and highly variable, both 

temporally, on seasonal to multi-decadal (and sometimes centurial) timescales, and spatially 

(Beck et al., 2018; Ulbrich et al., 2012). However, the meteorological data required to fully 

understand this spatio-temporal variance are lacking; in many regions data are entirely 

absent due to political instability and where present, information rarely extends back longer 

than 100 years (Jürg Luterbacher et al., 2012). The solution to this problem is the collection 

and analysis of palaeoclimate archives such as speleothems, lake sediment cores, tree rings 

and corals, which store information about past climate in their chemistry or physical 

characteristics (Elias, 2021). Palaeoclimate proxy data are also input into, and used to assess, 

palaeoclimate models. Palaeoclimate modelling intercomparison projects (PMIPs) facilitate 

understanding of regional responses to climate change, and to external forcing mechanisms 

such as solar irradiation and volcanic eruptions, where meteorological data are lacking and 

on longer timescales (Bradley, 2015; Elias, 2021; Masson-Delmotte et al., 2013). Additionally, 

climate reconstructions, produced from palaeoclimate proxy records or modelling, can be 
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studied alongside the archaeological and historical record to examine social, cultural, and 

economic impacts from and human resilience in the face of climate change. Such studies, on 

historical human-environment-climate interactions, are now termed the “history of climate 

and society” (HCS: Degroot et al., 2021). When palaeoclimate data are utilised for HCS 

studies, chronological resolution must be very high and low age uncertainties are required in 

order to associate climatic and societal change (see Knapp & Manning, 2016). 

In the EMME region, defined in this thesis as EM: Greece, Turkey, Cyprus, the Levant, 

and N Egypt, and ME: the Levant, the Fertile Crescent (FC: Syria, Iraq, and Iran), and the 

Arabian Peninsula (AP) (see Figure 1), climate change and its impact on societies is of 

increasing interest. Palaeoclimate proxy data suggests that the high spatial and temporal 

variability revealed by modern weather-station data and observations extends back 

throughout the earth’s geological history. A dense network of highly-resolved and precisely-

dated palaeoclimate records is therefore required to adequately reconstruct this variability. 

Unfortunately, a scarcity and uneven distribution of records is caused by climatic, 

environmental, and erosive conditions (Altaweel et al., 2019; Appendix B.2; Finné et al., 2011). 

One key climatic variable here is the requirement of adequate effective moisture for the 

formation of most continental records: speleothems, lakes, and trees. In hyper-arid regions, 

which are especially abundant in the ME, these records will not form. Lake sediment 

(lacustrine) records can detail past changes in lake-water balance (LWB), the difference 

between the amount of water entering the lake (through river/surface inflow, subterranean 

inflow and precipitation) and leaving the lake (through overflow, subsurface outflow and 

evaporation), which can be influenced by past environmental and climatic conditions 

(Bengtsson, 2012; Cardille et al., 2004). Lacustrine records are absent from most locations; 

where present, they often suffer from considerable chronological uncertainties due to 

radiocarbon dating and are low-resolution records, detailing climate averages over several 

centuries. Existing tree-ring sequences only cover relatively recent periods in the EMME 

region, rarely extending back further than 1,000 years. Speleothems (most commonly 

stalagmites) are increasingly being utilised as archives of past terrestrial climatic variability. 

They can provide multiple proxies of palaeoclimate variability at a high-resolution that covers 

long periods and can be accurately dated using uranium-series methods (Burstyn et al., 2019; 

Appendix B.1). Speleothems in the region reflect winter-spring precipitation or effective 
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moisture, the main hydrological (and an important agricultural) season (Burstyn et al., 2019; 

Appendix B.1), whereas lake records and tree rings often reflect annual or seasonal 

precipitation, or temperature. Further analysis of speleothems can fill the spatial and 

temporal gaps in palaeoclimatic understanding of the EMME region, providing information 

useful for constraining, and predicting, future climate change and for understanding past 

human-environment-climate interactions. 

 

1.2. Late Antiquity  

1.2.1. Historical context 

The phrase Late Antiquity (3rd-7th centuries CE) refers to a period of political, religious 

and economic transformations in a region spanning western Europe to Central Asia 

(Bowersock et al., 1999; Inglebert, 2012). Traditionally, it has been viewed as a transitional 

phase between the Classical/Antique and Medieval periods where the ancient western world 

was dissipating and was eventually replaced by three major civilisations: western Europe, the 

Middle Byzantine Empire, and Islam (Brown, 1971, 1978). In the Late Antique EMME region, 

there was a large, complex, and shifting, network of interconnected empires, kingdoms, and 

tribes. In this thesis, I focus on the three largest states: (1) the Byzantine Empire in the EM, (2) 

the Sasanian Empire in Persia, and (3) the Kingdom of Himyar in the AP (see Figure 2). 

Smaller kingdoms and tribal confederations, both within and external to the region, also had 

significant impacts on their histories, located in the Caucasus (Armenia, Avars, Iberia, Lazica), 

the AP (Ghassanids, Kinda, Madhhij, Lakhmids), Africa (Aksum, Vandals), CA (Göktürks, 

Hephthalites) and towards India (Kushan). 
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Figure 1. Borders of modern countries with region definitions employed in this thesis overlain. 

Abbreviations are as follows: Eastern Mediterranean (EM), Middle East (ME), Fertile Crescent (FC), 

Arabian Peninsula (AP) and Central Asia (CA).  
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Figure 2. Territorial extent of the Late Antique states discussed in this thesis.
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In the Mediterranean, the power of the Roman Empire, previously centred on Rome, 

slowly shifted to the east. Administrative changes by Diocletian in 286 CE initiated separation 

of the eastern and western provinces, the Roman capital was moved to Constantinople 

(modern Istanbul) in 330 CE, and in 395 CE the Eastern and Western Roman Empires were 

officially divided between Theodosius I’s two sons upon his death (Ball, 2016; Cameron, 2012; 

Rees, 2004). The Western Roman Empire ended formally in 476 CE, following a long-lasting 

decline (Harper, 2017; Heather, 2005; Marx et al., 2018; Ward-Perkins, 2005), but the more-

centralised Eastern Roman (Byzantine) Empire endured, with its capital in Constantinople, for 

around a millennium (Harris, 2007, 2010). Starting in the 3rd century CE, the traditional Roman 

religion and associated traditions declined, and were eventually legislated against, following 

the adoption of Christianity as the state religion (Maxwell, 2012). Economically, substantial 

sums were collected on a consistent basis due to the introduction of a regular tax period, 

with rates potentially rising throughout the period (Cameron, 2012). Taxation focused on 

labour and land used for agricultural activity; however, senatorial wealth and commerce taxes 

were introduced later in the period (Sarris, 2015, 2018). The primary purpose of these funds 

was to maintain the military, but it was also reinvested into agricultural infrastructure and 

developing trade-networks (Laiou, 2002; Morrisson & Sodini, 2002). The Byzantines 

increasingly traded with other states in the EMME, but also at longer distances to western 

Europe, Scandinavia, Africa, CA, India and China (Dark, 2007; McCormick, 2012; Pieri, 2012). 

In Persia, internal strife and conflict with the Romans weakened the Parthian Empire 

and they were subsequently overthrown by Ardashir I in 224 CE, leading to the establishment 

of the Sasanian Empire with its capital at Ctesiphon (Bivar, 1983; R.N. Frye, 2005; Katouzian, 

2009; Olbrycht, 2016). The Sasanian core territories were in eastern Mesopotamia and the 

Iranian Plateau, though eventually they came to control lands from Egypt, Anatolia, and the 

Levant, to the Indus River (Canepa & Wiesehöfer, 2018; Daryaee & Rezakhani, 2016; E. Sauer, 

2017). Compared to the Parthian Empire, the Sasanians had a more centralised system of 

leadership; they similarly named their state Eranshahr (“the Empire of the Iranians”), after 

their Achaemenid ancestors whom they frequently imitated (Altaweel & Squitieri, 2018; 

Bosworth, 1999). Zoroastrianism was the state religion, which despite persecution evolved 

into several successful branches, such as Manichaeism and Mazdakism (Crone, 2012; Hutter, 

1993). Kings claimed a divine right to rule; religion and empire were heavily intertwined 
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(Altaweel & Squitieri, 2018; Canepa & Wiesehöfer, 2018; Daryaee, 2019; Daryaee & 

Rezakhani, 2016). Zoroastrian fire temples also served as economic institutions, with religious 

professionals managing regional administration (Payne, 2014). Sasanian society became 

highly monetised, with soldiers, officials, and taxes, paid in coins (Kennedy, 2002, p. 157). 

Taxation was primarily agricultural, but was also conducted on internal sales, imports, 

exports, and Sasanian industry/artisan trades, which reworked raw materials into high-value 

commodities (Fakhar & Hesari, 2013; Gyselen, 1998; Payne, 2018). Cities were founded by 

Sasanian kings for this purpose and investment in irrigation infrastructure (primarily qanats 

and canals) was funded by taxation of the arable lands it provided (Asadi et al., 2013; Canepa 

& Daryaee, 2018; Hartnell, 2014). The Parthian and Sasanian empires both also acted as 

facilitators of, and profited from, long-distance trade, due to their important location along 

the land routes of the Silk Roads (R.N. Frye, 1993; T. Li, 2021; Payne, 2018). 

In the south, the Kingdom of Himyar, with its capital in Zafar, increased its dominance 

over the AP, conquering the Saba’a and Hadhramawt regions ~280 CE and allying with the 

central Arabian Kinda and Madhhij tribes (Cameron, 2012; Phillipson, 2012; Yule, 2007). The 

polytheistic worship of a pantheon of south-Arabian gods, that was previously common to 

the region (Hoyland, 2001; Robin, 2006; Schippmann, 2001), gave way to monotheism 

influenced by Judaism (Robin, 2015; Schiettecatte, 2018). The Kingdom of Himyar planned 

the improvement of their land and invested in terraces, dams, and soil-retention walls, which 

enabled more productive agriculture and a wider diversity of crops (Charbonnier, 2009, 2011; 

Edwell, 2015; Stathakopoulos, 2004). Both agriculture and long-distance trade were 

important for the economy, with southern coastal towns trading local products, particularly 

aromatics and metals, and acting as a conduit for trade between the Mediterranean, Indian 

Ocean, and East Africa (Brunner, 1997; Schippmann, 2001; Shahîd, 2010). 

From the above sections, similar historical patterns are observable in all three of these 

major Late Antique kingdoms, at least partially resulting from the fact that they developed 

with ongoing interactions with one another. The loose territorial empires and kingdoms of 

the previous periods were replaced by greater administrative control and investment in 

infrastructure for agricultural (e.g. terraces, canals, dams, qanats) and economic (e.g. trade 

and tax systems, coin minting, production centres) purposes. Whilst agriculture was still the 

basis of their economies (Canepa & Wiesehöfer, 2018; Hollander, 2019; Schippmann, 2001; 
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Takaoğlu, 2020; Yule, 2007), local and long-distance trade grew in importance leading to 

increased interconnectivity between regions (Cameron, 2012; Dark, 2007). The Sasanian 

Empire and Kingdom of Himyar both acted as conduits for Byzantine trade further east (Haas, 

2018; Payne, 2018). Northern Arabian tribal confederations allied with the Byzantine and 

Sasanian empires to link them to the Indian Ocean and East African trade via the southern 

coastal towns in Himyar (Brunner, 1997; Schippmann, 2001; Shahîd, 2010). A “religious 

revolution” was also experienced across the region, with a gradual shift from polytheism to 

monotheism and increasing importance of religion to individual identities (Bowersock et al., 

1999; Gwynn & Bangert, 2010; Stroumsa, 2015, pp. 27–28). Religion and politics were 

increasingly intertwined, with rulers concerned with the religion of their subjects (Howard-

Johnston, 1995; Hoyland, 2012). Despite this, religious ideas were increasingly spread via 

trade networks and not all individuals adhered to their state religion; diverse religious 

communities existed across the EMME region (Cameron, 2012; Maxwell, 2012). For example, 

early Christianisation, which occurred in the Roman-Byzantine Empire, but also in the 

kingdoms of Aksum (Ethiopia), Iberia (Georgia), and Armenia (Haas, 2008), travelled via trade 

routes, and there were also large Christian communities in the Sasanian Empire and Kingdom 

of Himyar (Bowersock, 2013; Bowersock et al., 1999; Brock, 1982; Yule, 2007).  

Not all interstate contact was friendly, however; constant and recurring conflicts were 

characteristic of Late Antiquity. Roman-Persian hostilities, which had begun in 54 BCE and 

were a continuation of the Greco-Persian wars with their origins in the 5th or 6th century BCE 

(Green, 1996; Katouzian, 2009), continued, with Roman-Parthian and Roman/Byzantine-

Sasanian conflicts (Sicker, 2000). Despite the Byzantines and Sasanians viewing each other as 

equal rivals, with the terms Basileús and Caesar reserved exclusively in diplomatic documents 

for Sasanian kings and Roman emperors (Brockley, 1984, 1992; Canepa, 2009; Chrysos, 1978), 

they frequently warred over lands in Mesopotamia, the Caucasus, and Arabia, and launched 

invasions into each other’s home territories (Canepa & Wiesehöfer, 2018; Sicker, 2000). In the 

northern regions of the AP, the tribal confederations that facilitated trade for the empires 

also fought proxy wars on their behalf, acting as a buffer between their territories and serving 

as mercenaries in their armies. These were the Tanukhids, Salagids and Ghassanids, for the 

Byzantines and the Lakhmids for the Sasanians (Cameron, 2012; Robin, 2015; Shahîd, 2010). 

Himyar was largely protected from these conflicts by their Kinda and Madhhij allies in central 
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and northern Arabia (Yule, 2007). However, they had a powerful adversary in Africa, the 

Christian Kingdom of Aksum (Haas, 2008), which attacked them frequently from at least the 

3rd century CE (Hoyland, 2001; Seland, 2012). External pressure was also constant for the 

Byzantines, who fought with the Visigoths, Avars, Slavs, and Carthage, and the Sasanians, 

who had clashes to their east, with Kushan and Hunnic tribal confederations such as the 

Hephthalite Khanate (Cameron, 2012; Rezakhani, 2017).  

At the end of Late Antiquity, in the 7th century CE, a further period of socio-cultural/-

economic and religious change occurred. Islam emerged from Medina and Mecca in 622 CE 

and, over the next decade, spread rapidly throughout Arabia to the kingdoms and tribal 

confederations previously allied with the Byzantines and Sasanians (Cameron, 2012; 

Korotayev et al., 1999). After the Prophet Muhammad’s death in 632 CE, the Rashidun 

Caliphate was established (Robinson, 2011; Whittow, 2011). The Caliphate rapidly conquered 

most of the Byzantine Empire’s key economic territories in the Levant and Egypt, and invaded 

Persia, eventually leading to the end of the Sasanian Empire in 651 CE (Wiesehöfer, 2010). 

The coming of Islam to the EMME region was traditionally seen as an external Arabian force 

that overcame and replaced Antiquity; however, it is now increasingly identified as a distinctly 

Late Antique phenomenon arriving at the end of a gradual and multifaceted shift in society 

and culture (Conrad, 2000; Hoyland, 2012; Kennedy, 1999). Furthermore, changes 

experienced in the EMME region prior to the conception of the Islamic Caliphate are often 

considered vital for the success of their rapid conquests (e.g. Crone, 1987; Korotayev et al., 

1999). A complex web of numerous interconnected natural and societal factors (recurrent 

plague epidemics, earthquakes, climate change, and invasions) starting in the mid-6th century 

CE, and continuing through the arrival of Islam, caused a general pattern of reduced long-

distance trade, settlement numbers, and population (e.g. Cameron, 2012; Hirschfeld, 2006; 

Korotayev et al., 1999; Pourshariati, 2008). This thesis relates to the relative influence of 

climate as a contributory factor in Late Antiquity, with a particular focus on the changes of 

the 6th-7th centuries CE; socio-economic changes and other factors are therefore introduced 

and discussed in detail in each of the case-study discussion chapters.  
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1.2.2. Archaeological context  

The political and historical changes described above are reflected in Late Antique 

archaeology. EMME archaeology provides physical evidence for expansion of settlement, 

investment in infrastructure and religious architecture, and long-distance trade. An increase 

in settlement numbers until the 6th century CE is observed in many regions, particularly in 

rural locations and associated with increased agricultural productivity. In Byzantine territory, 

peak settlement numbers come in the 5th and 6th centuries CE in almost all archaeological 

surveys across Anatolia and the Levant (Baird, 2004; Decker, 2018a, 2009; Decker & Cooper, 

2012; Doonan, 2004; Izdebski et al., 2016; Meyer, 2013). Similarly, the Sasanian Period had the 

greatest number of settlements for any period in diverse regions, including the lower Diyala 

Basin (Adams, 1965, p. 69), Deh Luran (Neely, 2016), the Persian Gulf (Asadi et al., 2013) and 

Iranian Azerbaijan (Alizadeh et al., 2021; Alizadeh & Ur, 2007). Investment in agricultural 

infrastructure also peaks during this period in most regions, for example, in all the 

archaeological surveys mentioned above and in Sasanian Mesopotamia around Nippur 

(Altaweel et al., 2019; Appendix B.2; Campopiano, 2017; Wilkinson et al., 2012), and in the 

Himyaritic Yemeni mountains (Charbonnier, 2011). Construction of religious architecture also 

expanded during Late Antiquity, with the requirement for churches in Byzantine cities or 

poleis (Bowden, 2001; Haldon, 2016; Saradi, 2006) and construction of Zoroastrian fire 

temples across the Sasanian Empire, which also served as administrative centres (Boucharlat, 

2014; Boyce, 1975; Hozhabri & Watson, 2013; Payne, 2014). Churches are also visible in 

excavations in Sasanian and Himyarite territories (e.g. Simpson, 2005; Zarins et al., 1983) and 

along the long-distance trade routes described above (Dark, 2007; Gardberg, 2001). 

Long-distance trade is evidenced archaeologically for all kingdoms by the presence of 

characteristic products from other regions, and from finds in those regions of Byzantine, 

Sasanian, and Himyaritic technologies. Both raw materials and manufactured commodities 

were transported in large quantities. Across the Mediterranean and further afield, Byzantine 

Red Slip Wares (RSW) produced mainly in northern Africa increasingly dominate pottery 

assemblages (Arthur, 2008; Bonifay, 2008; Cameron, 2012), and evidence increased 

interconnectivity in the Byzantine Empire (Costa, 2015; Hayes, 2000; Mackensen & Scheider, 

2006). For the Sasanian Empire, utilising their characteristic silver coinage as an example, 

these have been found in abundance across the EMME region (Darley & Canepa, 2018; 
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Schindel, 2013b; Sears & Ariel, 2000), China (Li, 2006; Skaff, 1998), and CA (R.N. Frye, 1993; T. 

Li, 2021). Other examples are found in diverse places such as Britain (Abdy & Williams, 2006) 

and Thailand (Tomber, 2007). The archaeology of Himyar includes less evidence for long-

distance trade (resulting from a lack of excavation), which we know was well-established and 

important for the kingdom (Schippmann, 2001; Shahîd, 2010); Byzantine amphorae and other 

foreign products are identified from excavations at Zafar and coastal towns, such as Aqaba 

(Raith et al., 2013; Yule, 2013). These are only characteristic archaeological examples; many 

other products were traded over long-distances but do not survive archaeologically, e.g. 

incense, aromatics, and agricultural produce. Investment in trade networks is also evidenced 

by installation of road networks (e.g. Adak & Şahin, 2007) and development of manufacturing 

zones and storage facilities in port cities in the Mediterranean, Red Sea and Persian Gulf 

(Daryaee, 2003; Haas, 2018; Pashazanous et al., 2014; Rice, 2020). 

Subsequent to the growth observed in the 4th- early 6th centuries in the EMME region, 

there is widespread evidence for reductions in settlement, population, investment and 

management, and inter-regional exchange. Settlement-number decline starts in the mid-6th 

to 8th centuries in many regions (Decker, 2018a; Izdebski, 2013a; Roberts et al., 2018b); 

however, there are many exceptions (Cassis et al., 2018). Maintenance and construction of 

agricultural infrastructure ended in the 6th and 7th century CE in many regions, leading to 

terraces, canals, and dams falling into disrepair. The largest example is the Ma’rib dam in 

Yemen, which required organised maintenance and fell into disrepair by ~580 CE (Brunner, 

2000a; Robin, 2012). Similar occurrences happened, for example, in canals in Iranian 

Azerbaijan (Alizadeh et al., 2021) and drainage infrastructure in the Konya Plain (Baird, 2004).  

Contemporary reductions in inter-regional exchange and long-distance trade are evidenced 

ceramically by declining prominence of external forms, such as RSWs, and an increase in 

locally produced wares (Armstrong, 2009; Costa, 2015; Jackson et al., 2012). 

The main archaeological bias in Late Antiquity comes from an implicit focus on the 

Byzantine Empire to the detriment of the study of other regions and communities. Until a few 

decades ago, archaeological interest in the Sasanian Empire and Kingdom of Himyar was 

extremely limited (Canepa, 2009; Genito, 2016; Whitcomb, 2014; Wilkinson et al., 1997). 

Byzantine archaeology is comparatively better-developed, with extensive research on many 

topics. Many reasons are given for this, principally, privileged study of the origins of Europe, 
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earlier periods, and Islamic history (Payne, 2014; Pourshariati, 2008; Whitcomb, 2014), but 

also geo-political obstacles to excavations in certain countries (Bernbeck, 2012). However, a 

recent trend towards field-based and remote-sensing settlement surveys (Decker, 2018b), is 

improving coverage of relatively unexplored and endangered regions (e.g. the EAMENA 

Project: Bewley et al., 2016).  

 

1.2.3. History of (Late Antique) climate and society  

Climatic factors have been suggested as a major factor in societal changes connected 

to the decline of the western Roman Empire (Büntgen et al., 2016; Harper, 2017; Marx et al., 

2018; McCormick et al., 2012) and are increasingly considered as contributory factors in the 

Late Antique socio-economic transformations described in the previous sections (e.g. 

Izdebski et al., 2016b; Labuhn et al., 2018). However, there are several gaps in knowledge and 

key criticisms of such studies. 

Firstly, studies often examine large regions and ignore spatial heterogeneity of 

climatic conditions and societal change, selecting bodies of evidence that cannot be 

connected to each other (Finné et al., 2011). This partly results from a general paucity of 

palaeoclimate archives in the EMME region (Section 1.1), and particularly a lack of regions 

containing both high-quality palaeoclimatic and archaeological evidence. This has led to a 

call for micro-regional case-studies (Haldon et al., 2014; Horden & Purcell, 2000). 

Secondly, there have been numerous examinations of climatic impacts on the Roman 

and Byzantine empires, especially in Anatolia (e.g. Haldon et al., 2014; Xoplaki et al., 2018). 

However, akin to the archaeological bias, but more pronounced, examination of climatic 

impacts on other EMME communities and regions is almost entirely absent. Work that has 

been done is fragmentary, being either correlations between the end of an empire with 

climate changes in discussion of palaeoclimate records (e.g. Büntgen et al., 2020; Sharifi et al., 

2015) or historical work that does not utilise palaeoclimate records (e.g. Korotayev et al., 

1999). 

 

1.3. Aims and objectives 
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The overall aim of this thesis is to investigate the influence of palaeoclimate change 

on humans and societies, in the Late Antique Eastern Mediterranean and Middle East. In 

order to achieve this, I aim to address the three key research gaps identified in the sections 

above: (1) Spatio-temporal coverage of palaeoclimate records, (2) micro-regional case-

studies examining local impacts of climate change, (3) examination of climatic factors in the 

Sasanian Empire and Kingdom of Himyar. This can be divided into two main research aims, 

with associated objectives: 

1. To classify climatic conditions during Late Antiquity 

a. Produce new speleothem-based palaeoclimate records, for SW Turkey and N 

Oman 

b. Synthesise existing palaeoclimate evidence 

 

2. To examine the influence of climate change on social, economic, and political change, at 

varied scales  

Micro-regional: 

a. Construct a unified picture of settlement and socio-economic development for a 

micro-regional case study (SW Turkey) 

b. Identify factors contributing to societal and economic change 

c. Assess the relative importance of climatic conditions as a factor in this change 

 

Large-scale: 

a. Classify broad periods of socio-political change that correlate with significant 

shifts in palaeoclimate 

b. Evaluate the relative contribution of palaeoclimate change to socio-political 

transformations by assessing causal links  
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1.4. Structure of the thesis  

To achieve the aims and objectives of the thesis, the climate of the study region, 

methodological issues relating to (1) climate reconstructions, and (2) their utilisation in 

historical discussions, are examined (Chapter 2). Work related to Chapter 2 contributed to 

four published journal articles co-authored by MJJ (Table 1). These can be found in Appendix 

B.  

Three case-study regions are then explored, one micro-regional: SW Anatolia 

(Chapters 3-4), and two polity-wide: S Arabia (Kingdom of Himyar: Chapter 5), and Iraq/Iran 

(Sasanian Empire: Chapter 6). Finally, the findings of these chapters are summarised and 

discussed in relation to the thesis aims (Chapter 7). The thesis case studies (results) are 

presented as stand-alone papers in four chapters, formatted in the style of the journal to 

which they were submitted (Table 1). Author contributions are defined at the start of each 

chapter. Chapters are edited to link with other sections of the thesis and all references are 

collated at the end of the thesis. Specific research aims for each paper are outlined below.  

Chapters 3 & 4 encompass the main case-study of the thesis, SW Anatolia (Turkey). 

This small sub-region now has high-quality evidence of both climatic and societal change. 

 Chapter 3: “Heterogenous late Holocene climate in the Eastern Mediterranean – the 

Kocain Cave record from SW Turkey” 

This chapter was accepted for publication in the journal Geophysical Research Letters 

(GRL) on 14th September 2021. It presents a new multi-proxy speleothem record of effective 

moisture from Kocain Cave, SW Turkey. The specific objectives of this paper are: 

1. To constrain late Holocene palaeoclimate variability for SW Turkey, with a new high-

resolution speleothem proxy record from Kocain Cave 

2. To assess how the climate of this region varies compared to other Eastern 

Mediterranean regions 

 Chapter 4: “Settlement, environment, and climate in SW Anatolia: the Roman to Middle 

Byzantine periods”  
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This chapter was submitted for publication in the journalThe Public Library of Science 

One (PLOS One) on 7th January 2022. It utilises a new dataset of settlements derived from 

historical toponyms, and the Kocain Cave palaeoclimate data from Chapter 3, to examine 

established hypotheses around climate-driven socio-economic prosperity and decline for 

Late Antique SW Anatolia (Turkey). The specific objectives of this paper are: 

1. To establish a unified picture of settlement and socio-economic development in SW 

Turkey 

2. To examine the influence of climatic and environmental factors on periods of 

economic and settlement prosperity and decline during Late Antiquity 

 

Chapters 5 and 6 present two large-scale case-studies for states which have 

previously received little attention. 

 Chapter 5: “Droughts and societal change: the environmental context for the emergence 

of Islam in late Antique Arabia”  

This chapter was submitted for publication in the journal Science on 4th January 2021. 

It presents a new speleothem-based palaeoclimate proxy record from Hoti Cave, Oman, and 

assesses the potential impact of climate on the disintegration of Arabian polities, including 

the Kingdom of Himyar, in the 6th and 7th centuries CE. The specific objectives of this paper 

are: 

1. To present a new high-resolution speleothem record from Hoti Cave, Northern Oman 

2. To assess the evidence for Arabian droughts in Late Antiquity 

3. To determine whether droughts contributed to the socio-political transformations in 

Arabia in the 6th and 7th centuries CE 

 Chapter 6: “Climate change and the Sasanian Empire (224-651 CE): a review”  
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This chapter was prepared for submission to the Journal of Interdisciplinary History 

(JIH). It provides an initial review of the impact of climate change on the Sasanian Empire 

(224-651 CE), located in modern Iraq and Iran. The specific objectives of this paper are: 

1. To evaluate mechanisms through which climatic change could influence the Sasanian 

Empire 

2. To establish a history of 1st millennium CE climate change for Iraq/Iran, the key 

territories of the Sasanian Empire  

3. To determine to what extent climatic conditions contributed to the empires end in 

651 CE 

 

Chapter 7 summarises the three case studies to draw final conclusions about the 

impact of climate change in the Late Antique Eastern Mediterranean/Middle East, and to 

address four key research questions: 

1. How did climatic conditions change in the EMME region during Late Antiquity? 

2. To what extent did changing climatic conditions impact societies and their 

economies?  

3. Was climatic change an important factor in the decline of empires and kingdoms in 

the 6th and 7th centuries CE? 

4. Do micro-regional case-studies improve our understanding of socio-economic 

impacts from climate change? 
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Table 1. Journal articles produced as part of this thesis. 

Paper Title Chapter Journal Status 

Estimated 

contribution 

by MJJ (%) 

Speleothems from the Middle 

East: An Example of Water 

Limited Environments in the 

SISAL Database 

2 Quaternary Published 15 

New insights on the role of 

environmental dynamics 

shaping southern Mesopotamia: 

From the Pre-Ubaid to the Early 

Islamic Period 

2 Iraq Published 10 

Main controls on the stable 

carbon isotope composition of 

speleothems 

2 Geochimica et 

Cosmochimica 

Acta 

Published 15 

The stalagmite record of 

southern Arabia: climatic 

extremes, human evolution and 

societal development 

2 Frontiers in 

Earth Science 

Published 30 

Heterogenous late Holocene 

climate in the Eastern 

Mediterranean – the Kocain 

Cave record from SW Turkey 

3 Geophysical 

Research 

Letters 

Published 70 

Settlement, environment, and 

climate change in SW Anatolia: 

dynamics of regional variation 

and the end of Antiquity 

4 PLOS ONE Submitted 70 
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Droughts and societal change: 

the environmental context for 

the emergence of Islam in late 

Antique Arabia 

5 Science Submitted 15 

Climate change and the 

Sasanian Empire (224 - 651 CE): 

a review 

6 Journal of 

Interdisciplinary 

History 

Not yet 

submitted 

100 
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Chapter 2: Recreating Eastern Mediterranean and Middle 
Eastern Climate 

 

2.1. Preface 

Work related to the writing of this review chapter contributed to four journal articles 

co-authored by MJJ. These were published in peer-reviewed, influential journals: 

1. Burstyn, Y., Martrat, B., Lopez, Jordi, F., Iriarte, E., Jacobson, M.J., Lone, M. A., Deininger, M. 

(2019). Speleothems from the Middle East: An Example of Water Limited Environments in the 

SISAL Database. Quaternary, 2(16). https://doi.org/10.3390/quat2020016 

This paper was accepted for publication in the journal Quaternary on 4th April 2019 

and produced by the Middle East regional division of the SISAL PAGES working group. As of 

the 14th October 2021, this paper has been cited 15 times. MJJ contributed to the study 

concept design and by writing sections 1 (Introduction) and 2 (Climate of the Middle East), as 

well as parts of 4.3 (Holocene Climatic Events and Spatial Heterogeneity across the Middle 

East), relating to the past 2,000 years, and 5.2 (The Importance of Fertile Crescent Speleothem 

Data). The estimated percentage contribution of MJJ to this paper is ~15%. 

2. Altaweel, M., Marsh, A., Jotheri, J., Hritz, C., Fleitmann, D., Rost, S., Lintner, S.F., Gibson, M., 

Bosomworth, M., Jacobson, M.J., Garzanti, E., Limonta, M., Radeff, G., 2019. New insights on 

the role of environmental dynamics shaping southern Mesopotamia: From the Pre-Ubaid to 

the Early Islamic Period. Iraq 81, 23–46. https://doi.org/10.1017/irq.2019.2 

This paper was accepted for publication in the journal Iraq on 18th July 2019. As of the 

14th October 2021, this paper has been cited 12 times. MJJ contributed to the Introduction, 

Methods: Speleothems, Speleothem Climate Results and the Climate Discussion sections. This 

work is also associated with Chapter 6. The estimated percentage contribution of MJJ to this 

paper is ~10%. 

3. Fohlmeister, J., Voarintsoa, N.R.G., Lechleitner, F.A., Boyd, M., Brandtstätter, S., Jacobson, 

M.J., Oster, J.L., 2020. Main controls on the stable carbon isotope composition of 
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speleothems. Geochimica et Cosmochimica Acta 279, 67–87. 

https://doi.org/10.1016/j.gca.2020.03.042 

This paper was accepted for publication in the journal Geochimica et Cosmochimica 

Acta on 29th March 2020 and produced by the carbon stable-isotopes division of the SISAL 

PAGES working group. As of the 14th October 2021, this paper has been cited 30 times. MJJ 

contributed to the study concept design and to sections 1 (Introduction), 3.1 (Climate 

influence on speleothem δ13C), 3.2 (Influence of local processes on speleothem δ13C values), 

5.1 (Controls on modern speleothem δ13C values) and 5.3 (Governing processes in karst and 

speleothem δ13C values). The estimated percentage contribution of MJJ to this paper is 

~15%.  

4. Nicholson, S.L., Jacobson, M.J., Hosfield, R., Fleitmann, D. 2021. The stalagmite record of 

southern Arabia: climatic extremes, human evolution and societal development. Frontiers in 

Earth Science.  

This paper was accepted for publication in the journal Frontiers in Earth Science on 

the 30th November 2021. The work was requested for a special issue titled “Extreme Events in 

Human Evolution: From the Pliocene to the Anthropocene”. MJJ contributed to the study 

concept design, and by writing the Holocene sections of the Discussion and Conclusion, and 

by providing feedback on the manuscript. The estimated percentage contribution of MJJ to 

this paper is ~30%. 

All four articles can be found in Appendix B, with key findings discussed in Chapter 7.  

This chapter provides important background information on the modern climatology 

of the study region, palaeoclimate archives, and their utilisation in historical and 

archaeological analyses. Chapters 3-6 contain specific literature reviews relevant for their 

discussions.  
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2.2. Modern Climatology 

The study region of this thesis, comprising the EM and ME, experiences marked 

heterogeneity of climatic conditions over relatively short distances (Jürg Luterbacher et al., 

2012; Ulbrich et al., 2012; Xoplaki et al., 2018). The EMME region is located on the sub-

tropical high-pressure belt, the boundary between the Northern Hemisphere tropical (Hadley 

cell) and the mid-latitude atmospheric circulation (Ferrel cell) (Burstyn et al., 2019; Levine et 

al., 2015). Broadly speaking, the whole region is characterised by hot and dry summers (Jun-

Aug), with milder and wetter winter (Oct-Feb) and spring (Mar-May) seasons (Figure 3). A 

temperature and precipitation gradient is observed, with wetter and colder climates in the 

northwest (Aegean) and hot and dry climates in the southeast (AP and south Iran). However, 

there are large ranges in precipitation and temperature, varied seasonal patterns, and high 

inter-annual variability (Barlow et al., 2016; Gerlitz et al., 2020). Spatial variations in 

temperature are primarily determined by distance from the equator and altitude. 

Precipitation is more complicated, being influenced by proximity to moisture sources, cyclone 

frequency and trajectories, topography, large-scale atmospheric phenomena, and 

teleconnections (Xoplaki et al., 2004).  

Mediterranean cyclones, which transport moisture to Greece, Turkey, the Levant, the 

FC, and more rarely, the AP, are the primary source of precipitation, propelled by westerly 

storm tracks that originate in the North Atlantic or in the Cyprus Lows (Trigo et al., 2002; 

Ulbrich et al., 2012). Cyclogenesis is amplified in the EM by an eastward gradient of 

increasing salinity and sea surface temperatures (SSTs) in the Mediterranean, which creates a 

greater temperature difference between the sea and the surrounding land (Brayshaw et al., 

2010). The northern parts of Greece and Turkey also receive cyclones originating to the 

northwest over Central Europe, the Black Sea and the Gulf of Genoa (Karaca et al., 2000; Trigo 

et al., 2002). In NE Turkey, the Caucasus, and N Iran, cyclones from the Black Sea and Caspian 

Sea bring additional precipitation (Maslova et al., 2020; Molanejad et al., 2015). In the AP, as 

well as Mediterranean frontal systems, the Indian Summer Monsoon (ISM) occasionally brings 

summer precipitation to the southernmost regions (Beck et al., 2018; Findlater, 1969; 

Fleitmann & Matter, 2009) and moisture advected from the Red Sea causes precipitation in 

the west (Almazroui et al., 2012).
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Figure 3. CRU TS4.04 (monthly gridded climate observations calculated from daily data provided by National Meteorological Services: 1901-2019) averaged seasonal 
precipitation (top) and air temperature (bottom) data for the Middle East collected from the KMNI climate explorer (van Oldenborgh, 2020; University of East Anglia 

Climatic Research Unit et al., 2020). Grey regions in precipitation data experienced no precipitation. 
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The physical geography of the region, particularly the coastlines and mountain 

ranges, significantly influences local precipitation. Orographic precipitation, resulting from 

humid coastal air being cooled as it rises over mountains, occurs on the coasts of the 

Mediterranean, Black and Caspian seas (Evans et al., 2004; Maslova et al., 2020; Molavi-

Arabshahi et al., 2016). In addition to augmenting precipitation on their windward side, 

mountains inversely act as orographic barriers which block storm tracks from penetrating 

further inland and trap hot air (Babaeian & Rezazadeh, 2018). This, combined with their 

latitude, makes the AP, and the Syrian and South Iranian deserts, some of the hottest and 

driest locations on earth (Djamali et al., 2011; Edgell, 2006; Mildrexler et al., 2006). This is 

further enhanced by rainout, whereby the intensity and probability of precipitation decreases 

further inland as air-masses dry up, exaggerated by greater evaporation at the base of clouds 

in hotter regions (Evans et al., 2004).  

Teleconnection patterns also influence the hydroclimate of the ME, with the North 

Atlantic Oscillation (NAO) being the most impactful, especially during winter. In the positive 

phase, pressure at the Azores high is elevated and at the Icelandic low is deepened. This is 

suggested to shift the dominant storm track south, decreasing precipitation in western 

Turkey and increasing precipitation in the southern Levant (Hurrell, 1995; Türkeş & Erlat, 

2003). However, NAO impact was suggested to be negligible by Evans et al. (2004), who 

found NAO influences were only important for the southern Zagros region and proposed 

that a more subtle impact than movement of the storm track was likely occurring. Other 

teleconnection patterns impacting the ME include: North Sea – Caspian Pattern (NCP); East 

Atlantic – West Russian (EATL/WRUS); Scandinavian (SCAND); and the El Niño – Southern 

Oscillation (ENSO) (Alizadeh-Choobari, 2017; Kutiel et al., 2002; Yuyun Liu et al., 2014; 

Mellado-Cano et al., 2019).  

The climatology of specific regions is explored in greater detail in their respective 

chapters: Turkey (Chapter 3), Arabia (Chapter 5), and Iraq/Iran (Chapter 6). 
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2.3. Palaeoclimate Reconstructions 

 In this section, methodologies for understanding past climates are introduced, 

with detailed information on speleothems and their geochemical proxies, other 

palaeoclimate archives, archaeological data, and historical records. The spatio-temporal 

availability of high-resolution EMME palaeoclimate proxy records that cover Late Antiquity is 

then examined. 

 

2.3.1. Speleothems 

Speleothems are deposits of calcium carbonate (CaCO3) precipitated from cave drip-

waters. In karstic regions, groundwater interacts with carbon dioxide (CO2) whilst moving 

through the aquifer, leading to the formation of carbonic acid (H2CO3). The carbonate 

bedrock is dissolved by this acid and the resultant calcium and bicarbonate ions (Ca2+ and 

HCO3
-) are transported by percolating groundwater into caves below. Once inside the cave, 

CO2 is degassed to redeposit CaCO3 (White, 2016). Depending on cave conditions and water 

movement characteristics, this process will deposit speleothems in various forms. Stalagmites 

develop upwards from the cave floor or other surfaces, stalactites form downwards from the 

cave ceiling, flowstones accumulate along surfaces, and a variety of other crystalline or 

cluster structures, such as anthodites or moonmilk, can be deposited (Fairchild et al., 2007; 

Ford & Williams, 2007; White, 2012). 

Speleothems are employed in palaeoclimate reconstructions as their formation is 

determined by the input of groundwater to a cave, commonly comprising local precipitation 

and/or snow-melt. Additionally, their subterranean location protects them from the natural 

weathering and human interference which often damage or complicate other palaeoclimate 

archives (McDermott et al., 2006). The most frequently utilised form of speleothem for 

palaeoclimate reconstructions is stalagmites, composed of minute calcite/aragonite 

accumulations on a cave floor or surface from cave drip-water. Physically, stalagmites’ simple 

geometry and formation processes mean depth along the growth-axis (the central point of 

deposition) corresponds to age; their relatively rapid growth-rates allow for analysis at higher 

resolutions, and they are not limited by weight considerations, unlike stalactites which break 
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more frequently (Bell & Walker, 2005; White, 1976). Stalagmites also form closer to isotopic 

equilibrium with their parent cave drip-water, simplifying stable-isotope analysis (Gascoyne, 

1992; McDermott et al., 2006). 

Stable-isotope analysis, trace-element ratios, organic acid contents, fluid inclusion 

composition, and physical characteristics such as growth rates, laminae thickness, and colour, 

are all potentially valuable palaeoclimate proxies held within stalagmites (McDermott, 2004; 

White, 2012). Shifts identified in these proxies can correspond to changes in precipitation 

(amount, source and/or seasonality), temperature, or atmospheric CO2. However, these 

proxies can be altered by factors unrelated to climate or by multiple influences 

simultaneously, complicating analysis (see below). This potential for obtaining multiple proxy 

records from a single speleothem, enables examination of their relationships to one another 

which informs influences on each proxy. When combined with their long and often 

continuous formation, precise chronologies from uranium-series dates (see below) and high-

resolution analysis (up to sub-annual), speleothems are established as one of the highest 

quality archives for climate variability (Burstyn et al., 2019; Fairchild & Baker, 2012; Jürg 

Luterbacher et al., 2012; McDermott et al., 2006). 

 

Stable Isotopes of Oxygen and Carbon 

Material excavated from the growth-axis of a speleothem is primarily composed of 

CaCO3, enabling measurements of stable isotopes of oxygen (δ18O) and carbon (δ13C). These 

stable-isotope ratios are impacted by climatic variables and are therefore utilised to 

reconstruct palaeoclimatic change. 

Stable isotopes of oxygen (16O and 18O), which are given as a ratio (δ18O), are the most 

common proxy utilised from speleothems for palaeoclimatic reconstruction. The principal 

determinant of δ18O values is the source effect, whereby they are strongly influenced by the 

marine reservoir that contributes its vapor to rain formation. For the EMME region, 

precipitation is derived from multiple sources (see above), each with their own isotopic 

signature. The Mediterranean is the primary source and its values are impacted by Nile 

outflow and the eastward salinity/SST gradient described above. Nile outflow is isotopically 
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light (more 16O) and salinity/SST impacts evaporation, which preferentially removes 16O 

(Hennekam et al., 2014; Lachniet, 2009; Wang et al., 2010). 

The source effect is the principal determinant of δ18O values on long timescales; 

however, the impact is negligible on the timescales examined in this thesis. Smaller variations 

in δ18O values are related to short-term climatic change. Before precipitation reaches a cave 

site, the δ18O is impacted by multiple effects. The amount effect, which is a negative 

correlation between precipitation δ18O and amount (Dansgaard, 1964), is frequently 

considered the main determinant of δ18O variation in EMME speleothems, and speleothems 

globally. Seasonality is also important for precipitation δ18O in the EMME, where δ18O values 

are lower in winter and higher in summer (Feng et al., 2009; Lachniet, 2009). Increased 

summer precipitation or less winter precipitation can therefore alter δ18O to appear ‘drier’ 

(Lachniet, 2009). This is caused by the temperature-dependent equilibrium fractionation and 

higher summer temperatures. Increased evaporation at the base of the cloud preferentially 

removes 16O, thus increasing δ18O (Rozanski et al., 1992). Through the same process, average 

temperature changes will impact δ18O (temperature effect). Increasing altitude (altitude 

effect), due to the impacts of topography discussed above, decreases δ18O values (Kern et al., 

2020). Decreasing temperatures lower evaporation rates and prior orographic precipitation 

leaves the lighter elements remaining. Generally, precipitation δ18O decreases as air masses 

move further from the ocean (continental effect) due to rainout (Kern et al., 2020). 

Upon precipitating, moisture must reach the cave to form a speleothem. During this 

process of penetration, a fraction of the precipitation is lost to evaporation and transpiration 

or diverted away from the cave (Fetter, 1994; Geyh, 2000). Evaporation in the soil or epikarst 

can increase δ18O values further, which is especially prevalent in the arid regions of the 

EMME. Where present, vegetation density and type can impact this evaporation, opening the 

possibility of anthropogenic impacts on δ18O (McDermott et al., 2006). Mixing of precipitated 

water with soil moisture can alter overall δ18O, but the effect is minor when this process is 

consistent as there is less variation in soil moisture δ18O values (Geyh, 2000; Lachniet, 2009). 

In the epikarst, there are further impacts from transit times of water and the amount of 

recharge, such as evaporation and potential lags between δ18O in precipitation and calcite. 

Further evaporation can occur in caves with low relative humidity, long residence times for 

drip-waters or in well-ventilated caves (e.g. Kocain Cave: Chapter 3).   
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Whilst δ18O is often noisy, especially in fast-growing speleothems, stable isotopes of 

carbon (12C and 13C, given as the ratio: δ13C) are less sensitive to short-term variations (Bar-

Matthews & Ayalon, 2011; Burstyn et al., 2019; Appendix B.1). The precision of δ13C is higher 

than that of δ18O when using the Vienna PeeDee Belemnite standard (VPDB); the error for 

carbon is ±0.02‰, whereas for oxygen it is ±0.05‰ (Miller & Wheeler, 2012). Additionally, 

carbon is held at the centre of CO3- groups and therefore requires more energy to be 

fractionated, resulting in smaller variations between samples (Ford & Williams, 2007). 

However, climatic controls on δ13C are discussed less frequently due to the complexity of 

fractionation effects, which results in challenging analysis (Fairchild et al., 2006; Fohlmeister et 

al., 2020; Appendix B.3). Soil gas CO2 is the source of 80-95% of the carbon in cave drip-

waters (Genty et al., 2001; Rampelbergh et al., 2013). This CO2 is derived from respiring 

vegetation and organic matter. δ13C in soil gas CO2 is influenced by the photosynthetic 

pathway of the vegetation; this pathway can be characterised as C3 (cool-season plants), C4 

(water-stressed) or CAM (arid) plants. C4 plants respire CO2 with elevated δ13C compared to 

C3 plants, leading to higher δ13C under drier conditions; CAM plants complicate this 

interpretation as they have δ13C values between those of C3 and C4 plants (Cerling, 1984; 

Herrera, 2009). The density of vegetation, as well as soil respiration rate, also impact δ13C in 

soil gas CO2. Heavy carbon dissolved from the bedrock will comprise the majority of the rest 

of the carbon in the drip-water; the contribution ratio between carbon dissolution and soil 

gas CO2 is determined by how open or closed the soil system is (Hendy, 1971). In a closed 

system where waters are isolated from soil gas CO2, carbonate dissolution will occur leading 

to changes in δ13C (McDermott, 2004). In an open system with longer residence times, the 

δ13C of the drip-water will reflect δ13C of the soil gas CO2. Systems are normally not fully 

“open” or “closed”, and a mix of these two sources will be present (Fohlmeister et al., 2020). 

Drip-water δ13C can also be derived from magmatic CO2, dead organic matter CO2, or 

trapped methane, although circumstances required for their input are rare (Geyh, 2000). 

Calcite is precipitated when percolating groundwater reaches an area where the 

partial pressure of CO2 (pCO2) is lower. This also occurs prior to speleothem formation when 

the drip-water enters voids above the cave. Prior calcite precipitation (PCP) elevates δ13C as 

isotopically-lighter 12C is preferentially deposited (Fohlmeister et al., 2020). The above factors, 
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as well as recharge conditions and drip-rate, are driven by hydroclimatic conditions, altering 

δ13C in the same direction with respect to EM. 

 

Trace Elements  

Trace elements within speleothems, presented as ratios with Ca, are increasingly 

employed as palaeo-climatic and -environmental proxies. Trace elements can derive from 

numerous sources, including the above bedrock, sediments, organic matter, and atmospheric 

deposition.  Most commonly, Mg/Ca and Sr/Ca are utilised for palaeoclimate analysis as their 

elements form divalent cations (Mg2+ and Sr2+) which can substitute for Ca2+ in the carbonate 

crystal lattice (Borsato et al., 2007; Fairchild & Treble, 2009). These elements are primarily 

derived from dolomite and calcite phases in the above bedrock, which remain relatively 

homogenous through time, especially on shorter time scales. Mg is commonly employed as 

an effective moisture proxy worldwide: e.g. Ireland (Tooth & Fairchild, 2003), Italy (Regattieri 

et al., 2014), Australia (Treble et al., 2003), Brazil (Bernal et al., 2016), Morocco (Wassenburg et 

al., 2013), and Iraq (Flohr et al., 2017). Mg is preferentially used instead of Sr, which has other 

sources that can alter its abundance, such as input from aeolian dust, sea spray, and silicates 

(Fairchild & Treble, 2009; Stoll et al., 2012). For these two ratios, the amount of PCP 

(described above) is important for the climatic interpretation. PCP is enhanced during periods 

of lower effective moisture due to longer residence times of percolating groundwater, lower 

drip-rates and the creation of air pockets in soil that has undergone evapotranspiration 

(Fairchild & Treble, 2009; Tremaine & Froelich, 2013). During PCP, Ca2+ is preferentially 

removed (over Mg2+ and Sr2+ cations) from the cave drip-water, enhancing the trace-element 

ratios (Borsato et al., 2007; McDonald et al., 2004; Treble et al., 2003; Wassenburg et al., 

2020). Additionally in drier intervals, longer groundwater residence times cause additional 

dissolution of overlying dolomitic limestones if they are present. This contributes extra Mg2+ 

to the percolating groundwater, enhancing Mg/Ca further (Fairchild & Treble, 2009). P/Ca 

ratios provide an additional palaeoclimate proxy; however, interpretations are more 

complicated due to multiple sources and influences (Frisia et al., 2012; Johnson et al., 2006). 

Increased biological activity, either as vegetation on the surface or from soil microbes, 

releases bio-available P that is transported during intense soil infiltration (Fairchild et al., 
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2001, 2007; Treble et al., 2003). P/Ca can also be influenced by PCP, but inversely to the other 

records, wherein P accumulates on mineral surfaces during the process (Lewis et al., 2011). 

Other trace-elements have been utilised as palaeoclimatic indicators, but can also inform 

impacts from atmospheric input and pollution, mining activities within caves, aeolian 

transport, and volcanic eruptions (Badertscher et al., 2014; Fairchild & Treble, 2009). 

 

Physical Characteristics  

Periods of palaeoclimatic change identified in geochemical analyses of speleothems 

can be further supported through physical observations and characteristics. Growth-rate, 

apex-diameter, laminae thickness, and colour intensity and hue, have all been utilised as 

palaeoclimate proxies. Speleothem formation is dependent on sufficient effective moisture; 

furthermore, the amount of growth relates directly to the volume of cave drip-waters and the 

amount of calcium carbonate carried into the cave to be precipitated. Once an age-depth 

model is established (see below), growth-rate can be calculated (distance/time) and will be 

linked to water input to the speleothem, which is ultimately dependent on effective moisture 

(Martín-Chivelet et al., 2017). Laminae (growth-layer) thickness and apex-diameter follow a 

similar pattern, where higher drip-rates increase their size (Muñoz-García et al., 2016). The 

colour of layers also indicates past conditions, which can be verified using other proxies. For 

example, dust layers may be visible and these can derive from exogenous dust carried in with 

the cave drip-water or from cave dust adhered to the speleothem as it formed (Carolin et al., 

2019; Fairchild & Treble, 2009). 

  

Uranium-Series Dating and Age-Depth Modelling 

Once speleothem-based proxy records are linked to climatic (or other) changes, their 

chronology must be established so that specific deviations can be dated. This is achieved first 

by performing uranium-series dating on speleothem material and then modelling growth 

from these dates. U-Th dating works by analysing isotope ratios of Uranium (238U and 234U) 

and Thorium (234Th, 232Th, and 230Th) and calculating the time that has passed since 

deposition according to decay constants (Cheng et al., 2013). Uranium is highly soluble and 
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transported in the cave drip-water to be precipitated during speleothem formation. Thorium 

is insoluble and does not undergo the same process. As such, when 238U is deposited, 230Th 

will build up from radioactive decay. Where there is incorporation of other materials 

containing Thorium (detrital contamination), isotope ratios can be corrected by measuring 
232Th and assuming an initial 230Th/232Th ratio (Spötl & Boch, 2019). 

From a set of U-Th dates, and their corresponding depths, age-depth models can be 

constructed. For the records in this thesis, StalAge (Scholz & Hoffmann, 2011) was utilised, an 

algorithm created for constructing speleothem age models. The system identifies outliers 

objectively for the user, calculates 95% confidence limits for uncertainty, and uses further 

information to improve the age model, much like Bayesian chronological testing. StalAge 

performs 300 iterations of a Monte-Carlo simulation where ensembles of straight lines are fit 

to sub-sets of the given age data and bases the age-model on the simplest possible age-

distance relationship (Scholz & Hoffmann, 2011).  

 

2.3.2. Other palaeoclimate evidence 

Speleothems are primarily utilised in this thesis for palaeoclimate reconstruction, due 

to their potential to provide highly resolved and well-dated multi-proxy records (see above). 

However, other archives provide evidence of climatic change. Whilst high-resolution tree ring 

data from the EMME region does not yet extend into the first millennium CE (Touchan et al., 

2014a, 2014b), lacustrine records often have long durations (Jones et al., 2019; Leng et al., 

2006), historical records can be used to describe weather patterns and certain phenomena 

(McCormick et al., 2012), and archaeological evidence can indirectly inform on climatic 

conditions (Izdebski et al., 2016b). These methods are discussed further below. 

 

Lakes 

Palaeolimnology, the study of past environmental and climatic conditions from 

lacustrine sediments  (Last & Smol, 2001; Leng et al., 2006), has seen extensive use in the 

EMME region (Jones et al., 2019; Roberts et al., 2008, 2012). Fossil pollen and sedimentation 
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processes in lakes can provide palaeoclimatic evidence (Chevalier et al., 2020); however, 

disentangling anthropogenic influence from pollen changes is often impossible, so pollen in 

occupied regions is used to reconstruct past land-use (Roberts et al., 2019; Woodbridge et 

al., 2019). Numerous other lacustrine proxies exist that reflect changes in LWB (Bengtsson, 

2012; Chapter 1.1). LWB can be influenced by past effective moisture, similarly to some 

speleothem records, via the impacts of evaporation (dependent on temperature and solar 

irradiance) and precipitation (Cardille et al., 2004).  

δ18O measurements (from carbonates and diatoms) have been utilised in the EMME 

region (e.g. Dean et al., 2018; Eastwood et al., 2007; Jones et al., 2006). These reflect changes 

in LWB and also the δ18O of precipitation; evaporative enrichment is more important than in 

speleothems (Jones & Roberts, 2008). Depending on the material that δ18O measurements 

are taken from, different seasons are represented. For example, in the Lake Nar record, 

carbonates form in the summer (Jun/Jul) whilst diatoms grow in the spring (Mar/Apr); δ18O 

measurements of these materials therefore evidence LWB during those seasons (Dean et al., 

2015, 2018).  

Geochemical records of lacustrine sediments have been increasingly utilised in the 

last decade, with Peloponnese lakes in particular seeing extensive study at high resolutions 

(Section 2.3.3; Seguin et al., 2020b). Elements are measured which reflect inputs into the lake 

(e.g. carbonaceous, clastic, exogenous dust, terrestrial) and these are often calculated as a 

ratio to establish wet and dry phases in the lakes’ history (e.g. Seguin et al., 2020a; Sharifi et 

al., 2015). For example, Ca/Fe ratios at Lake Salda reflect the relative input of carbonate 

content and detrital input, which reflect drier and wetter conditions, respectively (Danladi & 

Akçer-Ön, 2018). Alternatively, principal component analyses (PCA) of elements can provide a 

variable that similarly distinguishes between the various inputs, which are impacted by 

hydroclimatic variations (e.g. Seguin et al., 2020b). 

Lacustrine sediment archives therefore offer multiple proxies that are influenced by 

climatic conditions and provide long-lasting records. However, they are often lower 

resolution due to compaction and formation processes and can suffer from considerable 

dating inaccuracies (Von Gunten et al., 2009; Izdebski et al., 2016a). Age uncertainties within 

radiocarbon dates from lakes are generally much higher than uranium-series dates from 
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speleothems, ranging from decades to thousands of years. Furthermore, radiocarbon dates 

from lakes often utilise 1-σ errors, meaning there is only a 68% probability the date falls 

within that range; uranium-series dates from speleothems are presented with 2-σ errors, 

which have a 95.4% probability (Dorale et al., 2004; Spötl & Boch, 2019; Taylor & Bar-Yosef, 

2014). In freshwater lakes, radiocarbon ages can also be impacted by the “freshwater 

reservoir effect”, whereby hard water rich in dissolved ancient CaCO3 produces anomalously 

old radiocarbon ages (Philippsen, 2013). Fast-forming and varved (annually laminated) lakes 

help to improve resolution, as samples can be taken from individual varves, and reduce age 

uncertainties, through varve-counting (Zolitschka et al., 2015). Improvements in laboratory 

methods are increasing the resolution of lake records (Leng & Henderson, 2013), with 

geochemical elemental records in particular having increasingly high resolutions (e.g. Lake 

Trichonida; Seguin et al., 2020a; see Table 2). 

 

Archaeological and Historical Evidence 

Past climatic changes can also be evidenced by aspects of the archaeological record 

and referenced either directly or indirectly in historical texts. Archaeological sites can provide 

important indications of past regional and local climate change (Sandweiss & Kelley, 2012). 

These indications are especially valuable where no high-resolution terrestrial archives (such 

as ice-cores, lacustrine sediments and speleothems) are available proximate to the locations 

in which people were living (see Section 2.4). Palaeoclimatic evidence from archaeological 

contexts can be divided into three main types: biogeographical, infrastructural, and isotopic. 

Biogeographical approaches, such as the Mutual Climatic Range (MCR) method, 

characterise modern environmental and climatic constraints on individual species, then 

overlap these to determine conditions conducive to the survival of all species in an 

assemblage (best-developed for beetles: Elias, 1994; Huppert & Solow, 2004). This can also 

be achieved with plant fossils, such as pollen and non-pollen palynomorphs (NPPs), in 

archaeological contexts using the same methodology as in lacustrine deposits; however, with 

additional caveats (Dimbleby, 1985; Lechterbeck & Jensen, 2020; Mercuri et al., 2010; Sadori 

et al., 2013). Similarly, certain soils and sediments can only be formed or mobilised under 
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specific climatic conditions (Gilbertson et al., 1999; Hollesen et al., 2016; Sandweiss & Kelley, 

2012). 

Archaeological infrastructure and locations can be indicative of past climatic changes. 

Specific adaptations can hint at climatic change; for example, cutting fountain outlets at a 

lower level due to reduced water supply (e.g. at Sagalassos: Martens, 2008). Construction of 

infrastructure in, or movement of settlements to, regions that are currently climatically 

uninhabitable or inarable also suggests different prevailing conditions in the past (e.g. the 

Levant: Hirschfeld, 2006).  

Isotopic analyses can be performed on materials found in archaeological contexts to 

provide indications of palaeoclimatic conditions. This includes fossils and remains, such as 

measuring δ18O in marine shells or fish otoliths to make inferences about precipitation 

amounts (Sandweiss & Kelley, 2012), or δ13C in food products or plant-consuming animals to 

determine whether environments had predominantly C3 or C4 plants (Cheung et al., 2019; 

Riehl et al., 2014). Additionally, geochemical evidence from calcites in water infrastructure can 

retain climatic information similarly to speleothems (e.g. Martens, 2008). 

Historical documents can contain both direct references to weather phenomena and 

to events such as floods, famines, or food shortages (McCormick et al., 2012; Stathakopoulos, 

2004). These records can often reference specific changes in given years, which can be linked 

to overall climatic change. However, they suffer from historical biases towards extreme 

events, exaggeration, and are not necessarily indicative of climatic changes; thus they should 

be used with caution (Haldon et al., 2014, 2018, 2020). 

 

2.3.3. Availability of high-resolution palaeoclimate records 

The locations and temporal coverage of key palaeoclimate records are introduced in 

this section, while archives from specific regions are reviewed and discussed in more detail in 

the discussion chapters. High-resolution records covering the first millennium, here defined 

as records with >5 samples per 100 years (<20 years between samples), are rare and 

unevenly distributed in the EMME region (Figures 3 and 4; for references and metadata, see 

Table 2).  
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Perhaps the best represented region is southern Greece around the Peloponnese. In 

the northwest, a sub-annually resolved geochemical lake record is available from Lake 

Trichonida (Seguin et al., 2020a). In the southwest, on Schiza Island, a stable-isotope record is 

present from Mavri Trypa Cave, which ends ~650 CE (Finné et al., 2017). A cluster of five 

palaeoclimate records with decadal resolutions is found in the central Peloponnese: Asea, 

Phenos, Stymphalia, and Kaisari lakes, and Kapsia Cave (Finné et al., 2014; Seguin et al., 2019, 

2020b; Unkel et al., 2014). A speleothem stable-isotope record is available from Skala Marion 

Cave, Thassos Island in the northern Aegean, ending ~470 CE (Psomiadis et al., 2018). 

 

 

Figure 4. Map showing locations of available high-resolution speleothem (triangles) and lake (circles) 
palaeoclimate archives covering the 1st Millennium CE in the EMME region and Central Asia. *Grey box 

indicates coverage of inset map, which shows abundant records in the central Peloponnese. Record 
metadata and references in Table 2.  

 

In Turkey, three high-resolution records are available. The lake Salda geochemical 

record, located at high elevation in Burdur province, southwest Turkey, starts ~560 CE 

(Danladi & Akçer-Ön, 2018). In the Black Sea coastal region, a sub-decadal stable-isotope 
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record is available from Sofular Cave (Fleitmann et al., 2009; Göktürk et al., 2011). From Lake 

Nar on the Central Anatolian Plateau, a high-resolution δ18O (carbonates) record is available, 

complemented by lower resolution δ18O (diatoms) dataset (Dean et al., 2018; Jones et al., 

2006). 

Three high-resolution Levantine records are available. The Jeita (Cheng et al., 2015) 

and Soreq Cave (Bar-Matthews et al., 2003; Orland et al., 2009) stable-isotope records are 

located in northern Lebanon and southern Israel, respectively. Also in Israel, an annually-

resolved precipitation reconstruction is available from Kfar-Giladi (Morin et al., 2019), based 

on Dead Sea lake-level data (Bookman et al., 2004; Enzel et al., 2003). 

In the ME, records are even more sparsely distributed. Two speleothem-based stable-

isotope records are located close to one another in the Zagros foothills in northern Iraq, from 

Gejkar and Kuna Ba caves (Flohr et al., 2017; Sinha et al., 2019). The Neor Lake geochemistry 

record is located in northwest Iran, proximate to the Caspian Sea (Sharifi et al., 2015). In 

Central Asia, one high-resolution stable-isotope record is available, from Uluu-Too Cave in 

Kyrgyzstan (Wolff et al., 2017).  

Overall, there are numerous large spatio-temporal gaps in the network of high-

resolution Late Antique records: (1) eastern Aegean, (2) southwestern and southern Turkey 

(prior to 560 CE), (3) eastern Turkey and the Caucasus, (4) Syria and western Iraq, (5) across 

the entire AP and everywhere south of 30ºN, and (5) eastwards from the FC (no records 

between 50-70ºE). 
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Figure 5. Temporal coverage (left) and resolution (right) of available high-resolution 1st Millennium CE 
palaeoclimate proxy archives from the EMME region and Central Asia, ordered by longitude. Locations 

in Figure 4 and metadata in Table 2. 
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Table 2. High-resolution EMME hydrological palaeoclimate proxy archives covering the 1st Millennium CE, ordered by longitude. Resolution (visually presented in 
Figure 5) is calculated as samples per 100 years ((no. of 1st Mil. samples/years evidenced)*100). Resolution for Asea and Stymphalia could not be calculated as 

datasets were unavailable; however, they are visibly high-resolution and comparable to Phenos and Kaiseri lakes (see Seguin et al., 2020b). Locations are in Figure 4. 

Record Type Proxy Interpretation 1st Millennium 
Coverage (CE) 

1st Millennium 
Resolution 

 

Lat. Lon. Reference(s) 

Greece: 
 

        

Trichonida 
 

Lake Rb/Sr Effective moisture 0-1000 155 38.56 21.55 (Seguin et al., 
2020a) 

 
Mavri Trypa Cave δ18O 

 
Precipitation 

Amount/ Effective 
moisture 

0-654 12 36.74 21.78 (Finné et al., 2017) 

Asea Lake Ca/Ti Effective moisture 0-1000 - 37.38 22.27 (Seguin et al., 
2020b;  

Unkel et al., 2014) 
Phenos Lake Ca/Ti Effective moisture 0-1000 11 37.85 22.33 (Seguin et al., 

2020b) 
 

Kapsia Cave δ18O Precipitation 
Amount 

0-1000 11 37.62 22.35 (Finné et al., 2014) 
 
 

Stymphalia Lake Rb/Sr 
Ca/Ti 

Effective moisture 0-1000 - 37.85 22.46 (Seguin et al., 2019, 
2020b) 

 
Kaisari Lake Ca/Ti Effective moisture 0-1000 12 37.95 22.58 (Seguin et al., 

2020b) 
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Skala 

Marion 
Cave δ18O 

 
Effective moisture 0-469 5 40.64 24.51 (Psomiadis et al., 

2018) 
 

Turkey: 
 

        

Salda 
 

Lake Ca/Fe Effective moisture 563-1000 8 37.55 29.68 (Danladi & Akçer-
Ön, 2018) 

 
Sofular Cave δ13C 

 
Effective moisture 0-1000 13 41.42 31.93 (Fleitmann et al., 

2009; Göktürk et 
al., 2011) 

Nar Lake δ18O 
(carbonates) 

 

Effective moisture 
(Summer: Jun-Jul) 

0-1000 24 38.34 34.46 (Dean et al., 2018;  
Jones et al., 2006) 

Levant: 
 

        

Soreq Cave δ18O Precipitation 
Amount 

0-1000 6 31.45 35.03 (Bar-Matthews et 
al., 2003; Orland et 

al., 2009) 
Kfar-Giladi Lake Dead Sea 

Lake Level 
Reconstructed 
Precipitation 

Amount 

0-1000 100 33.2425 35.575 (Morin et al., 2019) 

Jeita Cave δ18O Precipitation 
Amount 

 

0-813 6 33.95 35.65 (Cheng et al., 2015) 

Fertile 
Crescent: 
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Gejkar Cave δ18O 
 

Effective moisture 0-351 
933-1000 

46 35.48 45.10 (Flohr et al., 2017) 

Kuna Ba Cave δ18O 
 

Precipitation 
Amount 

0-1000 34 35.09 45.38 (Sinha et al., 2019) 
 
 

Neor Lake Ti Dust Influx 
Aridity 

0-1000 34 37.57 48.33 (Sharifi et al., 2015) 
 
 

Central 
Asia: 

 

        

Uluu-Too Cave δ18O Seasonality 
Precipitation 
Temperature 

0-1000 64 40.38 72.35 (Wolff et al., 2017) 
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2.4. Linking palaeoclimatic and societal change 

In the previous section, the challenges of interpreting palaeoclimate data were 

highlighted. There are no simple correlations between proxy variables and climatic 

parameters, which must be disentangled from numerous site-specific and non-climatic 

influences before inferences can be made. Significant age uncertainties are also present in 

many records, which further complicates analysis. Large spatio-temporal gaps in the 

coverage of high-resolution records cause additional problems as the region has spatially 

heterogenous climatic conditions. These challenges are compounded when palaeoclimate 

proxy records are utilised in discussions of climatic impacts on societies (History of Climate 

and Society: HCS; Degroot et al., 2021). As a result, past studies have often tended to be 

environmentally deterministic, either overlooking the complexities and uncertainties of 

palaeoclimate records, or simply not utilising them. 

Environmental determinism – the concept that the physical environment controls 

societal development (Martin, 2005; D. Mitchell, 2000) – has its modern origins with Carl 

Ritter’s work Die Erdkunde im Verhältniss zur Natur und zur Geschichte des Menschen 

[Geography in relation to nature and to human history] (Ritter, 1832) and Friedrich Ratzel’s 

Anthropogeographie (Ratzel, 1882, 1891). The school of thought was later popularised 

further by Ellsworth Huntington, who saw all societal change (and human biological variation) 

rooted in climatic conditions (Huntington, 1913, 1915), including the end of the Western 

Roman Empire (Huntington, 1917). Environmental determinism was later criticised as 

oversimplistic and implicated in attempts to rationalise colonisation, imperialism, and white 

supremacy (Landes, 1998; C. O. Sauer, 1925), leading to an enduring disregard of 

environmental factors in the humanities during the 20th century CE (Gallaher et al., 2009; 

Gilmartin, 2009; Martin, 2005).  

Climate change entered the political zeitgeist from the late-20th century CE, starting 

with the conception of global warming (Broecker, 1975), the formation of the 

Intergovernmental Panel on Climate Change (IPCC : 1988) and the publication of their first 

report (IPCC & Houghton, 1990). It was later consolidated as a major social issue by the 

documentary film “An Inconvenient Truth” (Gore et al., 2006). Following this, a new era of 

(neo-)environmental determinism was introduced (Coombes & Barber, 2005; W. B. Meyer & 
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Guss, 2017; Sluyter, 2003), with a significant focus on correlations between “negative” climatic 

change and the collapse of civilisations in both popular-science books (e.g. Diamond, 1997, 

2005; Keys, 1999) and academic articles (e.g. Binford et al., 1997; deMenocal, 2001; 

Staubwasser et al., 2003; Weiss et al., 1993). Despite their flaws, these initial forays into HCS 

stimulated interest in the subject and subsequently, nuanced perspectives are increasingly 

coming to the forefront. 

In the last decade especially, palaeoenvironmental scientists and historians/ 

archaeologists have made significant progress in their approaches to HCS. Important 

contributions were made in the Journal of Interdisciplinary History (JIH), with papers 

emphasising the challenges of synthesising environmental records with historical and 

archaeological datasets (Haldon et al., 2014; McCormick, 2011; McCormick et al., 2012). 

Following this, institutions such as the “Climate Change and History Research Initiative” 

(CCHRI) based at Princeton University and the Navarino Environmental Observatory (NEO) 

have been particularly influential in pushing for interdisciplinary collaboration, consilience, 

and considerate approaches to HCS (e.g. Haldon et al., 2018; Izdebski et al., 2016a; Weiberg 

et al., 2016; Weiberg & Finné, 2018). Arguments can be successfully made by individuals with 

sufficient knowledge of HCS (for an excellent example: Preiser-Kapeller, 2015); however, 

increased collaboration strengthens projects as subject specialists can more confidently 

assess evidence from their respective field (Degroot et al., 2021).  

In palaeoclimate records, high resolution and accurate dating are required to 

establish causal links, with resolutions and uncertainties ideally <10 years (Knapp & Manning, 

2016). Resolution and chronological precision of records is always increasing due to 

methdological and instrument improvements, with speleothems and geochemical lake 

records becoming especially strong in some regions (see above). Low resolution records are 

now more suitably used to classify broad climatic trends, which are understood to have 

different impacts on past societies than short-term climatic variability (Mordechai, 2018). 

Strong regional summaries of palaeoclimate data are now increasingly available, which 

consider the uncertainties of records and indicate high spatial variability (e.g. Burstyn et al., 

2019; Finné et al., 2011; Labuhn et al., 2018; Roberts et al., 2008, 2018; Appendix B.1). Similar 

robust syntheses of these data alongside archaeological (e.g. Izdebski et al., 2016b; Spate, 

2019), historical (e.g. McCormick et al., 2012; Telelis, 2008), palaeoenvironmental (e.g. Roberts 
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et al., 2018) and climate modelling (e.g. Xoplaki et al., 2018) data are also increasingly 

abundant.  

When palaeoclimate records are suitably resolved with strong chronologies, and a 

climate shift aligns with societal transformation, temporal correlation alone is not enough; an 

explanatory framework for causality is required (Coombes & Barber, 2005). It must be 

demonstrated that the recorded climatic variable is relevant to a society; this is primarily 

through influence on agriculture and consequent impacts on the economy (Contreras, 2016; 

Zhang et al., 2011). To link a palaeoclimate proxy to agriculture, it should reflect an important 

climatic constraint for plant-growth (bio-productivity) in the growing season, which varies per 

region (Jones et al., 2019; Nemani et al., 2003). For example, it was previously assumed that 

higher temperatures and increased precipitation will enhance agricultural productivity, which 

is false in many (semi-arid and arid) regions (Haldon et al., 2014). Once a temporal correlation 

is observed, robust palaeoenvironmental, archaeological and/or historical evidence is 

required to illustrate the human impact. Improvement of modelling of land use, agricultural 

productivity and ecological niches is an important step in the right direction for establishing 

causal links, as has been done, for example, in France (Contreras et al., 2019), the Tibetan 

Plateau (Bocinsky & Kohler, 2014), and the US Southwest (Bocinsky & Kohler, 2014).  

Perhaps the most critical recent focus has been on the concepts of resilience and 

vulnerability/fragility. Across numerous HCS case-studies, it has been observed that 

magnitude of palaeoclimate change does not correspond to the likelihood of societal 

impacts (Coombes & Barber, 2005). Large shifts in climate often correspond to no societal 

change and, inversely, small changes can have severe consequent effects (Knapp & Manning, 

2016). This has led to the understanding that societal resilience or vulnerability can mitigate 

or intensify the impacts from climate change (Aldrich, 2012; Mordechai, 2018; Weiberg & 

Finné, 2018). Resilience is the ability of an organisation to adapt to challenges, with 

vulnerability as susceptibility to challenges (Brand & Jax, 2007; Cumming & Peterson, 2017; 

Yoffee, 2019). These aspects are particularly important for providing insights for mitigation of 

future climate change (Holm & Winiwarter, 2017). 

Despite these developments over the past decade, which signify marked 

improvement in HCS studies, there are still some significant and persistent issues in research. 
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In academic and popular-science books particularly, there are often still environmentally 

deterministic arguments and selective use of data (e.g. Bulliet, 2009; Cline, 2014; Ellenblum, 

2012; Harper, 2017; Weiss, 2017). Due to a lack of high-quality datasets in certain regions, 

incomparable evidence is often selected from disparate regions (Finné et al., 2011). 

Additionally, HCS still mischaracterises human-environment relationships through an 

overwhelming focus on collapse (Degroot et al., 2021; Haldon et al., 2020).  

 

2.5. Summary 

In summary, recreating past climates is challenging in the EMME region, especially so 

when examining HCS. Spatio-temporal heterogeneity of climatic conditions necessitates a 

dense network of palaeoclimate records, which is currently lacking in coverage. More high-

resolution records with low chronological uncertainties are required. Care is required when 

utilising palaeoclimate records to discuss societal change and other factors must be 

eliminated or assessed in conjunction with the palaeoclimate data. In the following four 

chapters, I will contribute solutions to some of these issues by filling two spatio-temporal 

gaps in records (Chapters 3 and 5), providing a micro-regional case-study that avoids the use 

of disparate data (Chapter 4), and assessing HCS for the Kingdom of Himyar and Sasanian 

Empire which has previously been ignored (Chapters 5 and 6). 
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Chapter 3: Heterogenous late Holocene climate in the 
Eastern Mediterranean – the Kocain Cave record from SW 

Turkey 

 

3.1. Preface  

This chapter was submitted as a journal article manuscript to Geophysical Research 

Letters (GRL) on 8th June 2021, comments were provided by three reviewers on 27th July 2021, 

with minor revisions required for publication. The manuscript was re-submitted on 10th 

August 2021 and accepted for publication on 14th September 2021. The journal article was 

published online on 29th September 2021 (https://doi.org/10.1029/2021GL094733). The 

chapter is therefore written in the style of a journal article, according to the regulations of 

GRL. Authorship: Matthew J Jacobson (University of Reading, UK), Pascal Flohr (University of 

Kiel, Germany), Alison L Gascoigne (University of Southampton, UK), Melanie J Leng (British 

Geological Survey, UK), Aleksey Sadekov (University of Western Australia), Hai Cheng (Xi’an 

Jiaotong University, China), R Lawrence Edwards (University of Minnesota, USA), Okan Tüysüz 

(Istanbul Technical University, Turkey), Dominik Fleitmann (University of Basel, Switzerland).  

MJJ and DF designed the project. MJJ drilled samples for laboratory analysis, 

performed data analysis, produced all figures, and led the interpretation and writing of the 

paper. PF and AS completed the laser-ablation mass spectrometry of trace-elements. MJL 

completed the stable-isotopes laboratory analysis. HC and RLE performed uranium-series 

dating. DF and PF contributed to interpretation. All co-authors provided comments on drafts 

of the paper. The estimated percentage contribution of MJJ to this paper is >70%. 
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3.2. Journal Article 

 

Key Points: 

 Speleothem Ko-1 record of effective moisture from SW Turkey stresses spatial and 

temporal heterogeneity of Turkish climate  

 Climate changes share more similarities with other Eastern Mediterranean coastal regions, 

than central or northern Turkey  

 Heterogeneity of modern climate and proxy records highlight the complexity of historical 

comparisons  

 

Abstract: 

Palaeoclimate variability must be constrained to predict the nature and impacts of 

future climate change in the Eastern Mediterranean. Here, we present a late Holocene high-

resolution multiproxy dataset from Kocain Cave, the first of its kind from SW Turkey. Regional 

fluctuations in effective moisture are recorded by variations in magnesium, strontium, 

phosphorous and carbon isotopes, with oxygen isotopes reacting to changes in precipitation 

and effective moisture. The new record shows a double-peak of arid conditions at 1150 and 

800 BCE, a wet period 330-460 CE followed by a rapid shift to dry conditions 460-830 CE, and 

a dry/wet Medieval Climate Anomaly/Little Ice Age pattern. Large discrepancies exist 

between Turkish records and the Kocain record, which shares more similarities with other 

Eastern Mediterranean coastal records. Heterogeneity of regional climate and palaeoclimate 

proxy records are emphasised. 

 

Plain Language Summary: 

Records of past climate are essential in the Eastern Mediterranean to understand 

regional impacts of modern climate change. In combination with archaeology, these allow us 

to examine climatic impacts on people in the past to help us prepare for the future. Here, we 
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examine a speleothem (Ko-1) from Kocain Cave, southwest Turkey, which contains 

information about past climate change in its chemistry. Measurements of trace-metals and 

carbon isotope ratios record the amount of water entering the cave, oxygen isotope ratios 

record rainfall amount. Measurements of uranium are used to date the climate changes. 

Earthquakes that damaged nearby cities and caused tsunamis changed the angle of the 

speleothem, providing more evidence for dating the sample. 

The Kocain Cave record shows climatic conditions changed frequently in southwest 

Turkey. Important are dry conditions 1150 and 800 BCE, wet conditions 330-460 CE followed 

by a rapid shift to dry conditions 460-830 CE, and a dry/wet Medieval Climate Anomaly/Little 

Ice Age pattern. These climate changes were different to records from elsewhere in Turkey 

and matched better with coastal records from Greece and Lebanon/Israel. The complex 

nature of past climate is emphasised due to varied climatic regions in Turkey and the many 

impacts on each record. 

 

3.2.1. Introduction 

To predict the nature and impacts of future climate change in the Eastern 

Mediterranean (EM), a “hot-spot” which will experience severe impacts (Giorgi, 2006), past 

climatic variability must be constrained (Masson-Delmotte et al., 2013). Paucity of 

meteorological data (<100 years) renders palaeoclimate records vital for understanding 

spatio-temporal variance. Likewise, an abundance of archaeological data facilitates analysis of 

human-climate-environment interactions and resilience of past societies to climatic 

fluctuations (Jürg Luterbacher et al., 2012).  

The climate of the EM is heterogenous over short distances (Ulbrich et al., 2012). 

Figure 6 shows spatial variations in winter precipitation and Old World Drought Atlas 

(OWDA)-derived Palmer Drought Severity Index (PDSI) for two agricultural drought periods 

(Cook et al., 2015; University of East Anglia Climatic Research Unit et al., 2020), which are 

largely determined by effective moisture. Agricultural droughts in (semi-)arid regions have a 

greater societal impact than individual climatic variables (Dalezios et al., 2017; Jones et al., 

2019; Mannocchi et al., 2004). Confidently reconstructing this variability requires a dense 
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network of precisely-dated and highly-resolved palaeoclimate records. Past spatio-temporal 

climate variability in the EM is, however, poorly documented due to unevenly distributed 

records (Burstyn et al., 2019; Appendix B.1; Luterbacher et al., 2012). 

 

 

Figure 6. Late Holocene palaeoclimate archives (triangles) compared with CRU TS4.04 (University of 
East Anglia Climatic Research Unit et al., 2020) winter (Nov-Mar) precipitation and OWDA-derived PDSI 
(E. R. Cook et al., 2015) during agricultural drought periods (1580-1610 CE and 1980-2000 CE). Dotted 

square highlights Figure 7c. Data generated in the KNMI Climate Explorer (van Oldenborgh, 2020). 
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Extensive archaeological and pollen investigations (e.g. Vandam et al., 2019; 

Woodbridge et al., 2019) make SW Turkey a suitable testbed for examining human-climate-

environment interactions. However, high-resolution palaeoclimate datasets from the region 

only extend back ~1000 (tree-rings) and ~1400 (Lake Salda) years (Danladi & Akçer-Ön, 

2018; Heinrich et al., 2013), or do not cover the late Holocene (Dim Cave; Rowe et al., 2020; 

Ünal-İmer et al., 2016, 2015). Stable-isotopes from Lake Gölhisar (Warren J. Eastwood et al., 

2007) reveal low-resolution (~80 years) changes in lake water balance (LWB) throughout the 

Holocene, albeit with significant dating uncertainties of  ±165 years. This record and tree-

rings are seasonally biased towards spring/summer, whereas precipitation mainly occurs in 

winter (Peterson & Vose, 1997). High-resolution palaeoclimate archives are available from 

other regions of Turkey (Lake Nar, Sofular Cave; Dean et al., 2018; Göktürk et al., 2011); 

however, these are not local and experience wholly different climatic conditions (Section 

3.2.5.1). Here, we provide a new speleothem record (Ko-1) from Kocain Cave, SW Turkey, to 

fill the late Holocene gap. We present highly-resolved trace-element (T-E) data starting ~950 

BCE, and a stable-isotope record that extends from the present to ~1350 BCE. An age-model 

is constructed from uranium-series dates (230Th), with supporting evidence from the impact of 

historically-attested earthquakes on Ko-1. This enables us to establish high-resolution climate 

variability in SW Turkey for >3000 years during the late Holocene. 

 

3.2.2. Cave setting  

Kocain Cave (37°13'57'' N, 30°42'42'' E; 730 m asl), western Taurus Mountains, formed 

within dolomitic Jurassic-Cenomanian shallow-marine limestones (Section 3.3.1; Figure 10; 

Demer et al., 2019) and is exceptionally large (opening width: 75m; gallery size: 36,000 m2). 

Kocain has been utilised by humans since the Neolithic and contains a Roman spring-fed 

cistern, dated by early-Christian inscriptions (Talloen, 2015). Terrain above the cave is sparsely 

covered by typical C3-type Mediterranean vegetation, mainly evergreen shrubs (Koç et al., 

2020).  

Precipitation (1929-2018; Peterson & Vose, 1997) at Antalya exhibits a marked winter-

peak, 90% occurring Nov-Mar, and high inter-annual variability, ranging from 207 mm (2008) 

to 1914 mm (1969). Alike the entire EM (Lionello, 2012; Xoplaki et al., 2018), SW Turkey 
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experiences spatial heterogeneity of climate across short distances (Figures 5 and 10). 

Moisture is brought by westerly storm tracks (Ulbrich et al., 2012) and mountains promote 

orographic precipitation caused by rising moist air and associated rainout effects (Evans et 

al., 2004). Weather station data (Figure 7b) reveals that despite similar seasonal patterns, 

coastal stations (e.g. Antalya) are significantly warmer and wetter than inland stations (e.g. 

Isparta). Precipitation and temperature are enhanced during negative phases of the North-

Sea Caspian Pattern (NCP), Arctic Oscillation (AO), and North Atlantic Oscillation (NAO), likely 

linked to increased cyclonic activity and circulation over the warm Mediterranean; however, 

these patterns are not the same across Turkey (Sariş et al., 2010; Unal et al., 2012; Section 

3.2.5.1).  

 

Figure 7. Conditions in the region surrounding Kocain cave. (a) Late Holocene palaeohydrological data 
with periods of high/low effective moisture (green/brown shading), as indicated by original authors 

(Burdur, Gravgaz, Salda, Bereket) or deviations from the mean (Kocain, Gölhisar). The cistern terminus 
post quem (312 CE), soot layers (Koç et al., 2020), and dust-layer (335-485 CE) are displayed. (b) 

Average monthly precipitation (solid lines) and temperature (dashed lines) from weather stations in 
SW Turkey (Peterson & Vose, 1997). (c) Map of SW Turkey with late Holocene palaeoenvironmental 

archives (triangles) and weather stations (squares); colours correspond to stations in 2b. 
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3.2.3. Materials, Methodology and Chronology  

The actively-growing speleothem (Ko-1) from Kocain Cave, was collected ~450 m 

from the cave entrance in August 2005. Bedrock thickness above Ko-1 is ~80 m. A total of 

31,503 measurements of T-Es (Ca, Mg, Sr, and P) were performed on the top 156 mm at a 

resolution of ~5 µm using Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry 

(LA-ICP-MS) (Tanner et al., 2002). For oxygen (δ18O) and carbon (δ13C) isotope measurements, 

the first 174.5 mm was sampled at intervals of 0.5 mm or less, providing a total of 370 

measurements. Further methodological description and sample extraction locations can be 

found in Section 3.3.2 and Figure 12. 

For the chronology of Ko-1, 25 230Th ages were produced (following the analytical 

protocol of Cheng et al., 2013) ranging from 61±51 to 3387±80 BP (years before 1950 CE). 

Eight ages affected by significant detrital contamination (230Th/232Th ratios <30) were not 

included in the age model (Figure 8b). The 17 remaining 230Th ages have uncertainties 

varying from ±38-133 years (M=±67) and only one, at 43 mm depth, is not in stratigraphic 

order. Using these dates and the known collection date (August 2005), a StalAge age-model 

(Scholz & Hoffmann, 2011) was calculated.  

Lateral shifts in the growth-axis at 457±100 CE (87.8 mm) and 176+30/-139 CE (110.3 

mm) associated with historically-attested regional earthquakes provide additional evidence 

for the reliability of the constructed age-model. Tectonic activity altering the cave floor tilt is 

often a cause for speleothem growth-axis changes (Becker et al., 2006; Cadorin et al., 2001; 

Forti & Postpischl, 1984; Gilli, 2004; Gilli, 2005). For the ~457 CE displacement, earthquakes in 

500, 518 and 528 CE were responsible for destruction of buildings in SW Turkey (Ergin et al., 

1967; Gates, 1997; Malalas, 2017; Pirazzoli et al., 1996; Similox-Tohon et al., 2006; Stiros, 2001; 

Waelkens et al., 2000). The ~176 CE deviation is closely linked to an earthquake in 142 CE 

which caused extensive damage locally and a tsunami (Altinok et al., 2011; Ambraseys, 2009; 

Erel & Adatepe, 2007; Kokkinia, 2000; Papadopoulos et al., 2007; Tan et al., 2008). Further 

details of growth-axis deviations and speleoseismology can be found in Section 3.3.3 and 

Figure 14. 
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3.2.4. Interpretation of the Ko-1 multi-proxy record  

δ13C and δ18O values from Ko-1 were previously interpreted as reflecting changes in 

winter temperature and associated snow melt (Göktürk, 2011). New T-E measurements 

(Figure 8) disprove this interpretation, indicating variations in the multi-proxy record can be 

used to characterise regional fluctuations in effective moisture (Mg/Ca, Sr/Ca), effective 

moisture/biological activity (P/Ca, δ13C), and effective moisture/precipitation amount (δ18O).  

All Ko-1 proxy records correlate and are visually similar as all are influenced to various 

extents by changes in effective moisture (Figures 7a, 14 and 15). Prior calcite precipitation 

(PCP) occurs when cave drip-waters reach a gas phase above the cave with lower partial 

pressure of carbon dioxide (pCO2) than the soil gas CO2 with which they were previously in 

equilibrium (McDonald et al., 2004). This enhances Mg/Ca, Sr/Ca, and δ13C ratios, as Ca2+ and 
12C are preferentially deposited (Fohlmeister et al., 2020; McDermott et al., 2006; Appendix 

B.3). Additional PCP occurs in periods of low effective moisture as there are more aerated 

spaces above the cave and longer aquifer interaction times (Fairchild & Treble, 2009; Treble 

et al., 2003; Tremaine & Froelich, 2013). A positive correlation between Mg/Ca and Sr/Ca 

(r=0.57, p<0.0001) provides evidence for PCP (Wassenburg et al., 2020). During drier 

intervals, longer groundwater residence times will enhance Mg/Ca further, but not Sr/Ca, due 

to dissolution of the overlying dolomitic limestones (Fairchild & Treble, 2009).  

Increased effective moisture enhances vegetation cover, soil microbial activity and 

drip-rates, and causes the ratio between C3 and C4 plants to increase (Cheng et al., 2015; 

Genty et al., 2001). C4 plants are adapted to warm and (semi-)arid climates and have ~14‰ 

less negative δ13C than C3 plants (Farquhar, 1983; Farquhar et al., 1989; Henderson et al., 

1992). Increased biological activity depletes speleothem δ13C values and releases bio-

available P that is transported during intense soil infiltration (Fairchild et al., 2001, 2007; 

Treble et al., 2003). The influence of effective moisture on P/Ca ratios is supported by strong 

negative correlations with Mg/Ca (r=-0.60, p<0.0001) and Sr/Ca (r=-0.87, p<0.0001). A 

positive correlation between δ18O and δ13C (r=0.47, p<0.0001) provides evidence for kinetic 

fractionation, likely related to fluctuations in drip-rate (Hendy, 1971). However, the 

interpretation of δ18O in Ko-1 is complicated, as with other Turkish speleothems (see 

Fleitmann et al., 2009; Göktürk, 2011). Global Network of Isotopes in Precipitation (GNIP) data 
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from Antalya (Figure 17; IAEA/WMO, 2021) show a negative correlation between δ18O and 

precipitation (r=-0.30, p<0.0001; "the amount effect"; Dansgaard, 1964), and a stronger 

correlation with temperature (r=0.44, p<0.0001). Precipitation seasonality will also alter δ18O, 

with isotopically-lighter δ18O precipitated in winter (Nov-Mar; M=–5.6 ‰, SD=2.1) compared 

to summer (Jun-Aug; M=–3.4 ‰, SD=2.6). In Ko-1, more negative δ18O coincides with lower 

Mg/Ca (Figure 8), this relationship can be explained by the importance of precipitation (and 

temperature) in determining effective moisture (Sinha et al., 2019).  

Furthermore, agreement between high magnitude changes in the Ko-1 proxies, and 

other regional proxies, suggest they reflect effective moisture (Figures 6, 8 and 17; Section 

3.2.5). Most notable is a distinct phase of high effective moisture (330-460 CE), near-

contemporaneous with a distinct brown/orange dust-layer on Ko-1 (87.3-98 mm; 335-485 

CE), containing a soot layer (Koç et al., 2020), and cistern construction in Kocain Cave (Figure 

7). A prominent labarum/Chi-Rho symbol (☧) gives this cistern (~250 m3 capacity) a 312 CE 

terminus post quem (earliest possible construction date), as that is when it was incorporated 

as a shield emblem by Emperor Constantine (Cameron & Hall, 1999), its use remained 

extensive until the 6th century CE (Hörandner & Carr, 2005). During numerous visits to the 

cave by the authors between Aug. 2005 and Apr. 2019, this cistern was 0-10% full (0-25 m3) 

and spring flow was occurring but minimal. We suggest it was built during a period of 

greater spring flow and this, combined with the caves large opening width, made it suitable 

for use by herders. This assumption is further supported by a regional increase in grazing 

during the Late Roman Period (300-450 CE), specifically a shift towards goat herding in 

“marginal” mountainside areas (De Cupere et al., 2017; Fuller et al., 2012; Izdebski, 2012; 

Poblome, 2015). Animal herds’ use of the cistern would have mobilised fine dust from the 

cave floor, which was then incorporated into the speleothem. High Fe/Ca ratios are detected 

in this layer, suggesting dust particles were trapped as it was precipitated (Fairchild and 

Treble, 2009; Figure 13). This mechanism could explain the dust-layer; which would usually 

suggest drier conditions if corresponding to increases in Mg/Ca (see Carolin et al., 2019).  

High effective moisture in the 4th and early 5th centuries CE is also evidenced by wild 

weeds that require high moisture availability growing in the territory of Sagalassos (Johan 

Bakker et al., 2012; Kaniewski et al., 2007); wetland conditions and spring reactivation in the 

Bereket Valley and Gravgaz Marsh (J Bakker et al., 2013; Van Geel et al., 1989; Kaptijn et al., 
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2013; Vermoere et al., 2002); and deep-water conditions at Lake Burdur (Tudryn et al., 2013). 

Similar changes are evidenced in EM proxies, suggesting this wet phase was a regional 

phenomenon (see below). The above interpretations, and corroborating evidence, strengthen 

our claim that decreases in Ko-1 Mg/Ca, Sr/Ca, δ13C and δ18O, with increases in P/Ca, are 

indicative of wetter climatic conditions in SW Turkey. 

 

 

Figure 8. Stable-isotope (‰) and trace-element (mmol/mol-1) palaeoclimate proxy records from 
Kocain Cave. (a) Ko-1 proxies aligned so peaks represent wetter conditions. Trace-elements are 

displayed as annual (grey) and 15-year (colours) averages. (b) StalAge model for Ko-1. Earthquakes 
were not input to the model. (c) Comparison between Mg/Ca and δ18O ratios. Blue line represents the 

mean value of both records (0.88mmol/mol-1 and –3.76‰). 
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3.2.5. Ko-1 Record and EM Palaeoclimate  

Key palaeohydrological changes for SW Turkey are reflected in geochemical proxies in 

Ko-1 (Figures 7 and 15). First, distinct phases of low effective moisture are centred at ~1150 

and ~800 BCE, with intervening wetter conditions between ~1000 and 900 BCE. Secondly, 

high effective moisture occurred between ~330 and 460 CE, followed by a rapid shift to drier 

conditions that lasted until ~830 CE. Finally, there was a dry/wet Medieval Climate Anomaly 

(MCA; 850-1300 CE)/Little Ice Age (LIA; 1400-1700 CE) pattern, with high variability during 

1450-1550 CE. 

Marked palaeohydrological changes between 1200 and 750 BCE are widespread and 

often associated with cold phases, such as the 3.2 and 2.8 ka events and Crisis Years Cooling 

Event (CYCE), and reductions in solar irradiance (Kaniewski et al., 2019; Mayewski et al., 2004; 

F Steinhilber et al., 2009; Wanner et al., 2015). Links between these changes and socio-

political change remain controversial (Drake, 2012; Finné et al., 2017; Kaniewski et al., 2013; 

Knapp & Manning, 2016; Manning et al., 2020). While similar palaeohydrological changes to 

those revealed by Ko-1 are observed in records such as Gölhisar, Skala Marion, and Tell 

Tweini (Warren J. Eastwood et al., 2007; Kaniewski et al., 2019; Psomiadis et al., 2018), others 

are dissimilar (Figure 9). No aridification is observed at Sofular, Nar, or Tecer  (Dean et al., 

2018; Fleitmann et al., 2009; Göktürk et al., 2011; Jones et al., 2006; Kuzucuoǧlu et al., 2011), 

whereas a single shift to more arid conditions is evidenced at Iznik, Van, Mavri Trypa, Jeita, 

Soreq, and in the Middle East in general (Bar-Matthews et al., 2003; Barlas Şimşek & Çağatay, 

2018; Cheng et al., 2015; Finné et al., 2017; Sinha et al., 2019; Ülgen et al., 2012). 

Wet conditions between ~330 and 460 CE rapidly shift to an arid phase between 

~460 and 830 CE in the Ko-1 record, roughly coincident with the Dark Ages Cold Period 

(DACP: 450-800 CE; Helama et al., 2017; Figure 9). An effective moisture peak in SW Turkey is 

supported by local palaeoenvironmental evidence and archaeological evidence in Kocain 

Cave (see above). Similar wet peaks are observed across the EM at ~300-500 CE. Speleothem 

δ18O data from Mavri Trypa and Skala Marion caves demonstrate wet conditions at ~300-350 

CE (Finné et al., 2017; Psomiadis et al., 2018). Effective moisture proxies from Lake Trichonida 

show an apparently delayed response, with the records wettest phase between ~420 and 500 

CE (Seguin et al., 2020a). Reconstructed precipitation based on Dead Sea data suggests 
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~350-490 CE may be the wettest interval in the late Holocene for the southern Levant, 

whereas a depletion of isotopes from Jeita Cave suggests a break from arid conditions 

between ~320 and 400 CE (Cheng et al., 2015; Morin et al., 2019).  

Generally, these wet phases are followed by a rapid shift to drier conditions in the 5th 

century (Figure 9). This pre-dates the Late Antique Little Ice Age (LALIA)/”536-550 CE climate 

downturn” (Büntgen et al., 2016; Newfield, 2018), a phasing that is also observed in records 

from the Middle East (e.g. Sharifi et al., 2015). However, other Turkish records show very 

different palaeohydrological changes. Locally, wet conditions prevailed longer: high detrital 

and low carbonate content at the start of the Lake Salda record (~550-600 CE) indicate wet 

conditions, cluster analysis of pollen and non-pollen palynomorphs from Gravgaz Marsh 

reveal wet conditions until 640 CE, and δ18O data from Gölhisar remains depleted until ~800 

CE (Bakker et al., 2011; Danladi & Akçer-Ön, 2018; Eastwood et al., 2007).  Records from 

northern (Sofular), central (Nar, Tecer) and eastern (Van) Turkey show the inverse to Ko-1, 

with a marked dry phase starting ~300-350 CE, followed by a shift to humid conditions at 

~500-550 CE that endured for centuries (Barlas Şimşek & Çağatay, 2018; Dean et al., 2018; 

Fleitmann et al., 2009; Kuzucuoǧlu et al., 2011).  

Enhanced variation in effective moisture is evidenced in the Ko-1 record from ~800 

until 1850 CE (Figures 7 and 8). From ~900 CE until ~1460 CE, drier conditions prevailed, with 

more-humid intervals every ~120-150 years (~1030, ~1180, ~1300 CE), encompassing the 

MCA. Hydroclimate was highly variable between ~1450 and 1550 CE, experiencing an 

extreme dry-wet-dry-wet pattern. The driest conditions in the entire Ko-1 record occur 

between 1510-1530 CE, indicated by the highest δ18O value and 15-year Mg/Ca and P/Ca 

averages. Subsequently, effective moisture was still highly variable but elevated until ~1840 

CE, a period roughly coincident with the LIA (1400-1850 CE). Reconstructed winter-spring 

temperatures from tree-rings in Jsibeli suggest cooling after ~1500 CE, with the coldest 

conditions at ~1750 CE (Heinrich et al., 2013), when there was a break from high effective 

moisture at Kocain (Figure 9).  
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Figure 9. Late Holocene EM palaeoclimate data compared with Ko-1 Mg/Ca (15-year averages) and 
δ18O (‰VPDB). Peaks in all records (excl. Jsibeli) indicate wetter conditions. Warm/cold intervals are: 

Crisis Years Cold Event (CYCE), Roman Climatic Optimum (RCO), Dark Ages Cold Period (DACP), 
Medieval Climate Anomaly (MCA), and Little Ice Age (LIA). For references, see main text. 
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The dry/wet MCA/LIA pattern observed at Kocain Cave contrasts with other records 

from Turkey (Burdur, Salda, Nar, Sofular, Iznik), which show the inverse pattern (Danladi & 

Akçer-Ön, 2018; Dean et al., 2015; Fleitmann et al., 2009; Tudryn et al., 2013; Ülgen et al., 

2012), and from the Fertile Crescent (Jeita, Kfar Giladi, Soreq, Gejkar, Neor), which show no 

pattern (Bar-Matthews et al., 2003; Cheng et al., 2015; Flohr et al., 2017; Luterbacher et al., 

2012; Morin et al., 2019; Sharifi et al., 2015; Figure 9 and 17). Most high-resolution 

Greek/Aegean records do not cover this more recent time interval. However, Trichonida 

log(Rb/Sr) exhibits strong similarities to Ko-1 (Figure 9). Dry conditions ~900-1450 CE follow 

a wetter phase ~850 CE, with breaks at 1050 and 1300 CE. Increased effective moisture is 

then demonstrated until 1650 CE, before another peak in the early 19th century CE, also 

evidenced in Nar diatom δ18O (Dean et al., 2018; Seguin et al., 2020a). 

 

3.2.5.1. Heterogeneity of Eastern Mediterranean climate and proxies  

Large discrepancies exist between the Ko-1 record of effective moisture and other 

hydrological proxies from the EM, most likely caused by: (1) spatial climate variations and 

challenges in palaeoclimate analysis, related to (2) interpretation of different types of proxies 

with varied sensitivity to hydroclimatic change and (3) chronological uncertainties. The 

greatest differences between records discussed here are observed between Ko-1 and other 

records from Turkey. Climatic heterogeneity in SW Turkey is more extreme across the large 

country (780,000 km2), which has complex and diverse topography, and numerous moisture 

sources (Lionello, 2012; Xoplaki et al., 2018). These factors lead to varied temperatures (Aydın 

et al., 2019), seasonal patterns (Sariş et al., 2010), and impacts from teleconnections (Ünal-

İmer et al., 2015; Unal et al., 2012).  

The two other high-resolution Turkish records that contrast with Ko-1, Lake Nar 

(central Anatolian plateau: CAP) and Sofular Cave (NW Turkey; Black Sea coast), are in 

completely different climatic regions. The high elevation CAP region experiences low 

precipitation (m=455 mm/yr-1), with two peaks (Apr.-May/Oct.-Dec.), and cold semi-arid and 

dry continental climates (Öztürk et al., 2017; Peel et al., 2007). The Black Sea coast is 

temperate, with precipitation of a similar magnitude to SW Turkey (m=915 mm/yr-1), but 

there is no dry season and precipitation is high throughout the year (Göktürk et al., 2008, 
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2011; Karaca et al., 2000). The impact of large-scale atmospheric teleconnections (NCP, AO, 

NAO) also differs in these regions, compared to SW Turkey which has enhanced precipitation 

and temperature during negative phases (Kutiel et al., 2002; Sezen & Partal, 2019). Negative 

phases cause higher temperatures across Turkey, particularly in winter. However, the CAP 

experiences significantly greater increases (Kutiel & Türkeş, 2005; Türkeş & Erlat, 2009). 

Impacts on precipitation are more varied. The Black Sea weakens the impacts of 

teleconnections on precipitation in NW Turkey (Göktürk et al., 2011; Türkeş & Erlat, 2003). 

AO- and NCP- phases cause their most significant impact on precipitation in SW Turkey 

(Kutiel & Benaroch, 2002), with CAP only impacted by AO- phases in winter (Sezen & Partal, 

2019) and the transition between enhancements/reductions in precipitation from NCP- 

phases located <50 km from Nar (Kutiel et al., 2002; Kutiel & Türkeş, 2005). NAO influence is 

weaker and focused on the western and central regions (Unal et al., 2012). These differences 

lead to spatial variations in droughts, which impact each record differently (Figures 5 and 18; 

Vicente-Serrano et al., 2010). Lake Nar records LWB, with higher δ18O corresponding to 

hydrological droughts (lake-water deficits) (Jones et al., 2019). Speleothems record 

fluctuations in EM, which are more akin to agricultural droughts (soil-moisture availability) 

(Fleitmann et al., 2009; Göktürk et al., 2011). However, none of these records are simple, 

being influenced by multiple climatic and geological/geographical factors, the importance of 

which changes over time. Additionally, proxies represent different seasons. The carbonate 

δ18O record from Lake Nar is primarily deposited in early summer in response to evaporation 

and aridity (Dean et al., 2015). Speleothem records are winter-season biased due to the 

lighter-isotopic signature of winter precipitation and seasonality of precipitation (e.g. in SW 

Turkey). 

The impact of temperature change on precipitation and proxy records is also poorly 

understood and variable. Antalya GNIP data shows a negative correlation between 

precipitation and temperature (r=-0.53, p<0.0001; Figure 17). However, proxy records show 

both increases and decreases in effective moisture during periods with lower temperatures: 

during the CYCE effective moisture is low, but during the LIA effective moisture is high at 

Kocain Cave (Figure 9).  

Comparison between records is further complicated by chronological uncertainties of 

decadal-centurial length in lake and speleothem records. Multiple and varied lags are present 
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between climatic changes in different regions, and between climatic shifts and their signal in 

records. Different resolutions hinder comparison and the specifics of resolutions, i.e., whether 

a sample is an average across a large period or a specific point in time, are rarely addressed.  

 

3.2.6. Conclusion  

Speleothem Ko-1, from Kocain Cave, provides the first highly-resolved, well-dated 

palaeohydrological proxy record covering the late Holocene for SW Turkey. Key periods of 

palaeoclimatic change are revealed, notably: (1) a double-peak of arid conditions (1150 and 

800 BCE), (2) a distinct period of high effective moisture in the 4th and 5th centuries CE (~330 

to 460 CE), followed by (3) a rapid shift to low effective moisture (460 CE) that persisted until 

~830 CE, and finally (4) a dry/wet MCA/LIA pattern. Changes were often in contrast to 

palaeoclimate records from northern and central Turkey, and sometimes locally, more 

frequently correlating with changes in coastal records from the Aegean and Levant regions. 

Considering the heterogeneity of climate and the multitude of impacts on records, 

palaeoclimatic interpretations are complex and care must be taken especially when they are 

utilised for discussions of societal impacts. 
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3.3. Supplementary Information 

This section contains information that supports the analysis presented in the main 

manuscript. The geological and geographical setting of Kocain Cave is introduced in more 

detail, with geology displayed in a figure. Köppen-Geiger zones of Turkey, produced by 

Öztürk et al. (2017) emphasise regional heterogeneity of climate. We then further discuss the 

methodology and display sampling locations on Ko-1. Fa/Ce ratios over the sample are 

displayed. More details of speleothem growth-axis changes and the impact of earthquakes 

on speleothems (speleoseismology) follow, with the Ko-1 deviations and a schematic of the 

tectonic process shown in a figure. Statistical results of the geochemical analysis are then 

introduced, with figures displaying and comparing the Ko-1 proxies to one-another. Global 

Network of Isotopes in Precipitation (GNIP) data are presented to establish their relationships 

and the influence of climatic variables on δ18O. Finally, Ko-1 Mg/Ca values are then compared 

with other Eastern Mediterranean proxy records and spatial correlations of modern climatic 

variables are displayed to emphasise climatic heterogeneity in the region.  

 

3.3.1. Geological Setting of Kocain Cave 

Kocain Cave is located in the Taurides, one of the main tectonic units of southern 

Turkey, which consists of southward younging thrust sheets that occurred in the Late 

Cretaceous, Eocene and Early Miocene. These thrusts were placed over the Beydağları 

autochtonous, which is formed of Precambrian, Cambrian, Carboniferous and Middle Triassic-

Danian sedimentary deposits. Kocain Cave is located above, in the Jurassic to Cenomanian 

part of the stratigraphic sequence in shallow marine limestones (Figure 10). At the base of 

the limestones, dolomitization is high, the limestones are medium to thickly bedded, lightly 

coloured and oolitic in places. The Lower Cretaceous limestones are thinly bedded and dark 

in colour, with bituminous horizons. In the above Cenomanian part, patch reefs are present in 

the limestones. 

 



Matthew J Jacobson Chapter 3 

61 

 

Figure 10. Geological map of SW Turkey, with location of Kocain Cave (adapted from Demer et al., 
2019). 

 

 

Figure 11. Köppen-Geiger Climate Classification zones of Turkey calculated from 512 meteorological 
stations (Öztürk et al., 2017). Turkish palaeoclimate records displayed as triangles, for labels see Figure 

6. 

 

3.3.2. Detailed Methodology  

Trace element analyses were performed on the top 156mm of Ko-1 with a 

0.00516mm resolution using Laser Ablation-Inductively Coupled Plasma Mass Spectrometry 

(LA-ICP-MS) at the Department of Earth Science, University of Cambridge. An Analyte G2 

excimer laser (Teledyne Photon Machines Inc.) was coupled with a Thermo® i-CapQ ICPMS 

to measure trace-element profiles. The 43Ca elemental profile was measured in counts per 
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second (CPS); all other elements (25Mg, 31P, 88Sr) are presented as a ratio with 43Ca in 

mmol/mol-1. The trace metal elemental profiles were measured along the laser profile tracks 

(Figure 12). We used a Thermo® i-CapQ ICPMS collision cell in kinetic energy discrimination 

(KED) mode to minimize interferences on transitional mass elements (Tanner et al., 2002). The 

flow in the collision cell was tuned using 56Fe mass to maximised signal-to-noise ratio. The 

Laser Ablation system was optimised for high spatial resolution using an aperture slit of 

120x15 µm aligned to the direction of the speleothem growth and a 10Hz frequency with 

1.8J/cm2 laser fluence. The laser speed scan along the tracks was set up at 5 µm/sec, resulting 

in similar spatial resolution for Mg/Ca measurements. Approximately the top 1 mm of 

speleothem calcite was removed using pre-ablation with 150x30 µm laser spot to avoid any 

potential surface contamination, which significantly improved signal stability. The ICP-MS 

sensitivity was optimised using NIST610 reference glass material for maximum sensitivity 

across Mg-U mass range and maintaining ThO/Th <0.5% and Th/U ratio ~1. Data reduction 

involved initial screening of spectra for outliers, subtraction of the mean background 

intensities (measured with the laser turned off) from the analysed isotope intensities, internal 

standardisation to 43Ca, and external standardisation using the NIST-SRM610 glass reference 

material. In-house eBlue calcite standards and NIST-SRM612 were used to monitor 

reproducibility, which was Sr/Ca = 0.236 ±0.0047 (1SE), 0.416 ±0.013 (1SE) and Mg/Ca = 1.48 

±0.02 (1SE), 3.12 ±0.12 (1SE) mmol/mol respectively. 

Stable-isotope analysis was performed on the top 174.5mm of Ko-1, producing 370 

oxygen and carbon isotope measurements at 0.3 mm resolution for the top 15 mm and 0.5 

mm for the remainder of the sample. Samples were extracted with a microdrill along two 

separate tracks (DT1 and DT2, Figure 12), to remain close to the speleothem growth-axis. 60-

100 micrograms of carbonate were measured using a glass vial sealed with septa for each 

sample in an IsoPrime dual inlet mass spectrometer with a Multiprep device at the British 

Geological Society (Nottingham, UK). The system evacuates vials and delivers anhydrous 

phosphoric acid to the carbonate at 90°C. The evolved CO2 is collected for 15 minutes, 

cryogenically cleaned and delivered to the mass spectrometer. Results are reported as per mil 

(‰) difference relative to the Vienna-Peedee Belemnite (VPDB) scale. The precision (1σ) is 

≤0.2‰ for δ18O and ≤0.1‰ for δ13C. Kinetic effects on δ18O and δ13C are usually identified 

using the ‘Hendy Test’, the drilling of isotope samples along a single growth layer (Hendy, 
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1971); unfortunately, the relatively low growth-rate of Ko-1 makes sampling within a single 

growth layer virtually impossible. 

230Th dating was performed using Thermo-Finnigan Neptune multicollector 

inductively coupled plasma mass spectrometers (MC-ICP-MS) at Xi’an Jaiotong University, 

China, and the University of Minnesota, USA (following the analytical protocol of Cheng et al., 

2013). 

 

 

Figure 12. Scans of speleothem Ko-1 with the laser-ablation paths (L1-25), drill-tracks (DT1-2) and 
accepted 230Th dates (green ovals). NB: Samples for analysis and dating were removed from both sides 

of the halved speleothem, this is shown in the figure. Dust Layer (335-485 CE) is denoted. 
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Figure 13. Scan of speleothem Ko-1 with Fe/Ca ratios by depth overlain. Ferrous material at the start of 
the dust layer (98.37mm) supports the hypothesis that it is formed from dust particles trapped within 

the calcite as it was precipitated (see Fairchild & Treble, 2009). 

 

3.3.3. Growth-axis changes and speleoseismology 

Four deviations in the growth-axis of Ko-1 were identified using digital image analysis 

of a high-resolution (3,200 dpi) scan. The mean dates for these deviations, extracted from the 
230Th StalAge model, are 938(±61) CE (68.2 mm), 457(±100) CE (87.8 mm), 176(+30/-139) CE 
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(110.3 mm), and 811(±45) BCE (149.0 mm) (Figure 14). Deviations in speleothem growth axes 

are frequently related to cessations in speleothem growth, local perturbations, or movements 

of the plate on which the speleothem is forming. Local perturbations include air currents that 

cause drip-water to fall at an angle, gravitational movement of rock within the cave, and 

intruding ice (Gilli, 2004). Our age model shows Ko-1 grew continuously throughout the 

period so no cessations to growth occurred. The large cave opening width of Kocain Cave 

(~75m) would have kept ventilation consistently high, meaning air currents are unlikely to 

change. As Ko-1 was collected from the wall of the cave, as opposed to on a boulder or other 

loose material, gravity will not have impacted speleothem growth. 

Although earthquakes have previously been signified as the cause of breaks and 

discontinuities within speleothems, this has largely been dismissed due to the results of 

laboratory experiments (e.g. Cadorin et al., 2001), the absence of damage following recent 

earthquakes, and the existence of well-ornamented caves in seismic zones (Gilli, 2005). 

However, when earthquakes occur, they can instead lead to a permanent change in the tilt of 

the cave floor, resulting in a change in speleothem growth axes (Becker et al., 2006; Figure 

14b). The 87.8 and 110.3 mm deviations are in close coherence to archaeologically and 

historically attested earthquakes at 500/518/528 CE and 142 CE, respectively, suggesting 

these growth-axis deviations resulted from tectonic activity. Regarding the former, two 

earthquakes, with three potential dates, fit within the dating inaccuracy for this deviation in 

the speleothem growth-axis. The deviation occurred toward the end of a period known as the 

Early Byzantine Tectonic Paroxysm (EBTP), a clustering of major seismic activity around the 

Eastern Mediterranean between ~350-550 CE caused by reactivation of the Anatolian-

Aegean plate (Pirazzoli et al., 1996; Stiros, 2001). A 528 CE earthquake with its seismic centre 

in Fethiye-Meis (Erel & Adatepe, 2007) is one possible cause of this deviation. The Chronicle 

of John Malalas discusses the damage caused by this earthquake in middle Lycia, noting that 

the city of Myra was the worst affected (Malalas, 2017, p. 262). An earlier earthquake, with no 

firm date but possibly occurring in either 500 or 518 CE, with its epicentre to the north of 

Antalya (Ergin et al., 1967), may also have been destructive, and has previously been 

associated with the collapse of some light buildings and the monumental gates in nearby 

Sagalassos (Gates, 1997; Waelkens et al., 2000). With no way of ascertaining a clear date for 

these archaeologically attested destruction events at Sagalassos, they have since been 
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ascribed to the beginning of the 6th century (Similox-Tohon et al., 2006). The situation 

regarding the deviation in the growth-axis, originally dated to 176 CE, is clearer. This was 

likely caused by a strong (MMI=X) earthquake occurring in the Finike-Kumluca plain in 142 

CE (Erel & Adatepe, 2007). This earthquake is evidenced by inscriptions pertaining to 

subsequent repair work in 28 Lycian cities (Kokkinia, 2000) and reports of extensive 

destruction in areas hit by the resultant tsunami (Altinok et al., 2011; Papadopoulos et al., 

2007). The proximity of Kocain Cave to the Gulf of Antalya (<35km), an area known to have 

been damaged by the earthquake (Ambraseys, 2009), gives weight to this hypothesis. No 

evidence exists for earthquakes contemporaneous to the youngest growth-axis deviation 

(983 CE; 68.2mm), or the oldest (856 BCE; 149.0mm). The oldest deviation occurred in a 

period not covered in currently published earthquake catalogues of Turkey – future research 

may therefore refine the chronology of Ko-1 further. 
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Figure 14. (a) Scan of speleothem Ko-1 with lines representing growth direction and dated growth-axis 
changes. (b) Schematic diagrams demonstrating the impact of tectonic movements on speleothem 

growth (Forti and Postpischl, 1984). (c) Growth-axis deviation physical characteristics.                                                                                                                              
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Figure 15. Direct comparison of Ko-1 records. Trace-element profiles are displayed as annual averages 
and 15-year averages (light and dark lines respectively).    
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Figure 16. Trace-element profiles in the common era. Data is displayed in full (grey), with 45-point 
moving averages (colours). Annual averages in other figures remove noise created by the high-

resolution analysis.    



Matthew J Jacobson Chapter 3 

70 

 

 

Figure 17. Statistical relationship of isotopes, precipitation, and temperature at Antalya weather station 
(IAEA/WMO, 2021)   

 

 

Figure 18. Direct comparisons between Ko-1 Mg/Ca and other proxy records from Figure 9. For 
references, see main text. 
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Figure 19. Correlation of SPEI (Vicente-Serrano et al., 2010; top) and winter precipitation (Nov-Mar; 
bottom) in the Ko-1 0.5º grid square (black star) with the surrounding region, generated in the KNMI 

Climate Explorer (van Oldenborgh, 2020). 
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Chapter 4: Settlement, environment, and climate change in 
SW Anatolia: dynamics of regional variation and the end of 

Antiquity 

 

4.1. Preface 

This chapter was prepared in the style of a journal article and submitted to the journal 

The Public Library of Science One (PLOS One). Authorship: Matthew J Jacobson, Jordan 

Pickett (University of Georgia, USA), Alison L Gascoigne (University of Southampton, UK).  

MJJ and JP designed the project and adapted volume 8 of the TIB into a settlement 

record. MJJ led the interpretation and writing of the manuscript, with assistance from JP. MJJ 

performed all data analysis and produced all figures. ALG provided comments on the paper. 

The estimate percentage contribution of MJJ to this paper is >70%. 
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4.2. Journal Article  

 

Highlights: 

 Lycia-Pamphylia contains rich comparative palaeoenvironmental and archaeological 

datasets 

 Tabula Imperii Byzantini adapted into a regional-scale dataset of 381 settlements 

 Roman Climatic Optimum (RCO) did not contribute to settlement expansion in the 1st and 

2nd centuries CE 

 Dry shift occurs after ~460 CE, concurrent with change in settlement and infrastructure 

character 

 Settlement abandonment comes in the mid-6th to mid-7th century CE, suggesting a 

combination or “perfect storm” of factors was more important 

 

Abstract: 

In this paper we develop a micro-regional dataset of change at 381 settlements for 

Lycia-Pamphylia in southwest Anatolia (Turkey) from volume 8 of the Tabulae Imperii 

Byzantini – a compilation of historical toponyms and archaeological evidence. This region is 

rich in archaeological remains and high-quality palaeo-climatic and -environmental archives. 

Our archaeological synthesis enables comparison of these datasets to discuss current 

hypotheses of climate impacts on historical societies. A Roman Climatic Optimum (warmer 

and wetter conditions) facilitating Roman expansion cannot be supported here; Early 

Byzantine settlement did not benefit from enhanced precipitation in the 4th-6th centuries CE 

as often supposed; widespread settlement decline in an archaeologically difficult period c. 

550-650 CE is likely caused by a “perfect storm” of environmental and socio-economic factors 

(climatic, seismic, pathogenic, defensive, and adaptive), though a shift to drier conditions 

appears to have come first c. 460 CE. 
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4.2.1. Introduction 

Past climatic and environmental conditions are often considered influential for socio-

cultural change in Anatolia and the broad Eastern Mediterranean-Middle East region (e.g. 

(Haldon et al., 2014; Izdebski et al., 2016b; Roberts et al., 2018b). Large-scale analyses are 

often necessitated, but also hindered, by low availability of high-quality comparable 

interdisciplinary datasets proximate to one-another (e.g. the Negev desert: Bar-Oz et al., 

2019; Vaiglova et al., 2020). This presents difficulties in analysis as both climatic and socio-

economic conditions exhibit high spatial and temporal variability (Horden & Purcell, 2000; 

Jürg Luterbacher et al., 2012; Ulbrich et al., 2012). Here, we develop a micro-regional 

settlement change dataset for Lycia and Pamphylia, in SW Turkey (Figure 20), adapted from 

volume 8 of the Tabula Imperii Byzantini (TIB 8: Hellenkemper and Hild, 2004)—a compilation 

of historical toponyms and associated archaeological research (Külzer, 2020). The region is 

rich in the archaeological remains of cities, harbours, and rural settlements, in addition to 

high-quality palaeo-climatic and -environmental datasets.  

Previously, the archaeological evidence in Lycia-Pamphylia was disjointed due to a 

lack of data-synthesis (Terpoy, 2019a). Following the production of our settlement dataset, 

available evidence in Lycia-Pamphylia meets a sufficient standard to test hypotheses linking 

climatic and socio-cultural change. Abundant palaeo-environmental datasets (15 pollen 

records, from 9 sites) located at varied altitudes (Figure 20c), detail past ecological conditions 

and the intensity of human agricultural activities (J Bakker et al., 2013; Izdebski, 2013a). Pollen 

in these records detail a period of human-induced land-cover change known as the Beyşehir 

Occupation Phase (BOP), characterised by reduced presence of forest taxa and increased 

presence of cultivated trees (Roberts, 2018). For analysis in this paper, we utilise the presence 

of cultivated trees, represented by OJCV (Olea (Olive), Juglans (Walnut), Castanea (Chestnut) 

and Vitis (Grapevine)) pollen, calculated as an average of standardised percentages for 

archaeological periods and overlapping 200-year time windows, as a proxy for anthropogenic 

influence/ intensity of agricultural activities (Mercuri et al., 2013; Woodbridge et al., 2019). 

The potential agricultural productivity of land is heavily determined by location (including 

elevation) and climatic factors. In SW Turkey, effective moisture, which is the amount of soil 

moisture available for utilisation by plants (equivalent to precipitation minus evaporation), is 

the primary climatic constraint to plant growth and therefore agricultural productivity (see 
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(Jones et al., 2019; Nemani et al., 2003). The recent publication of a highly-resolved 

speleothem (stalagmite) proxy record from Kocain Cave, ~38km north of Antalya enables 

reconstruction of regional effective moisture and precipitation amount for >3,000 years 

(Chapter 3). Measured ratios of magnesium with calcium (Mg/Ca) record changes in effective 

moisture at a very high resolution (10.7 samples per year). Variations in oxygen isotope ratios 

(δ18O) provide information about past precipitation at decadal timescales (average of 9 years 

between samples). Two other palaeoclimate records are in our study region and cover the 

period under discussion. The lower resolution Lake Gölhisar δ18O record (Eastwood et al., 

2007), located within the Lycian Taurus mountains at 930m asl, reflects lake-water balance, a 

variable akin to effective moisture, on a sub-centurial timescale (average of 71 years between 

samples for 1,000 BCE – 1,050 CE). The multi-proxy Lake Salda record (Danladi & Akçer-Ön, 

2018), located in Burdur Province at 1180m asl, extends back to ~560 CE and reflects lake-

water balance at decadal timescales (average of 12 years between samples for 560-1050 CE). 

These records detail high climatic variability during the Late Holocene, with numerous dry 

and wet phases identified (discussed in Sections 4.2.5.1-4.2.5.3). 

Our record of settlement change is compared diachronically to these high-quality 

palaeo-climatic and -environmental datasets to examine the influence of climate change on 

settlement patterns. Based on this comparison, we argue that in our study region climate 

change does impact agricultural productivity, which can lead to changes in settlement 

density and locations. However, the relative impact is highly variable, and socio-political 

factors are often more influential. 

 

4.2.2. Study area geography 

Our study region, covered by the TIB 8, pertains to the ancient regions of Lycia and 

Pamphylia, as well as parts of southern Pisidia, which are contained within 28°30’-32°30’E, 

36°00’-38°00’N (Figure 20b). The Western Taurus mountains form an orographic barrier to 

southerly and south-westerly airflows, separating the coastal and interior plateau regions into 

zones with distinct microclimates, ecological conditions, and high numbers of endemic 

species (Quézel & Médail, 2003; Sadori et al., 2013; Tekeli & Gokce, 2016). According to the 

Köppen-Geiger climate classification system, coastal regions are categorised as hot-summer 
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Mediterranean (Csa) climates, with high levels of precipitation that exhibits a clear winter 

peak; inland regions are characterised by cold semi-arid (Bsk) and Mediterranean-influenced 

hot/warm-summer humid continental (Dsa/b) climates (Beck et al., 2018; Öztürk et al., 2017; 

Yılmaz & Çiçek, 2018). Colder conditions, with reduced precipitation (~33% less) are 

experienced in regions further inland and at higher elevations (Sariş et al., 2010; Türkeş & 

Erlat, 2009). Fertile river valleys (e.g. the Dalaman and Köprüçay) that cut through the 

mountains are ideal for both rain-fed and irrigated agriculture. These run from the elevated 

Anatolian plateau, which is dotted with lacustrine basins and upland sheep and goat pastures 

called yaylas, down to indented coastlines that provide convenient natural harbours for 

maritime trade (Çiner, 2019; Giray, 2012; Kazancı & Roberts, 2019; McNeill, 1992).  

 

 

Figure 20. Maps of the study region: (a) All TIB 8 settlements compared to elevation. Important 
locations are named, ancient (modern) names:  Xanthos (Letoon), Balboura (Çölkayiği), Myra (Demre), 
Attaleia (Antalya), Side (Manavgat). (b) Location of study region within the Eastern Mediterranean. (c) 

with palaeoclimate records (triangles, named) and pollen records (squares). Pollen records are: 
Köyceğiz (a), Ova (b), Sögüt (c), Pinarbaşı (d), Bereket Basin (e), Gravgaz Marsh (f), Ağlasun (g) and 

Beyşehir (h). 
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4.2.3. Methods 

We tabulated entries in Lycia-Pamphylia from the TIB 8 to create a record of 

settlement change between the Bronze Age and Middle Byzantine period. The TIB is a long-

term project organised by the Austrian Academy of Sciences since 1966, which has 

coordinated historical and modern toponyms for provinces of the Roman-Byzantine Empire 

with an extensive compilation of primary historical sources for all periods and relevant 

languages, ancient inscriptions, nineteenth and early twentieth century traveller accounts, 

and published data from extensive and intensive archaeological surveys and excavations 

(Külzer, 2020). All toponyms in the TIB 8 that could be accurately located, with archaeological 

or primary source evidence that could be attributed to at least one of six periods (Table 4) 

were compiled and their locations and elevations were identified using satellite imagery and 

GIS. The history and bibliography of each toponym was reviewed, including new publications 

since the TIB 8 was published (2004), to attribute presence or absence of evidence to each 

period throughout c. 3000 BCE – 1050 CE. The periodisation of evidence is based on 

established historical time-periods. The type and nature of evidence from each site was also 

noted according to 5 categories (in order of spatial and chronological certainty):  

1. New/Restored Architecture – including monumental and public or domestic structures, 

and fortifications.  

2. Architectural Contraction – pertaining to church contractions in the Middle Byzantine 

period only, where communities constructed a smaller chapel within the confines of an 

older church complex (Section 4.2.5.3; Erdoğan and Ceylan, 2019). 

3. Material culture – mainly ceramics, also tombs and graves, coins and inscriptions located 

within settlements 

4. Textual reference – settlements referenced by ancient primary sources, whether in 

literature, or by inscriptions and mint marks of coins found outside the named settlement 

(e.g. the tribute lists of the Delian League) 

5. Spolia – older construction materials that have been reused in ancient, medieval, or 

modern settlements. In large quantities from ancient and medieval contexts these 

portend earlier settlement at a site; settlements with limited quantities of spolia in early 

modern contexts that may have been transported for some distance have not been 

included.  
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Our study ends at the beginning of the Turkish conquests in the 11th century CE, at 

which point the region fragmented politically and the nature of archaeological and textual 

evidence changed radically (Foss, 1994; Hellenkemper & Hild, 2004). Measures of spatial and 

chronological resolution were assigned to each settlement, based on confidence in its 

location and archaeological history, for the best represented period (Table 3).  

 

Table 3. Measures of resolution 

Measure of 
Resolution 

Explanation Number of 
Settlements 

Spatial 
  

1 Site location <1km 291 
2 Site location 1-3km 76 
3 Site location >3km 14 

Chronological 
  

1 Site has been excavated or systematically surveyed and 
published 

56 

2 Site has been extensively surveyed by scholars; often 
reliant on architectural description and broad period 

indicators 

226 

3 Site has been summarily visited by scholars; no formal 
excavation or survey; or, reused architectural elements of a 

given period noted in medieval-modern settlement 

99 

 

 

4.2.3.1. Data Critique 

Significant interpretative challenges are presented when producing a settlement 

dataset from historical toponyms; these are analogous to those well-understood for 

archaeological survey data (e.g. Cassis et al., 2018; Contreras et al., 2018; Kowalewski, 2008; 

Palmisano et al., 2017; references below). Our dataset will reflect part of the original 

distribution of settlements; however, understanding biases produced by chronological 

challenges and varied preservation is important to determine the accuracy of the pattern. 

There are four main issues present: 
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Firstly, the six periods utilised in this study vary in length from 250 to 1850 years 

(Table 4), which will lead to overemphasis of settlement numbers during longer periods.  

Time-adjusted settlement numbers can also help to compensate for this bias, these are 

calculated (following the methodology of Contreras et al., 2018 and Barton et al., 1994) as 

follows: 

= Total Settlement Number ÷ (Period Length ÷ Shortest Period Length) 

The shortest period length in our study is the Early Byzantine Period (250 years). In 

our discussion, we focus on periods with relatively short and similar durations.  

Secondly, categorising settlements into periods by relative dating (periodisation/ 

“time-averaging”) brings inherent bias. This makes settlements appear to exist for the entire 

period (the “synchronistic paradigm”; Plog, 1973); they are only given a terminus ante and 

post quem at the start and end of the archaeological period. For many settlements, 

particularly rural, it is impossible to tell whether, in a particular period, they were occupied 

throughout, for a short duration, or abandoned and reoccupied (Dewar, 1991). Settlements 

can therefore appear contemporaneous though they were not (the “contemporaneity 

problem”; Premo, 2014; Schacht, 1984). The precise definition of chronological boundaries 

also obscures the uncertainty associated with archaeological chronologies, which rarely 

correspond perfectly to one-another: for instance, the Lycian-type tombs and sarcophagi that 

dot the landscape remain little changed between the Late Iron Age into the Early Roman 

period. Different strategies and resolutions for periodisation are utilised in different fields 

(e.g. by ceramicists compared to historians). 

Thirdly, destruction of evidence in later periods and time-dependent degradation will 

lead to an overemphasis of settlement numbers in more recent periods and alter the 

settlement pattern via “preservation bias” (Garvey, 2018). Evidence in a particular period 

determines its archaeological visibility. Standing architectural remains, which constitute the 

bulk of archaeological evidence in our study region since the Iron Age, have an exceptional 

degree of preservation in Lycia-Pamphylia due to inaccessibility and low population density. 

This has contributed to a long history of archaeological exploration (e.g. Fellows, 1840) via 

extensive survey and architectural description, at the expense of excavated ceramics whose 

publication is more limited. Ceramics are generally robust, but different raw materials and 
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production processes change the level of survival, and visibility, which can change the 

number of sherds surviving from each period (Orton & Hughes, 2013, pp. 262–271). In 

addition to the archaeological taphonomy of settlements, biases impacting the survival of 

ancient site toponyms may influence our record. Whilst we include some settlements with 

archaeological remains that can only be identified by a modern Turkish toponym, ancient 

toponym survival is comparatively strong in our study region, caused by the continued 

presence of Greek communities until population exchanges after 1923 (Hirschon, 2003). 

However, the literary and historical record does yield additional ancient toponyms that 

cannot be securely located on the landscape, and there are likely many smaller settlements 

whose toponyms did not survive, left no archaeological evidence, or were subsequently 

destroyed.  

Finally, indications of settlement or population size, whose estimates are typically 

dependent on measurable area within city walls or counts of housing units (Cesaretti et al., 

2016), are beyond the scope of this paper. A related problem is the nature of the historical 

polis, commonly translated as “city”: the polis was a rank of settlement since ~600 BCE that 

signalled the presence of municipal government and elite investment in monumental 

architecture (Hansen, 2006). However, such settlements did not necessarily have high-density 

populations; Lycian-Pamphylian cities mostly lack substantial domestic architecture, and they 

never reached the size, density, or population, of Ephesos, Antioch, or even Tarsos (Elton, 

2019; Grainger, 2009, pp. 31–41, 234). In the Early Byzantine period the rank of polis was 

extended to more settlements, even as agrarian and artisanal-industrial activities were 

introduced to within city walls (Saradi, 2006; Section 4.2.5.2). In the Middle Byzantine period, 

many poleis retained their status even in cases where the archaeological evidence suggests 

they were now small villages (e.g. Pinara or Pednelissos; Section 4.2.5.3). The extent to which 

Lycian-Pamphylian poleis may be classified as low- or high-density urban environments is 

therefore irresolvable in many cases (Smith, 2010). In our metadata, increasing settlement 

density across the study region could therefore represent expansion or fragmentation, with 

associated population increases or decreases. Settlement types, so far as they can be 

reconstructed, are included in our full data (Appendix A.2).  

Our dataset therefore evidences human presence and is a quantitative dataset of 

settlement movement through time, which provides a novel comparison with other factors. 
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However, it is unlikely to be an exhaustive record of all settlement change within Lycia and 

Pamphylia due to the biases described above. 

 

4.2.4. Results 

Within our study area, 381 out of the total 1038 toponym entries in TIB 8 could be 

located and identified as a settlement, with sufficient survival or publication to enable 

identification of historical presence between the Bronze Age and the Middle Byzantine period 

(Figure 21 and Table 4). The remaining 658 entries were either duplicates, dated to later 

periods only, infrastructure not associated with settlement (e.g., bridges), natural phenomena 

(e.g., rivers, mountains), regional toponyms, or their location was unknown. Toponyms 

associated with settlements are varied, including cities, farmsteads, peri-urban harbours and 

temples, hilltop fortifications, island villages and caves. Settlement function, size, and status 

changed over time. Of 381 settlements, only 8 were occupied in all six periods; ¾ of the total 

contained evidence for 1-3 periods (283). Elevation of settlements varied overall (0-1835m 

asl) and by period (Figure 22); however, lower elevation settlements dominate, with 

29.4%<200m asl and 70%<1,000m asl. Most settlements (291) could be located to <1km and 

only a small portion (14) could not be located to <3km (Table 3). Chronological resolution of 

settlements was weaker, with only 56 excavated or systematically surveyed and published; 

226 settlements were extensively surveyed but with reliance on broad (and primarily 

architectural) indications for chronology. The remaining 99 have weak chronological 

resolution, being only summarily visited by travellers or scholars since 1800, or dated by re-

used building materials, easily recognisable within later buildings (e.g. Classical architectural 

sculpture or inscriptions recycled in Late Roman fortifications). The character of settlement 

evidence also varied by period (Figures 20c and 22).  

Interpreting changes in the number and locations of settlements for each period 

presents significant challenges, associated with chronology, interpretive uncertainty, and 

preservation bias (see Section 4.2.3.1). However, some patterns are still observable that are 

broadly consistent with the regional history, archaeological evidence, and 

palaeoenvironmental data. The clearest of these trends is a steady increase of settlement 

numbers that peaks in the Roman and Early Byzantine periods, followed by a significant 
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reduction of Middle Byzantine evidence (Section 4.2.5; Figures 20a and 22). These changes 

are consistent with data from across the Eastern Mediterranean (Alcock and Cherry, 2016; 

Izdebski et al., 2016b; Roberts et al., 2019; Figure 24) and are frequently hypothesised to 

result in part from changing climatic and environmental conditions. In Section 4.2.5 below, 

we discuss these hypotheses, utilising a micro-regional case-study approach that includes 

comparison of our dataset with pre-existing evidence. 

 

 

Figure 21. Presentation of the TIB data. (a) Total settlement data, (b) time-adjusted data, (c) settlement 
numbers by evidence type. 
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Figure 22. Settlement elevation data by period. Box-plots with inter-quartile ranges and median values 
(top) and mean elevations (bottom). 
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Figure 23. Maps showing settlement evidence by period. 



Matthew J Jacobson Chapter 4 

85 

Table 4. Settlement metadata by period. “New” settlements are those with evidence in the period, but no evidence in the preceding period; “Continued” settlements 
are those with evidence in the period and preceding period; “Abandoned” settlements are those with no evidence in the period, but evidence in the preceding 

period; time-adjusted settlement numbers are calculated following the methodology of Contreras et al., (2018) and Barton et al. (1999), explained in Section 4.2.3.1. 

Period Length  
(years) 

Total 
Settlements 

New 
Settlements 

Continued 
Settlements 

Abandoned 
Settlements 

Time-
Adjusted 

Avg. Elevation 
(m asl) 

Bronze Age 
(3000 – 1150 

BCE) 

1850 25 25 N/a N/a 3.38 759 

Iron Age 
(1150 – 350 BCE) 

800 114 100 14 11 35.63 554 

Hellenistic 
(350 – 50 BCE) 

300 205 104 101 13 170.83 615 

Roman 
(50 BCE – 350 

CE) 

400 276 116 160 45 172.5 664 

Early Byzantine 
(350 – 600 CE) 

250 255 66 190 87 255 575 

Middle 
Byzantine 

(600 – 1050 CE) 

450 135 17 118 137 75 562 
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Figure 24. TIB settlement data and mean elevation by period compared to other regional surveys and 
OJCV value z-scores – per period and as 200-year averages. Datasets references are found within the 

main text. 
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4.2.5. History of climate and society in the Eastern Mediterranean 

Studying associations between historical climatic and socio-cultural change, now 

termed the ‘history of climate and society’ (HCS; Degroot et al., 2021), in the Eastern 

Mediterranean has been extensive, due to the region’s historical significance, and a focus of 

many popular-science books (e.g. (Cline, 2014; Ellenblum, 2012; Harper, 2017). Generally, 

such studies produce a history of climate, linked to large-scale climatic events (such as those 

in Figure 25), from a combination of palaeoclimate proxy records, model simulations, 

historical records, and archaeological evidence. Assembled climate histories are then 

compared to historical and archaeological evidence for social, economic, and cultural change, 

to assess human-climate-environment relationships. These studies intend to provide insight 

into past societal resilience and fragility, to prepare for potential impacts of future climate 

change (Knapp & Manning, 2016; Jürg Luterbacher et al., 2012). However, reviews of HCS 

studies (e.g., (Contreras, 2016; Decker, 2017a, b; Degroot et al., 2021; Haldon et al., 2020) 

have identified significant and recurring issues, namely (1) correlation-based conclusions that 

lack convincing causal explanations, (2) a bias towards periods of “crisis” which 

mischaracterises human-environment interactions, (3) a focus on large regions linked to a 

lack of high-quality comparative datasets, leading to calls for “micro-regional” case-studies 

(stressed originally in Horden and Purcell, 2000), and (4) the interdisciplinary challenge of 

comparing archaeological, palaeo-environmental, and -climatic, data of varied resolutions. 

These challenges are confronted in our presentation of micro-regional data for climate and 

society in Lycia-Pamphylia. 

HCS studies focused on the Eastern Mediterranean are numerous, with climate 

change frequently presented as an important factor driving prosperity and decline. In the 

sections below (4.2.5.1-4.2.5.3), we critique this over-simplified and generalised model, by 

examining three previous hypotheses. Firstly, the Roman Climatic Optimum (RCO; previously 

Roman Warm Period), is a proposed period of warm and wet conditions controversially 

referenced as a driving force behind the large-scale success of the Roman Empire. 

Advantageous climatic conditions are suggested to have contributed to enhanced 

agricultural productivity, with associated economic, demographic, and settlement growth, 

between 200 BCE and 150 CE (Harper, 2017). The 1st and 2nd centuries CE have long been 

suggested as a period of unprecedented prosperity (the “Pax Romana”) - a concept recently 
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critiqued and discussed in Cornwell (2017) and Goldsworthy (2016). Secondly, enhanced 

precipitation has been designated as an enabling factor for Central and Eastern 

Mediterranean prosperity in the 4th- early 6th centuries CE (Decker, 2009b; Haldon et al., 

2018a; Izdebski, 2013b; Izdebski et al., 2016b). During this period, increased interconnectivity 

between regions, agricultural productivity, population, and settlement numbers, alongside 

expansion of rural settlement onto previously unoccupied marginal land, are suggested 

(Elton, 2019).Thirdly, a period of cooling and/or drying, beginning in the 6th century CE, has 

been suggested as an important contributing factor for a decline across the Eastern 

Mediterranean and surrounding regions in the 6th and 7th centuries CE (Büntgen et al., 2016; 

Helama et al., 2018; Korotayev et al., 1999; Chapter 5). Epidemics and famines are theorised 

to have been caused by climatic deterioration, leading to demographic contraction and 

settlement abandonment through deaths and migration. 

There are several key criticisms of these types of hypotheses, linked to the above 

broader criticisms of HCS studies. Most apparent is the generalised and large-scale nature of 

such hypotheses. Care must be taken when discussing generalised patterns for broad regions 

or periods, as both climatic and socio-economic conditions have the potential for high 

variability on both spatial and temporal scales, especially in the Eastern Mediterranean 

(Horden and Purcell, 2000, pp. 78–79, 179; Luterbacher et al., 2012; Terpoy, 2019a; Ulbrich et 

al., 2012; Chapter 3). Micro-regional analyses are therefore required where the main climatic 

constraint on agricultural productivity is identified; additionally, for many regions the 

assumption that higher temperatures and water availability will facilitate higher agricultural 

productivity is false (Haldon et al., 2014; Nemani et al., 2003). We provide this for our study 

region, enabled by our new dataset of settlement character and location, and the existing 

high quality palaeo-environmental and -climatic records (introduced in Section 4.2.2). 

Chronological and preservation biases in settlement datasets are limiting factors for this 

analysis (Section 4.2.3.1). However, the consistency of patterns across varied data-types, 

particularly for the period under discussion (Roman to Middle Byzantine), suggests they 

result from regional changes in settlement density and distribution. Comparing datasets of 

varied chronological resolutions, such as highly-resolved palaeoclimate records and period-

averaged settlement data, presents significant challenges. Averaging of palaeoclimate data 

for archaeological periods or centuries is one methodology frequently utilised in the Eastern 

Mediterranean (e.g., (Labuhn et al., 2018; Roberts et al., 2018b, 2019), here providing 
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interesting results (Figures 24a and 24b). A visual relationship between δ18O and settlement 

evidence is apparent (Figure 25b). However, this conceals the high variability of climatic 

conditions within each period (Figure 25c). Additionally, agricultural productivity, the 

mechanism through which climate change would primarily impact settlement locations, is 

more reliant on effective moisture, which for the higher resolution Kocain Mg/Ca record 

shows a weaker relationship (note the Roman Period in Figure 25a). In the sections below, we 

consider the full picture of climatic variability during the periods under discussion and assess 

the extent of their impact on regional settlement location and character, in addition to the 

contribution of other factors. 

 

4.2.5.1. A Roman Climatic Optimum? 

Roman settlements in our dataset were largely continuous with the preceding 

Hellenistic period; 45 Hellenistic settlements were abandoned and the remaining 160 

constitute 58% of the 276 Roman period settlements. A shift from low to high elevations is 

observed, with the highest mean elevation of all considered periods for new (736m asl) and 

total (664m asl) Roman Period settlements (Figure 22). Abandoned settlements are more 

frequent at low elevations (37/45<1000m asl; mean=622m asl) in south central and western 

Lycia, especially in association with older Iron Age and Hellenistic Lycian dynastic centres. For 

example, within 20km of Myra and Finike (ancient Phoinix), at least 10 settlements contain 

Hellenistic fortified tower-farmsteads or “turmgehöfte” (Morris, 2005) that show no signs of 

Roman occupation, though many were reoccupied in the drier Early Byzantine period (e.g. 

Beymelek, Davazlar, Gelemen or Pharroa; Section 4.2.5.2). Of all new Roman settlements, a 

significant portion are located at mid-high elevations (68/116>600m asl), with highland 

concentrations in Pamphylia north of Side and Alanya and in northern Lycia/south Pisidia 

(Figures 22 and 25). In the latter region, many rural Roman settlements are identified, 

primarily via inscriptions and ceramics, in surveys conducted by the Sagalassos 

Archaeological Research Project (Poblome et al., 2017; Waelkens, 2000). Rural settlements 

overall make up a large proportion of new Roman settlements overall (63 villages and 

farmsteads). Industrial rural estates based on the Italian villa rustica model appear at 10 
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settlements (e.g. at Çaylakkale, Gedelma, Hamaxia). Conversely, most Roman period urban 

settlements were continuations from the Hellenistic period (70/81).  

 

 

Figure 25. Regional palaeoclimate data compared to (a) Mg/Ca averages from Ko-1 and (b) δ18O from 
Gölhisar and Ko-1. (c) Full palaeoclimate data with warm/cold intervals: Crisis Years Cold Event (CYCE), 
Roman Climatic Optimum (RCO), Dark Ages Cold Period (DACP), Late Antique Little Ice Age (LALIA) 

and Medieval Climate Anomaly (MCA). Kocain Mg/Ca, Gölhisar δ18O, and Salda Ca/Fe, are largely 
indicative of effective moisture; Kocain δ18O reflects precipitation, with secondary influences from 

seasonality and temperature (Danladi and Akçer-Ön, 2018; Eastwood et al., 2007; Chapter 3). 
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Figure 26. Settlement change heatmaps, red indicates settlements abandoned since the previous 
period whereas green indicates newly occupied settlements. Full settlement map in Figure 23. 



Matthew J Jacobson Chapter 4 

92 

Pollen data from around Sagalassos suggest that interior regions with high Roman 

period settlement density in our dataset (and in Vandam et al., 2019b; Figure 24) experienced 

expansion of upland agriculture and arboriculture in the 1st century CE. At the high-elevation 

Bereket Basin site, OJCV values peak with significant increases also occurring at Ağlasun, 

Gölhisar, and Gravgaz (De Cupere et al., 2017; Figure 24). Despite proliferation of imperial 

period architecture and material culture, and expansion of agricultural activity that matches 

with the RCO hypothesis, these do not appear to have been determined (or enabled) by 

climatic factors. 

During the RCO, Mg/Ca from Kocain Cave indicates that effective moisture was 

declining from ~100 BCE until ~30 BCE, then remained low until ~100 CE, with a further 

short-lived dry phase at ~220 CE also evidenced by a soot layer and pollen statistical analysis 

at Gravgaz Marsh (Bakker et al., 2011; Koç et al., 2020; Chapter 3). Between these dry phases, 

Mg/Ca ratios were close to their mean values (0.88mmol/mol-1) until ~120 CE and then lower 

(indicating slightly wetter conditions) until ~200 CE. δ18O values from both Kocain Cave and 

Lake Gölhisar suggest slightly wetter conditions from 50-1 BCE; however, this may result from 

the lower-resolution of these archives which misses out shorter-term climatic variability. 

Slightly enhanced precipitation is suggested by δ18O from Kocain Cave during 150-200 CE, 

matching the wetter conditions suggested by Mg/Ca. This likely reflects conditions wetter 

than the average for the period under discussion, but not as wet as the start of the preceding 

Hellenistic Period or the distinct period of high effective moisture in the 4th and 5th centuries 

CE (~330-460 CE; Chapter 3). In our study region, during the RCO, and Roman Period, there 

was a high level of variability, with little evidence to suggest an enduring warm and wet 

phase. In fact, a lack of evidence for the climatic-element of the RCO is observed throughout 

the Eastern Mediterranean (Haldon et al., 2018b; Labuhn et al., 2018).  

At least in our study region, wetter climatic conditions could not have driven 

expansion of agricultural activity and settlement during the Roman period. Instead, we argue 

that integration of the region into the Roman imperial system after ~50 BCE was more 

important. A formal treaty of Lycia with Caesar was signed in 46 BCE (Mitchell, 2005), under 

Augustus (27 BCE – 14 CE) the first colonies were established (e.g., at Balboura and Olbasa), 

and final annexation of Lycia occurred under Claudius in 43 CE (Bennett, 2011; Brandt & Kolb, 

2005). Over a century of heavy investment followed, financed both by the state and by local 
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elites choosing to incorporate into the Roman imperial system (Kokkinia, 2000; Waelkens, 

2002). Monumental agorai, theatres, baths, aqueducts, and temples, were rapidly constructed 

in both coastal and upland Roman settlements (Figure 27b; Brandt and Kolb, 2005; Milner, 

2016). Interconnectivity increased with infrastructural investment, and agricultural products 

critical for supply of Roman armies on the Danube and Syrian-Mesopotamian frontiers were 

more readily exported (Akyürek, 2016). Roads were systematised, as evidenced by milestone 

inscriptions and the important Stadiasmus Patarensis inscription that details regional road 

networks (Adak & Şahin, 2007). Lycian harbours became important nodes in regional grain 

markets and saw significant infrastructure upgrades; for example, granaries were built at 

Andriake and Patara, with a lighthouse at the latter (Rice, 2020). Tax collection from cities was 

standardised across Roman territory, and the state now profited from the rich resources of 

Lycia-Pamphylia, including traditional agricultural produce but also sponges, goat hair for 

ropes, wild animals for the circus, fish processed as garum, and most importantly, timber 

(Bennett, 2011; Brandt & Kolb, 2005, pp. 99–101). Agricultural efficiency for the 

Mediterranean triad (grapes, grains and olives), was enhanced with Roman innovation of the 

screw press for grapes and olives, and the rotary mill for grain (Curtis, 2008; Greene, 2000). 

Roman hegemony also brought newfound security from unrest and a regional threat of 

banditry and looters (Bennett, 2011), and might be reflected by a reduction in both urban 

fortifications and tower-farmsteads (Çevik & Bulut, 2007; Takaoğlu, 2020). All the above 

factors increased the importance of Lycia-Pamphylia for trade and enabled intensification of 

settlement and agriculture in the hinterlands (Dündar, 2018; Rice, 2020).  

These developments occurred despite prevailing climatic conditions that likely made 

agriculture more challenging when compared to the preceding and succeeding periods. The 

dense settlement detected in the Roman period continues into the Early Byzantine period, 

however a shift in the character and location of settlement is observed.  

 

4.2.5.2. Late Antique prosperity and adaptation? 

Peak settlement numbers in our study region come in the Roman period, with the 

majority continuing into the Early Byzantine period (189/276: 68%); overall settlement 

numbers remained high, with a slight decline in absolute numbers, with 255/381 (67%) dated 
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to the Early Byzantine period. When bias from period length is counteracted by a time-

adjustment (Section 4.2.3.1), the Early Byzantine period experiences the settlement evidence 

peak (Figure 21b). Important however, is the shifting character and location of settlement 

between these two periods. There is a loss of settlement density in interior Lycia (Figures 22 

and 25) caused by the abandonment of Roman Period highland rural settlements, which 

contributed to the highest mean elevation of abandonments for any period (814m asl). Dense 

settlement on the coast continues however, with 87 settlements <200m asl, including older 

Hellenistic and Roman cities (Figure 26). New rural settlements also appear in the hinterlands 

of these cities, for instance around Fethiye, Olüdeniz, and Myra; the lowest mean elevation of 

new settlements for any period (514m asl) lowers the overall mean elevation (575m asl; 

Figure 22).  

These findings are largely coherent with regional understanding. Harrison (2001) 

previously suggested that coastal cities in Lycia declined from the 5th century CE, with 

population and important settlements migrating inland to the mountainous regions. 

However, the inverse has since been suggested, and is supported by our dataset, with 

increased settlement density in coastal regions and a possible decline in the interior regions 

(Cassis et al., 2018; Foss, 1993, 1994; Terpoy, 2019a, b). The pollen data provides further 

support for this trend, with an Early Byzantine period decline in OJCV values at the high 

elevation Sögüt and Bereket Basin sites (Figure 24), coincident with the end of the BOP ended 

at these sites (Roberts, 2018). A decline in OJCV values is also observed in the other records 

from around Sagalassos (Ağlasun and Gravgaz Marsh), coincident with a reduction in 

settlement numbers in the hinterland survey (Figure 24; Vandam et al., 2019b). Similar to the 

Roman period, long-distance maritime transport of agricultural produce was important, with 

the state subsidising supply of food staples both to Constantinople and to Byzantine armies 

campaigning against Sasanian Persia (Commito, 2019; Morrisson & Sodini, 2002). This may 

have promoted expansion of settlements near to the coastlines and made inaccessible 

mountainside settlements comparatively less efficient (Izdebski, 2013b; Terpoy, 2019a). 

Coastal regions are also more productive and allow for greater crop diversity due to their 

extended growing season (Decker, 2009b) and enhanced precipitation and temperature 

compared to the interior regions (Section 4.2.2). The idea of a period of “prosperity” in the 
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4th-6th centuries CE is therefore more complicated, at least in our study region (e.g. Foss, 

1994; Terpoy, 2019a). 

Izdebski et al. (2016) examined Early Byzantine “prosperity” in relation to climatic 

conditions, concluding that enhanced precipitation contributed to the expansion of rural 

settlement and agriculture into environmentally marginal terrain. However, at that time the 

only available high-resolution palaeoclimate records in Anatolia were those from Nar Gölü 

(Dean et al., 2015, 2018; Jones et al., 2006) and Sofular Cave (Göktürk et al., 2011), located in 

the Central Anatolian Plateau and Black Sea coastal regions, respectively. These records, and 

associated archaeological and historical data, suggest enhanced aridity 350-470 CE, followed 

by wetter conditions (Izdebski et al., 2016b). However, the climate of Lycia-Pamphylia is now 

better understood due to the local Kocain Cave record, which stresses spatial heterogeneity 

of climate in Anatolia. The record demonstrates that the SW region experienced the inverse 

pattern to that previously suggested, sharing more similarities with the Aegean (Chapter 3; 

previously theorised in Labuhn et al., 2018). Kocain δ18O and Mg/Ca ratios indicate very high 

precipitation and effective moisture between 330 and 400-460 CE, followed by a rapid shift to 

drier conditions that persisted until ~830 CE (Figure 25; Section 4.2.5.3). This is important as 

high-resolution variability of climatic conditions in SW Anatolia were previously unknown for 

most of this period; the Salda record starts 560 CE, and there are no historical references to 

climatic conditions from the region (Danladi & Akçer-Ön, 2018; Warren J. Eastwood et al., 

2007; McCormick et al., 2012).  

Reduced effective moisture from the mid-5th century CE may also be reflected in 

regional archaeological evidence for urban water infrastructure adaptations. Construction 

and refurbishment of large vaulted reservoirs for water storage escalated from the mid-5th 

century CE, with large-scale projects at seven of the regions major cities, including the well-

excavated sites of Sagalassos, Patara, Rhodiapolis, Side, and Xanthos (Akyürek & Tiryaki, 

2010; Işkan, 2013; Martens, 2008; Sodini et al., 1996). Also at Sagalassos, a reduction in the 

supply output of the older Roman aqueducts is visible in changes made to the city’s 

fountains during the 6th century, with outlets cut at lower basin levels in the Upper Agora, 

alongside construction of new metal and textile workshops. New public fountains were still 

constructed in Sagalassos; geochemical evidence from calcites in feeder channels indicates 

supply via rain-capture and snow-melt (Martens, 2008, p. 257), contrary to traditional Roman 
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patterns of urban water supply via spring-fed aqueducts (Pickett, 2017, 2020). New 

settlements entirely reliant on rainwater capture also appear in the Early Byzantine period, for 

instance at Lyrboton Kome (Hellenkemper & Hild, 2004, p. 696) and Gemiler Adasi (Asano, 

2010). These urban water infrastructure adaptations coincide with the demonumentalisation 

and ruralisation of cities, the appearance of church architecture, and renewal of fortifications 

described below. These economising adaptations are traditionally associated in scholarship 

with “decline” but lately are considered indicative of “adaptive reuse” (Commito, 2019, p. 

126), here possibly linked to drier climatic conditions revealed by the Kocain Cave record.  

Early Byzantine settlement is most clearly evidenced archaeologically by church 

architecture, which appears almost exclusively after the mid-5th century CE (Hellenkemper & 

Hild, 2004, p. 217). Intensified investment is suggested by the number of settlements 

evidenced by architecture (213/255 Early Byzantine settlements; Figure 21c), comprised 

mostly of church construction and renewal of fortifications. Roman poleis were required to 

have bishops, necessitating construction of churches and episcopal complexes. Church 

construction was frequently coincident with the demonumentalisation and ruralization of city 

settlements. Churches were often well-integrated into Roman street plans but incorporated 

building materials from recently demolished Roman structures: they signalled more than 

change in religious belief, indicating new political and economic realities in cities (Haldon, 

2016; Saradi, 2006). Churches are also found in close proximity to agricultural developments 

in the countryside such as terracing (as at Asarcik, but unfortunately not dated; e.g as in 

Turner, 2021), and in cities near artisanal installations (at Patara or Sagalassos), or large scale 

water storage (at Xanthos or Gemiler Adasi). At Xanthos, for instance, recent excavations in 

the western agora have revealed two churches, one at the agora’s center and one built into 

its western portico, surrounded by workshops and water installations that facilitated artisanal 

activity, all dated to the fifth and sixth centuries (Figure 27e; Dönmez, 2018). Whilst new 

churches are not necessarily indications of communal wealth, they did require significant 

investment (Bowden, 2001; Izdebski, 2013b). This was especially true in Lycia where churches 

featured high-quality stone carving, even within village settings (e.g. north of Demre around 

Asarcık, Figure 27c; Grossmann and Severin (2003)). Lycian churches have long been a focus 

of scholarly attention (e.g. Fellows, 1840), which, combined with their robustness, increases 

the archaeological visibility of rural settlements. These factors are perhaps reflected in the 
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increase of rural settlements in our data between the Roman (43%: 119) and Early Byzantine 

(51%: 130) periods. 

From the mid-5th century CE, older Roman cities throughout our region begin to lose 

their monumental aspect, with less maintenance of Roman public buildings (including 

theaters, baths, and agorai). Concurrently, these older Roman spaces had begun to be 

adopted for artisanal and industrial activities. For instance at Side, glass workshops appeared 

in the theater and around an abandoned temple in the agora after the 5th century (Alanyalı, 

2010, 2011). At Limyra, baths near the theater were abandoned in the later fifth and became 

home to workshops for textiles, metal and/or glass, and bone-carving (Österreichischen 

Archäologischen Instituts, 2017, pp. 37–39). At Andriake, a workshop for the extraction of 

precious murex dye was built in the 6th century using spolia from an older church: remaining 

were massive piles of murex shells and more than 22,000 amphorae fragments of the sixth 

and seventh centuries thought to be related to murex production and transport there (Çevik 

& Bulut, 2011; Yener-Marksteiner, 2009).  

Whilst reduced effective moisture (and a range of potentially adaptive responses) 

appears in southwest Anatolia after ~450 CE, climatic shifts will not be homogenous across 

the Eastern Mediterranean (Chapter 3). A complex web of interconnected factors is 

suggested elsewhere to have its origin in the mid-6th century CE. These include natural 

factors such as cooling and drying associated with volcanic-induced reductions in solar 

irradiation, earthquakes, and epidemics, and insecurity resulting from conflicts between the 

Byzantine and Sasanian Empires, the Umayyad Caliphate, and nomadic groups. These are 

discussed below in Section 4.2.5.3. 
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Figure 27. Photographs and plans from our study region by Jordan Pickett. (a) A Lycian alluvial 
landscape, looking west over the river Eşen Çayı / anc. Xanthos from 7th-9th century Byzantine 

fortifications on the Lycian Acropolis at city of Xanthos, with modern greenhouses below; (b) the 
Roman colonnaded street with cascading fountains fed by aqueduct at Perge; (c) Sixth century CE 

architectural sculpture from church at Asarcık; (d) Tlos, with Roman stadium in foreground, Iron Age-
Hellenistic sarcophagi and tombs in mid-ground, and Early-Middle Byzantine fortifications built atop 
the Iron Age acropolis; (e) annotated satellite image of Xanthos, with Lycian Acropolis (since 8th BC), 
Iron Age fortifications (in orange), late Classical and Hellenistic city grid with agorai at east, Roman 
agora and theater at west, Early Byzantine basilicas, and Middle Byzantine refortification of the Iron 

Age Lycian Acropolis (in red); (f) plan of Middle Byzantine contraction of older church basilica on 
Xanthos Acropolis (by Jordan Pickett, after Erdoğan and Ceylan 2019). 



Matthew J Jacobson Chapter 4 

99 

4.2.5.3. Middle Byzantine abandonment and re-nucleation? 

The transition between our Early Byzantine-Middle Byzantine periods shows a 

significant shift in the intensity and character of settlement. Settlement density was reduced 

in the Middle Byzantine period, with a total of 135 settlements. Of the settlements with Early 

Byzantine period evidence, 134/255 (52%) had been abandoned and only 17 new settlements 

are evidenced. An even more pronounced reduction is settlement density is suggested when 

the length of the longer period is considered, with time-adjustments (Section 4.2.3.1; Figure 

21b).  

Additionally, settlements were no longer occupied at the scales of the preceding 

Roman and Early Byzantine periods: Antalya, which became a centre for the Byzantine navy 

and administration alongside significant investment in new architecture and fortifications 

may be one exception, though 20th century development has prevented any archaeological 

conclusions (Foss, 1991; Oikonomides, 1983). In larger urban settlements elsewhere, a citte ad 

isole [cities to islands] pattern is frequently observed, whereby small clusters of activity or 

“islands” are visible within the skeleton of older Roman and Early Byzantine cities, which were 

otherwise abandoned. For example, Myra contained three separate fortified enclosures: at 

the acropolis (Borchhardt, 1975, p. 46), at the Church of St Nicholas, which was rebuilt as a 

domed basilica in the 8th century CE (Ousterhout, 2019, p. 251), and at its harbour Andriake 

(Foss, 1994, p. 24). Furthermore, over half of the Middle Byzantine settlements are only 

evidenced by church contraction (72). Very small chapels, often <3x5m2 and sometimes with 

datable frescoes, are erected inside older derelict structures, mostly much larger church 

complexes (see Figure 27f; Erdoğan and Ceylan, 2019). Whilst church contractions could be 

indicative of the persistence of Christian holy spaces, they also suggest insecurity, inability to 

invest, and demographic decline.  

Investment in new construction or restorations is evidenced at 45 settlements, a 

figure lower even than the Iron Age. This was largely comprised of smaller settlements where 

older Iron Age or Hellenistic circuits were refurbished (e.g. Idebessos, Tlos), and village 

settlements with small chapels constructed within older fortifications (e.g. at Asar Dağı, 

Trysa). Despite indications of both abandonment and reduced settlement intensity 

throughout our study region, continued investment in some of the larger cities suggests 



Matthew J Jacobson Chapter 4 

100 

renucleation. Major church construction (e.g. at Antalya, Myra, Patara) and resettlement of 

disused urban acropolises (e.g. at Perge, Tlos, Xanthos) was accompanied by increased 

administrative importance (Peschlow, 2017). Byzantine lead seals, which were used to secure 

documents and indicate information about the author (Oikonomides, 1983), demonstrate the 

importance of Antalya, Myra, Perge, and Tlos, as centres of Byzantine naval and fiscal 

administration in the Kibyrrhaeot theme (Brubaker and Haldon, 2011, pp. 667–670; 

Hellenkemper and Hild, 2004, p. 119). 

Other regional surveys, relying primarily on ceramic evidence, show divergent 

patterns (Figure 24). In the Sagalassos hinterland survey, settlement numbers had already 

declined for the period starting 450 CE (Section 4.2.5.2), whereas in the Dereköy Highland 

sherd counts remained high in their period starting 700 CE (Vandam et al., 2019a, b, c). In the 

Balboura survey, sherd count increases in the 7th century CE, after re-dating of Cypriot Red 

Slip Ware (CRSW) by Armstrong (2009) – a local/regional production that satisfies basic 

household needs (Jackson et al., 2012). In both surveys, the majority of Middle Byzantine 

sherds are local (Armstrong, 2012; Coulton, 2012b, a; Vionis et al., 2009). This pattern, which 

suggests a reduction in inter-regional exchange, is observed across the region, at settlements 

such as Sagalassos, Limyra and Xanthos (Cavalier, 2006; Commito, 2019; Poblome et al., 

2017). This reduction in inter-regional exchange was accompanied by a reconfiguration in 

some contexts, away from Constantinople and towards the southeast: 7th-9th century CE 

deposits from Sagalassos contained LR7 amphora with fish remains from Egypt, and deposits 

from Limyra contained wares from Cyprus, Egypt, and the Levant (Vroom, 2011). 

The transition from the Early to Middle Byzantine periods also marks a major shift in 

the agricultural history of our study region and the Eastern Mediterranean more broadly. 

Intensive crop cultivation ended, pastoralism grew in importance, and re-wilding of the 

landscape occurred with pine forest recolonisation (De Cupere et al., 2017; W. J. Eastwood et 

al., 1998; Izdebski, 2011). At the pollen sites where the BOP had not already ended (Gölhisar, 

Ağlasun, Gravgaz), it did in the 7th-8th CE (summarised in Roberts, 2018). This is reflected in 

the OJCV values (Figures 23), which are minimal during the Middle Byzantine period.   

Climate may have some responsibility for these changes in historical society within 

our study region. The Kocain Cave Mg/Ca record (Figure 25c; Chapter 3) suggests that in 



Matthew J Jacobson Chapter 4 

101 

Lycia-Pamphylia, a rapid shift away from high effective moisture occurred ~460 CE and 

conditions remained relatively dry until at least 830 CE, except for short-lived breaks from 

aridity at ~571-578, 672-676 and 778-784 CE. Especially dry conditions occurred around the 

start of the 7th century CE, with a minimum of precipitation indicated by Kocain δ18O at ~590 

CE and high Salda Ca/Fe ratios between ~620 and 650 CE overlain on a 600-770 CE dry-

phase  Very dry conditions are suggested again around the start of the 9th century CE, with 

Kocain Mg/Ca and δ18O ratios consistently high between 790 and 830 CE and the start of a 

shift to less negative Gölhisar δ18O ratios (Warren J. Eastwood et al., 2007). The initial drying 

precedes the 536 CE eruption that resulted in a 12–18-month dust-veil covering much of the 

northern hemisphere, chronicled by Byzantine, Syrian and Chinese sources (Arjava, 2005; 

Houston, 2000; Stothers, 2002). In other regions, climatic deterioration is suggested to have 

followed cooling resulting from this eruption and two others (540 and 547 CE), reinforced by 

sea-ice feedbacks: the Late Antique Little Ice Age (“LALIA”: 536-660 CE). However, this is now 

thought to have lasted for a shorter period of time, “the 536-550 CE climate downturn” 

(Büntgen et al., 2016; Newfield, 2018). The Kocain Cave record, and other Eastern 

Mediterranean records, perhaps support the suggestion that the 536 CE dust-veil event 

occurred superimposed over a longer-lasting pattern of cooling/drying climate known as the 

Dark Ages Cold Period (“DACP”: 450-800 CE; Helama et al., 2017; see discussion in Chapter 3). 

Records from elsewhere in Anatolia, in Lake Nar and Sofular Cave, show either wetter 

conditions or no indication of a climatic impact from the 536-550 CE downturn (Dean et al., 

2015, 2018; Göktürk et al., 2011; Jones et al., 2006), further stressing regional and micro-

regional climatic variability.   

An extended dry period is suggested for Lycia-Pamphylia (~460-830 CE) that would 

have lowered potential agricultural productivity, potentially disenabling arboriculture at 

higher elevations, and may have contributed to socio-economic and settlement decline. 

However, it is important to consider that there were earlier instances of dry climates where 

the local population appears to be relatively unafflicted, or even to have prospered. For 

example, during exceptionally dry conditions in the middle of the Iron Age (800 and 700 

BCE), Greek colonisation started in our region and, during the RCO agriculture thrived despite 

relatively low effective moisture (Section 4.2.5.1). Additionally, the shift to drier conditions 

occurred at least a century earlier than the reduction in settlement numbers and investment, 
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with a shift away from agriculture and towards pastoralism, which can be broadly dated to 

somewhere between 550 and 650 CE. This suggests that either the duration of the climatic 

change, or its combination with other factors was more important. These are primarily (1) 

pathogenic, (2) seismic, and (3) defensive. 

(1) The appearance of the Plague of Justinian after 541 CE and lasting into the 8th 

century CE, an early epidemic of the bubonic plague caused by the bacterium Yersinia pestis, 

was traditionally understood as a mass mortality event, especially during the 540s CE  

(Harper, 2017; Stathakopoulos, 2004). Its presence in Lycia-Pamphylia is securely evidenced, 

with a detailed and contemporary account of widespread death at Myra, probably in 542 CE, 

that interrupted agricultural commerce from the Lycian interior to the port-city (McCormick 

et al., 2012; Ševčenko & Ševčenko, 1984), and aDNA of Yersinia pestis identified from human 

remains at Sagalassos (Van de Vijver, 2018). However, the demographic impact of the 

pandemic has recently been questioned (Eisenberg & Mordechai, 2019; Mordechai et al., 

2019). The historical account of Myra also indicates recovery of the rural landscape thereafter 

(Ševčenko and Ševčenko, 1984; McCormick et al., 2012) and, with the exception of the single 

victim at Sagalassos, aDNA is lacking (Van de Vijver, 2018). Late Antique plague may have 

been a greater stimulus for shifts in religio-cultural beliefs and traditions than demographic 

or economic problems (Meier, 2004, 2016, 2020). However, regional evidence indicates its 

presence, and it cannot be excluded as a factor in the widespread settlement abandonment, 

and possible demographic contraction, visible in the archaeology of Lycia-Pamphylia after 

the 6th century CE. 

(2) Another major factor in 6th century changes elsewhere, and with evidence for in 

our study region, are earthquakes (Korotayev et al., 1999; Mordechai & Pickett, 2018). The 

Aegean tectonic plate, a subduction zone, nearly parallel to and offshore from the south 

Anatolian coast (Bird, 2003), causes frequent earthquakes in Lycia-Pamphylia (Ambraseys, 

2009). An early 6th century (possibly 500 or 518 CE) earthquake occurred north of Antalya 

(Ergin et al., 1967; Similox-Tohon et al., 2006), collapsing numerous light buildings and the 

monumental gates at Sagalassos (Gates, 1997; Waelkens et al., 2000), with rebuilding 

activities widely visible in the city’s archaeology (Waelkens, 2019). In 528/9 CE, an earthquake 

centred on Fethiye-Meis (Erel & Adatepe, 2007) caused extensive damage across Lycia, 

particularly at Myra (Malalas, 2017), with support given from imperial funds for 
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reconstruction, according to typical protocols (Mordechai & Pickett, 2018). Communities 

suffering from earthquakes after the 6th century did not receive help or repair, however. 

Another earthquake around 600 CE “virtually wiped out Sagalassos as an urban settlement” 

(Waelkens, 2019, p. 24) and further earthquakes in the seventh and eighth centuries have 

been observed in damaged (and unrepaired) structures at Side and around Myra 

(Hellenkemper & Hild, 2004, pp. 207, 226). 

(3) Regional insecurity also increased from the 7th century. Towards the end of the 

Byzantine-Sasanian conflicts, the Sasanians captured nearby Tarsus in 613 CE and Rhodes 

from 622/623 CE. The Umayyad caliphate’s capture of Egypt in 642 CE ended the Annona 

grain supply to Constantinople, whose transport relied on Lycian harbour cities. An Umayyad 

navy formed in 649 CE that created coastal insecurity for centuries. Byzantine naval 

hegemony ended with defeat at the Battle of the Masts in 655, and was followed by direct 

raids on our study region in 666, 671-673, 676-678, 715, 807 and 1034 CE (Mango et al., 

1997). As Baird (2004) observes for the Konya Plain, investment in land for agriculture would 

quickly have become unstable upon the mere threat of seasonal Umayyad raids, which could 

have disrupted the economy and population without the need for destruction of property. An 

interesting suggestion, beyond the scope of this paper, is that the complex web of 

interconnected factors (including climatic deterioration), which impacted varied regions 

across the northern hemisphere, may have “pushed” or “enabled” invasions by the 

Rashidun/Umayyad Caliphates (Korotayev et al., 1999; Chapter 5), and nomadic groups 

(Büntgen et al., 2016, 2020). 

Overall, evidence from Lycia-Pamphylia indicates settlement abandonment and 

contraction suggestive of demographic contraction, a shift from BOP agriculture to 

pastoralism, and the presence of dry climatic conditions, plague, earthquakes, and insecurity 

– all present at the transition between our Early and Middle Byzantine periods (“end of Late 

Antiquity”) after the 6th century CE. However, clear causal attribution between 

archaeologically-visible developments and the aforementioned factors remain difficult to 

determine throughout Anatolia (Mitchell, 2018). Evidence is overall stronger for the natural 

hazards, when compared to the evidence for societal response to them. Better chronological 

precision for archaeological change and site-specific studies of proxies for societal response 

(e.g. urban trash mounds; Bar-Oz et al., 2019) are required to disentangle the causes of this 
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change. Additionally, as with climate, there are earlier instances of plagues, earthquakes, and 

conflicts, where the population of Lycia-Pamphylia appear to have been unafflicted (for 

earthquakes: Mordechai, 2018; Mordechai and Pickett, 2018). This emphasises these factors 

as contributory, rather than ultimate, and that it is ultimately socio-political factors that 

determine regional resilience and ability to adapt. 

 

4.2.6. Conclusions 

The micro-regional record of historical settlements provided by the TIB 8, combined 

with regional climatic and environmental proxies, provides a more complete picture of 

settlement change for a region with previously disjointed evidence. Settlement numbers peak 

in the Roman and Early Byzantine periods, followed by a clear decline in absolute numbers 

alongside evolutions in the character and locations of settlement that begin with 

demonumentalisation from ~460 CE and continue into the Middle Byzantine period. These 

shifts occur prior to the well-known LALIA period, the beginning of the Justinianic Plague and 

increased seismic activity, though they appear to have been intensified by the latter. 

We find that, during the “Pax Romana” (1st and 2nd centuries CE), increasing 

agricultural productivity and settlement numbers, with possible population increases and 

economic investment, did occur. However, linking this to warmer and wetter climatic 

conditions (as in the Roman Climatic Optimum; Harper, 2017) is too simple, with evidence 

suggesting our study region was drier than in the preceding and succeeding periods. During 

a previously proposed period of enhanced winter precipitation in the 4th-6th centuries CE, 

Lycia-Pamphylia experienced both enhanced effective moisture (330-460 CE) and dry 

conditions (from 460 CE). This shift was concurrent with a change in the character of 

settlement, with urban water infrastructure possibly changing as an adaptation to drier 

conditions, demonumentalisation and ruralisation of cities, appearance of church 

architecture, and renewal of fortifications. Dry conditions that continue until at least 830 CE, 

and other factors with their origins in the mid-6th century, including recurrent plague 

epidemics, earthquakes, and interstate conflict, may contribute to a significant decline in 

settlement numbers. Surviving settlements also show contraction, in churches, occupied area, 

and investment, suggesting population decline; renucleation to some of the large centres 
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also takes place. However, the individual contribution of each factor is hard to quantify and 

the combination of many factors into a “perfect storm” appears to be more important. 

Overall, we demonstrate that making simplistic correlations between positive or 

negative climatic conditions and positive or negative socio-economic circumstances has 

numerous caveats, especially considering the spatial heterogeneity of both climatic and 

societal change in the Eastern Mediterranean. Utilising proximate palaeoclimate data that 

details variables demonstrably relevant to agricultural productivity is essential; however, even 

when this data is available, it must be assessed on a case-by-case basis to produce 

meaningful conclusions. Furthermore, it is ultimately the situation in which a community or 

society finds itself and the constraints determining its ability to adapt or respond to 

challenges that determines a region’s resilience. 

 

Future Work 

Examining human-climate-environment interactions has been demonstrated as 

requiring strong archaeological and historical evidence, as well as high-quality palaeo-

environmental and -climatic datasets. Further similar work can be done utilising earlier 

periods in this archaeological dataset. For example, interesting settlement, environmental, 

and climatic, changes are identified in the Iron Age and Hellenistic period. Additionally, 

similar archaeological datasets can be produced in other TIB regions, many of which contain 

highly-resolved speleothem and lake palaeoclimate records suitable for similar analysis – e.g. 

2) Cappadocia (Nar Lake: Dean et al., 2018), 3) Nicopolis and Cephalonia (Lake Trichonida: 

Seguin et al., 2020), 6) Thrace (Uzuntarla Cave: Göktürk, 2011), 9) Bithynia (Sofular Cave: 

Fleitmann et al., 2009; Göktürk et al., 2011), 10) Northern Aegean (Skala Marion Cave: 

Psomiadis et al., 2018). Furthermore, the Kocain Cave Mg/Ca record (and other high-

resolution effective moisture records) may enable agroecosystem modelling of agricultural 

productivity for these regions (as in Contreras et al., 2018), which could more confidently 

establish a causal mechanism for climatic impacts on agriculture.  
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Chapter 5: Droughts and societal change: the environmental 
context for the emergence of Islam in late Antique Arabia 
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Science. Authorship: Dominik Fleitmann (University of Basel, Switzerland), John Haldon 

(Princeton University, USA), Raymond S Bradley (University of Massachusetts, USA), Stephen J 

Burns (University of Massachusetts, USA), Hai Cheng (Xi’an Jiaotong University, China), R 

Lawrence Edwards (University of Minnesota, USA), Christoph C Raible (University of Bern, 

Switzerland), Matthew J Jacobson (University of Reading, UK), Albert Matter (University of 

Bern, Switzerland). 

DF led the project design, interpretation and writing of the paper, as well as 

performed stable-isotope analyses. DF and SJB collected speleothem H12. MJJ performed 

diameter measurements. HC and RLE performed uranium-series dating. Meteorological data 

were analysed by CCR. All authors contributed to interpretation, writing the paper, and 

provided comments. The estimated percentage contribution of MJJ to this paper is ~15%. 
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5.2. Journal Article 

 

One Sentence Summary: 

Persistent droughts in Arabia were an underlying factor for profound societal changes 

during the 6th century CE, establishing the environmental conditions in which Islam emerged 

during the 7th century CE.  

 

Abstract: 

In Arabia, the 6th and 7th centuries CE are marked by profound societal changes 

which promoted the disintegration of the major Arabian polities. The demise of Himyar, the 

dominant power in Arabia until 525 CE, induced significant socio-economic transformations 

and political changes, promoted a reassertion of tribal identities across Arabia and raised the 

influence of pilgrimage centres such as Mecca. Here, we present hydroclimate records from 

and around Southern Arabia, including a new high-resolution speleothem record from 

Northern Oman. The records reveal that unprecedented droughts during the 6th century CE 

amplified such socio-political transformations across Arabia, establishing the environmental 

context in which Islam emerged.  

 

Main Text: 

The Himyarite kingdom was the dominant power in the Arabian Peninsula from the 

late 3rd until the early 6th century CE (Figure 28a). Its dissolution over the course of the 6th 

century CE marked the end of a 1400-year long pre-Islamic period of supra-tribal polities in 

Arabia (Bowersock, 2013; Korotayev et al., 1999; Lecker, 2010; Robin, 2012; Schippmann, 

2001; Yule, 2007). Himyar’s decline over several decades was characterized by political 

disorder, socio-economic change, shifts in settlement patterns and demography (Figure 28b, 

c) and the decline or destruction of major irrigation systems (Brunner, 1997; Korotayev et al., 

1999; Robin, 2012; Schiettecatte, 2008; Schippmann, 2001). The annexation of crisis-ridden 
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Himyar by the Aksumites (today’s Ethiopia) in 525 CE and frequent interventions in Arabia 

from the Byzantine and Sasanian Empires were additional factors contributing to profound 

social, economic and political transformations during the 6th and first half of the 7th century 

CE in Arabia (Lecker, 2010; Schippmann, 2001; Yule, 2007). Current explanations for these 

changes focus almost entirely on socio-political factors (Korotayev et al., 1999; Schippmann, 

2001). Climate, however, has been largely ignored (Korotayev et al., 1999; Wilkinson, 2011; 

Yule, 2007), despite the fact that Himyar and the southern Arabian region more widely were 

extremely vulnerable to droughts as its economy was based on rain-fed and irrigated 

agriculture (Schippmann, 2001; Wilkinson, 2011; Yule, 2007). The lack of highly-resolved and 

precisely dated palaeoclimate records from southern Arabia, has prevented an assessment of 

whether droughts were a factor contributing to Himyar’s decline and the associated major 

socio-political transformations across Arabia in the 6th century CE, which culminated in the 

rapid emergence and expansion of the Islam in the early 7th century. Here we combine 

hydrological, historical and archaeological records from the Middle East and East Africa with 

a new high-resolution speleothem record of winter/spring precipitation and effective 

moisture (EM) in Northern Oman to demonstrate that severe and persistent droughts must 

have been a pivotal contributing factor for the major socio-economic transformations in 

southern Arabia in the 6th century CE (Hoyland, 2001; Korotayev et al., 1999; Robin, 2012; 

Schippmann, 2001).  

Speleothem H12, collected from Hoti Cave in Northern Oman (57º 21’ E, 23º 05’ N, 

800m above sea level) (Figures 27, 31 and 32), provides a high resolution, well-dated 

hydroclimatic record that spans this critical period of history. Rainfall in Northern Oman and 

most of Arabia originates predominantly from Mediterranean frontal systems, whereas 

summer monsoon (SM) precipitation affects only the southernmost tip of Arabia, i.e. the 

Yemeni highlands and southern Oman (Fleitmann et al., 2003). Thunderstorms during 

summer and occasional cyclones are additional sources of rainfall. Regional precipitation 

varies between 50 and 255 mm yr-1 (Al Hamra; 1978-1997) and occurs in winter and spring 

(~65 % of total annual rainfall) and summer (Figure 35; Fleitmann et al., 2003). Importantly for 

this study, changes in rainfall (Figure 36) are consistent across southern Arabia, particularly 

for extreme droughts which are often supra-regional (Barlow et al., 2016).  
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Figure 28. Location and Settlement Maps. (A) Location map showing the location of key-proxy records 
and suggested extent of Himyar (red line) and Kinda (green line) at the beginning of the 6th century 
CE (Yule, 2007). Black dashed lines denote the main trading routes (Yule, 2007). (B and C) Settlement 

patterns in Himyar in the 4th and 6th century C.E. (Schiettecatte, 2008). 

 

The chronology of speleothem H12 is based on 20 U-Th ages, with an average growth 

rate of ~0.23 mm yr-1 over the last 2650 years (Appendix B.3; Figure 34). The oxygen (δ18O) 

and carbon (δ13C) isotope records have a ~2.3 year resolution and are related to rainfall 

amount and effective moisture respectively (Fleitmann et al., 2007), as indicated by several 

observations. Firstly, H12 δ18O values are significantly correlated (r=-0.69; p= <0.001) with 

mean annual rainfall in Oman and are also consistent with rainfall anomalies for the entire 

Arabian Peninsula (AlSarmi & Washington, 2011; Kwarteng et al., 2009), with higher rainfall 

related to more negative calcite δ18O values (Figure 29a, b). Secondly, more positive H12 δ18O 

values correspond to a reduced diameter of the speleothem cap (Figure 29c), indicative of 

lower drip rates and winter/spring precipitation respectively (Martín-Chivelet et al., 2017). 

Thirdly, the strong correlation between H12 δ18O and δ13C values (r2 =0.52) indicates that 

calcite did not precipitate in isotopic equilibrium with its parent drip water. Because δ13C 

values are strongly governed by CO2 degassing, more positive δ13C values indicate lower drip 

rates and lower pCO2 of cave air due to enhanced ventilation of Hoti Cave at times of lower 

precipitation and cave lake levels, respectively (Figure 32). Additionally, vegetation density 

and soil microbial activity is reduced during drier years, leading to lower biogenic soil pCO2 
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and therefore more positive calcite δ13C values (Fleitmann et al., 2004). Thus, H12 δ18O and 

δ13C values are primarily governed by precipitation and effective moisture respectively.  

 

 

Figure 29. Hoti Cave and Meteorological Records. (A and B) Comparison between H12 δ18O values and 
(A) mean annual rainfall for Oman (Kwarteng et al., 2009) and (B) precipitation anomalies (with respect 

to the 1978-1997 average of -1.8‰) averaged for the Arabian Peninsula (AlSarmi & Washington, 
2011). (C) H12 δ18O (black), δ13C (green) and speleothem diameter (red line) records. Red shaded area 

shows effective moisture anomalies with respect to the 1978-1997 mean (-1.8‰). Black triangles 
denote 230Th dates (Appendix A.3). Black shaded bars denote the estimated lifetime of kingdoms in 

southern and central Arabia (Hoyland, 2001). 

 

The H12 δ18O profile displays high variability in effective moisture over the last ~2600 

years with two periods of persistently lower EM, from ~250 B.CE to 25 CE and ~480-1400 CE, 

on which distinct decadal to multi-decadal fluctuations in δ18O were superimposed (Figure 

29c). The most pronounced minimum in effective moisture occurred from ~520 to 532 CE, 

with the most severe drought conditions of the entire H12 record centred at ~523 CE ± 30 

years (Figure 30b). This date is in excellent agreement with other independently-dated 

winter/spring rainfall records from the Middle East (Figure 30). In the Neor Lake record from 

northern Iran (Sharifi et al., 2015), a sharp rise in titanium (high dust flux) starts at the 

beginning of the 6th century CE Dead Sea lake level (Bookman et al., 2004) declined sharply 

from ~ 490 CE onward, and more positive δ13C values (reduced EM) are observed in the Jeita 

Cave δ13C record from Lebanon at ~510 CE (Cheng et al., 2015). Likewise, the frequency of 

historical accounts of droughts in the Middle East peaks between 520 and 530 CE (Figure 

30f), with the spring of Siloam in Jerusalem reportedly drying up at ~520 CE (McCormick et 
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al., 2012; Telelis, 2008) (Section 5.3.4). Overall, key hydrological records from the Middle East 

indicate drought conditions related to a decline in winter/spring precipitation and a 

substantial decrease in effective moisture from ~480 CE onward. In contrast, the Nar Lake 

δ18O record from Turkey (Jones et al., 2006) documents a significant increase in precipitation, 

which is most likely related to a northward displacement of storm tracks in the Eastern 

Mediterranean at the beginning of the 6th century CE, with fewer rain-bearing storms 

reaching the Fertile Crescent and Arabian Peninsula.  

Though winter/spring precipitation is the main source of annual rainfall throughout 

the Middle East, summer monsoon (SM) precipitation is an additional crucial source of rainfall 

in southern Arabia and Yemen (Himyar) in particular. SM records from Southern Oman (Qunf 

Cave) (Fleitmann et al., 2003, 2007), Ethiopia (Lake Ashange and Lake Abhé) (Gasse, 2000; 

Marshall et al., 2009), the Arabian Sea (core sites RC2735 and Site 723) (Anderson et al., 2010; 

Gupta et al., 2003), India (Sahiya Cave) (Sinha et al., 2015) and China (Dongge Cave) (Wang et 

al., 2005) indicate that SM wind strength and precipitation reached its absolute minimum 

during the 6th-century CE as boreal summer insolation, a primary driver of monsoon intensity 

(Fleitmann et al., 2007) reached its lowest Holocene values (Figure 31). Furthermore, an 

abrupt decline in precipitation between 450 and 500 CE is evident in the SM records from 

Ethiopia (Lake Ashange) (Marshall et al., 2009), the Arabian Sea (RC735 and Site 723) 

(Anderson et al., 2010; Gupta et al., 2003) and India (Core 16A) (Ponton et al., 2012) and, 

taking age uncertainties of the individual records into account, these are broadly concurrent 

with decreasing winter/spring precipitation in the H12 δ18O and other hydroclimate records 

displayed in Figure 31. In addition, the precisely-dated and highly-resolved Sahiya Cave 

(India) SM record (Sinha et al., 2015) reveals a decrease in SM rainfall after ~490 CE (Figure 

31h). Taken together, total annual precipitation in Arabia and northeastern Africa reached an 

absolute minimum at the beginning of the 6th century CE, with the most severe drought 

conditions persisting between ~500 and 530 CE (Figures 29 and 30). 
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Figure 30. Climate Proxy Records and Historic Events. (A) Key historic and cultural events in southern 
Arabia. Black bars denote ruling powers in southern Arabia, socio-cultural events (star symbols) such as 
disappearance of Himyarite inscriptions (Butzer & Endfield, 2012; Piotrovsky, 1994) and destruction of 
the dam of Marib (Brunner, 1997). (B) H12 δ18O record from Hoti Cave, red shaded area marks periods 

of below normal precipitation (with respect to the 1978-1997 average of -1.8‰). (C) Lake Neor 
titanium record from Iran (Sharifi et al., 2015). (D) Dead Sea level (Bookman et al., 2004). (E) Jeita Cave 
δ13C record (Cheng et al., 2015). (F) Historic accounts (plotted as droughts per decade) derived from 
the Middle East after McCormick et al. (2012) (black shaded curve) and Telelis (2008) (grey shaded 
curve). (G) Nar Lake δ18O record from Turkey (Jones et al., 2006). (H) Sahiya Cave δ18O record from 

India (Sinha et al., 2015). 
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The synchronicity between peak aridity in southern Arabia and the sudden decline of 

Himyar points to a possible causal relationship between both. Himyar with its centralized 

political system of kingship- and subordinate chiefdoms was the dominant power in southern 

and central Arabia until the early 6th century CE (Figure 28) (Robin, 2012; Yule, 2007). Though 

international trade in aromatics and metals had earlier also been a major source of revenue, 

agricultural production was fundamental to both central and regional economies (Brunner, 

1997; Schippmann, 2001). The importance of agriculture to Himyar is evidenced by 

widespread terraced fields in the highlands, numerous irrigation systems along the desert 

margin and a considerable expansion of hydraulic structures between the first and fourth 

centuries CE (Charbonnier, 2009, 2011; Schiettecatte, 2016; Schippmann, 2001) (5.3.3; Figure 

37). The dams, for instance, were a symbol and instrument through which Himyarite rulers 

exerted their authority, as indicated by inscriptions. Dams and terraced fields were designed 

to harvest rainfall and runoff (“runoff irrigation”) as water was the most limited agricultural 

resource. The structural integrity of the terraced fields depended on the proper maintenance 

of the whole system of hillside terraces and dams which required constant repairs, which only 

a well-organized workforce and stable society could provide (Brunner, 1997; Robin, 2012; 

Yule, 2007). Furthermore, a stable society and a functioning political entity were crucial to 

manage the proper allocation of water for the irrigated plots, particularly during drier years 

with more frequent water disputes (Varisco, 1983). Himyar’s agricultural productivity was 

dependent on a consistent rainfall cycle with two rainy seasons in spring (March-May) and 

summer (July-September) (Section 5.3.3; Figure 39). All these factors combined made Himyar 

vulnerable to droughts and low agricultural yields would have had a negative impact on 

Himyar’s socio-economic and political stability and thus the proper management of all water-

harvesting structures. Thus, the abrupt and persistent decrease in rainfall and effective 

moisture respectively throughout Arabia at the end of the 5th and beginning of the 6th 

century CE must have been a substantial stressor, undermining Himyar’s resilience to both 

internal and external socio-economic and geo-political conflicts, particularly Christian 

Aksumite attempts (later supported by the Byzantine empire) to control the lucrative trading 

routes along the Red Sea and Arabian Sea coasts. Such stress may well have been further 

exacerbated by the possible effects of the global cooling that marked the beginning of the 

so-called Late Antique Little Ice Age that is visible in proxy data from the later 530s CE 

(Büntgen et al., 2016). 
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Figure 31. Comparison of the H12 δ18O record with summer monsoon records (A) Hoti Cave δ18O 
record, (B) Salalah Cave (pink) and Qunf Cave (red and orange) δ18O records from southern Oman 
(Fleitmann et al., 2003), (C and D) G. bulloides monsoon upwelling records from the Arabian Sea 

(Anderson et al., 2010; Gupta et al., 2003), (E) Lake Ashange conductivity record from Ethiopia 
(Marshall et al., 2009), (F) Lake level record from Lake Abhé at the Etiopia-Djibouti border (Gasse, 

2000), (G) δ13C plant wax record from core 16A offshore India (Ponton et al., 2012), (H) Sahiya Cave 
δ18O record from India (Sinha et al., 2015) and (I) Dongge Cave δ18O record from China (Wang et al., 
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2005). (J) insolation curve (heavy black line) at 30°N, averaged from June to August (Berger & Loutre, 
1991). All records reflect either summer monsoon wind strength or precipitation. The grey shaded bar 

marks the time interval between ~520 and 570 C.E. which covers the period of Himyar’s demise. 

 

From the 480s CE there are clear indications that Himyar faced a number of problems. 

Internal conflict between rival elite lineages, partly informed by religious affiliations to either 

Judaism or Christianity, and exacerbated by Aksumite intervention between 518 and 530 CE, 

reduced Himyar to vassal status (Hatke, 2011; Hoyland, 2001; Piotrovsky, 1994; Robin, 2015; 

Schippmann, 2001). This was followed by a brief revival of Himyarite power (but under an 

Aksumite general, Abreha), to which a short-lived increase in winter/spring precipitation 

between 530-545 CE (Figures 28 and 29) may perhaps have contributed (Schippmann, 2001). 

Yet, it took this new regime at least four expeditions over more than 15 years to attempt to 

re-establish Himyarite political hegemony outside the Yemen and Hadramaut, indicating 

both the weakening of its power and the extent of fragmentation of the traditional order in 

the region (Hatke, 2011). Further indications of this include evidence for drought-induced 

migration across the region into Persian and Byzantine-controlled Syria and Iraq, as well as 

southwards into Yemen and Hadramaut, the failure to maintain the dam of Ma’rib, leading to 

a collapse of the system in ~580 CE, and its final destruction at ~600 C.E (an event significant 

enough to find mention in the Koran: sura 34: 15-17) (Brunner, 1997; Robin, 2012; 

Schippmann, 2001). The disappearance of Himyarite inscriptions after ~559 CE (Schippmann, 

2001) may also indicate a breakdown of political authority and the established order. From 

ca. 570 CE Himyar came under Persian domination and effectively ceased to exist as an 

independent polity (Bowersock, 2013; Lecker, 2010; Robin, 2012, 2015; Schippmann, 2001; 

Yule, 2007).  

The weakening of Himyar from the 480s CE onward, and its rapid conquest by Aksum 

in 525 C.E, were thus directly coincident with increasing aridity and declining agricultural 

yields due to a simultaneous reduction in winter/spring and summer monsoon precipitation, 

culminating in the most severe drought conditions of the entire Holocene in the early 6th 

century CE. Himyar’s continued weakening through the middle decades of the 6th century 

CE, in spite of the temporary resurgence under Abreha, and its final dissolution in the 570s 

CE, should thus be understood in the light of these conditions and the evidence for the 

persistence of drought conditions during the 6th century CE (Figure 29 and 30). While 
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correlation is not necessarily causation, the unique magnitude and persistence of 6th century 

drought, superimposed on a region that was highly dependent on rainfed agriculture, is 

coincident with a clear turning point in Arabian history (Korotayev et al., 1999; Robin, 2012; 

Schippmann, 2001; Yule, 2007), when a cascade of regional political and socio-religious 

transformations took place over the following decades. Himyar’s decline as the dominant 

Arabian polity induced a socio-political vacuum, as former supra-tribal political structures in 

southern and central Arabia dissolved (Brunner, 1997; Korotayev et al., 1999; Schippmann, 

2001; Yule, 2007). One result of this situation throughout Arabia during the 6th and early 7th 

centuries CE is thought to have been a growth in the importance of regional pilgrimage and 

economic centers. Of these, Mecca (the birthplace of Muḥammad) gained considerable 

influence in central and southern Arabia beginning in the first half of the sixth century CE 

(Crone, 1987). Furthermore, the reduction in the reach of Himyarite power drew the 

competing Middle Eastern superpowers, the Byzantine and Sasanian empires, into intensified 

competition for political and religious influence in the region as well as for economic 

resources, including precious metals, in the region (Heck, 1999; Kennedy, 2004). Such 

influence was exercised both through their client kingdoms, the Ghassanid and Lakhmid 

confederacies in north-western and north-eastern Arabia, respectively, as well as through 

Aksum. Finally, such interventions stimulated a hostile reaction, both to Christian Aksumite 

proselytizing and to the political maneuvering of the neighbouring empires (Hoyland, 2001), 

although whether this also promoted a search for a new ‘Arab’ identity, as some have argued, 

remains debatable (Crone, 1987; Heck, 1999; Robin, 2012). The decline and dissolution of 

Himyar and the resultant tribal conflicts in the 6th century CE were thus a critical element in 

the socio-economic, political and religious-cultural transformations in Arabia that ultimately 

framed the emergence of a range of new religious leaders or movements, many focused 

around monotheistic beliefs, including Islam. The challenges faced by the Islamic leadership 

in unifying the Arabian Peninsula in the 620s CE, in spite of substantial opposition from such 

competitors as well as from tribes that had converted to Judaism or were hostile to the 

Quraysh (Muḥammad’s tribe) reflected this situation (Bowersock, 2013; Korotayev et al., 1999; 

Robin, 2012; Yule, 2007) (see Section 5.3.5. for historical details). But with Himyar no longer a 

regional power, Muḥammad had the field to himself in respect of the ability to mount long-

distance military expeditions. We do not suggest that the extreme droughts of the late 5th to 

early 7th-century CE in Arabia were the direct trigger for these fundamental changes (Heck, 
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1999), but they nevertheless constituted a crucial, and hitherto largely neglected, factor that 

must have fatally undermined Himyarite resilience to both longer-term and more immediate 

internal and external stresses (Korotayev et al., 1999; Robin, 2012) (Section 5.3.5). 
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5.3. Supplementary Information 

5.3.1 Materials and Methods 

Hoti Cave 

Hoti cave is located in the southern side of the Jabal Akhdar near the village Al 

Hamra. The cave system is a subterranean wadi with Al Hota Cave its inlet and Al Fallah as its 

outlet. The cave system lies in the Cretaceous Natih Formation, the lower formation of the 

Wasia Group of the Hajar Super Group (Figure 32). The total length of Hoti Cave is about 5 

km, whereas most of the speleothems were found near the Main Hall, Al Fallah cave system, 

and in 200 to 300 metres distance from the Al Hota entrance. Cave air temperature in Hoti is 

variable due to its two entrances and barometric pressure changes there is an almost 

permanent airflow. Despite the permanent air flow, cave air temperatures (25-27 °C) roughly 

correspond to mean annual air temperature outside the cave. Relative humidity within the 

cave varies between 60% (near the entrances) and 100% (further inside) (Scholz & Hoffmann, 

2011). Speleothem H12 was collected near Al Hota Cave entrance (Figures 31 and 32).  

 

Radiometric Dating- University of Minnesota  

Uranium-series dates (230Th hereinafter) were determined at Minnesota University and 

University of Bern (Appendix A.3). For analysis between 70 and 100 mg of powder was drilled 

along discrete growth horizons. 230Th-ages were determined on a multi-collector inductively 

coupled plasma mass spectrometer (MC-ICP-MS, Thermo-Finnigan Neptune) at the 

Department of Geology and Geophysics, University of Minnesota. Details of the methods, 

including standards used for mass fractionation and yield correction can be found in Cheng 

et al. (2000, 2013).  
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Figure 32. (A) Satellite image of Hoti Cave, location of both entrances is marked by red circles. (B) Cave 
maps of Hoti Cave and cave entrances Al-Hota and Al Fallah Caves. 
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Radiometric Dating – University of Bern  

For MC ICP-MS analyses, 0.1 – 0.2 g of powdered sample were spiked with a mixed 
229Th-236U spike and dissolved in nitric acid and taken to dryness. U and Th were separated on 

anion columns using a 0.5 ml UTEVA resin bed. A first separation, using 7N nitric acid, 

produced a pure Th fraction and an impure U fraction, which was purified on the same 

columns using 5N hydrochloric acid. After evaporation, the fractions were placed in oxygen 

plasma for a minimum of 30 minutes to also remove organic residues from the plasma. U and 

Th mass spectrometry was done on a Nu Instruments® multicollector ICP-MS equipped with 

an ESI Apex® desolvating system without membrane and using a self-aspirating element 

specific nebuliser and disposable capillaries. With an uptake rate of ca. 50 µl/min the ion yield 

for U and Th was about 70V/ppm. U measurements were done from 0.5 N nitric acid 

solutions in static mode, whereby masses 236 and 234 were measured in parallel electron 

multipliers and 235 and 238 in Faraday cups. Baselines were taken on either side of peaks 

and interpolated. The electron multiplier yield was calibrated every five samples by running a 

NIST U050 solution. The 238U/235U ratio was used for instrumental fractionation correction if 

the 238U signal was greater than 1 V; if smaller, the fractionation factor was input from 

bracketing standards. Normal washout time for U between samples was 5 minutes with 0.5 N 

nitric acid (< 1 ‰ memory); longer washout times were used where significant isotope 

differences between samples were expected. Runs on the NIST U960 standard yielded 

δ(234U/238U) -37.2 ± 2.1 ‰ (1SD, N=35), where the equilibrium ratio is after Cheng et al. 

(2000, 2013). Th measurements were made from 3N hydrochloric solutions in a two cycle 

multi-collector dynamic mode, whereby one electron multiplier, equipped with a WARP filter, 

alternately measured masses 229 and 230. U standard was added to Th run solutions for two 

reasons: first, to correction for instrumental mass fractionation, and second, to provide a 

reference isotope (238) to eliminate the effects of plasma flicker in obtaining the 229Th/230Th 

ratios. Variations of U and Th signals during the run are fully correlated if no organic matter is 

present. Baselines were measured at 229.5 and 230.5 for samples and standards with 

significant (>10-12A) 232Th. For speleothems, the baseline was quite flat and measured at 

230.5. Washout time was 15 min. to 1 ‰ of the Th signal, if the capillary and nebulizer were 

free of organics.  
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Figure 33. Scan and drawing of cut speleothem H12. 

 

Stable isotope analysis  

For stable carbon and oxygen isotope analysis, a total of 1360 samples were 

micromilled continuously at 0.2 mm and ~0.5 mm increments from 0 to 26.8 mm and 26.8 to 

593 mm, respectively. Powdered samples were measured using a Finnigan Delta V Advantage 

mass spectrometer equipped with an automated carbonate preparation system (Gas Bench II) 

at the Institute of Geological Sciences, University of Bern, Switzerland. Results are reported 

relative to the international Vienna Peedee Belemnite (VPDB) standard. Analytical errors for 

δ18O and δ13C are 0.07 and 0.06 ‰ VPDB (1σ-error), respectively.  
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Age Model  

A total of 29 230Th ages were determined for speleothem H12. Of these only 20 230Th 

ages with 230Th /232Th activity ratios >20 (see Appendix A.3 for further details) were used for 

chronology building using STALAGE (Scholz & Hoffmann, 2011), the other 230Th ages were 

excluded due to detrital contamination and initial 230Th respectively. The depth versus age 

plot for speleothem H12 is shown in Figure 34. 

 

 

Figure 34.  Age/depth plot for speleothem H12. Vertical error bars denote age uncertainties (2-σ). The 
grey shaded area shows the 95% confidence intervals of the H12 age model as determined with 

StalAge (Scholz & Hoffmann, 2011). 
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5.3.2. Analysis of precipitation over the Arabian Peninsula  

Major droughts in the Middle East are associated with lower rainfall during the winter 

half of the year. Droughts are frequent throughout the region, have a great spatial extent and 

can last for several years or even decades. The spatial extent of rainfall anomalies on the 

Arabian Peninsula under present day conditions is assessed in the reanalysis product ERA 

interim. The ERA interim data covers the period from 1979 to 2017, and is used in its highest 

resolution of 0.75° x 0.75° (Dee et al., 2011). To obtain a hint the spatial representative of the 

proxy record from Hoti Cave, we selected the closest grid point of ERA interim and use the 

precipitation at this location as index. This index is then correlated with the precipitation field 

for each month of the year, separately. During the rainy season from October to April, we 

find that precipitation at Hoti Cave is positively correlated (around r = 0.5) with precipitation 

over the Arabian Peninsula, mainly the mid to southern part. This is in excellent agreement 

with previous analysis of meteorological data from the wider Middle East (Barlow et al., 2016), 

which show a close correlation of r=0.6 between annual precipitation (1951-2010) sin Yemen 

and Oman. During the dry months (May to September) the correlation pattern is more 

localized, thus the Hoti cave speleothem record can only register local signals in the eastern 

part of the Arabic Peninsula. As the signal of the Hoti Cave proxy record is dominated by the 

wet (winter-spring) season we conclude that precipitation at this site is to some extent 

representative for at least the central to southern part of the Arabic Peninsula and thus is a 

reasonably indicator for dry and wet years in this region. 

 

Figure 35. Monthly precipitation (1978-1997) at Al Hamra, approximately 10 km away from Hoti Cave. 
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Figure 36. Correlation patterns between the precipitation close to Hoti Cave and the Arabic Peninsula 
for each month of the year using ERA interim day from 1979 to 2017 (Dee et al., 2011). DJF = 

December, January, February; MAM = March, April, May; JJA = June, July, August; SON = September, 
October, November. Red dashed line denotes the approximate extend of the Himyarite Kingdom. 

Location of palaeoclimate records is also shown (blue and red dots). 

 

5.3.3. Agriculture in Himyar  

Yemen has a long and diverse agricultural tradition that developed over several 

millennia to cope with the harsh climatic conditions, making a careful management of water 

necessary (Kopp, 1981). In Himyar, sedentary agriculture was the primary source of 

agricultural production, rather than pastoral nomadism. Almost all arable areas in Yemen 

were already cultivated 2 millennia ago (Kopp, 1981), and pre-islamic documents provide 
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evidence for a highly developed agrarian society. Present-day rainfall ranges from 150 to 450 

mm yr-1 in most parts of Yemen (Figure 35) but can reach up to ~1000 mm yr-1 in the 

highlands. Rainfall typically lasts from January to May (termed ṣayf) and July to September 

(termed kharīf), whereas the summer rainfall period is more intense and accounts for 50-70% 

of the mean annual rainfall. Himyar utilized ingenious water management strategies to 

maximize agricultural yields despite low mean annual rainfall (Brunner, 2000b). Harvesting 

surface water was the basic strategy to maximize agricultural yields. In the highlands, large-

scale terraced fields, dams and soil retention walls prevailed, whereas spate irrigation was 

used along the Ramlat as-Sab’atayn desert margin (Figure 37). Overall, Himyar’s agriculture 

was primarily rainfed, the use of wells and cisterns was only marginal and mainly for 

household consumption.  

 

 

Figure 37. Present-day precipitation isohyets (blue lines) in Yemen. Also shown are settlements and 
dams during the 3rd and 4th centuries CE. 

 

The importance of agriculture to Himyar is evidenced by the considerable increase in 

the extent of terraces and erection of numerous dams and soil retention walls between the 
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first and fourth centuries C.E. (Charbonnier, 2009), much more compared to preceding 

periods. The terraced fields were designed to collect rainwater, prevent soil erosion and 

increase the area of cultivated land (Kopp, 1981). Terraces were not designed as individual 

terraces but rather as part of a wider connected infrastructure covering entire mountains 

(Figure 38). Furthermore, large dams were built near major Himyarite settlements (Figure 37), 

some more than 100 meters long and 20 meters high (Charbonnier, 2011). Textual evidence 

suggests that Zafar, the capital of Himyar, was surrounded by eighty water dams 

(Charbonnier, 2011). The dams allowed peasants to increase their productivity and grow a 

wider range of crops. It is noteworthy that the dams fulfilled a political role to demonstrate 

the influence of the Himyarite ruler and to exert his authority (Brunner, 2000b; Charbonnier, 

2011). The erection of terraces and dams clearly indicated a coherent plan of land 

improvement and required major capital investments. Along the Ramlat as-Sab’atayn desert 

margin, dams were built and maintained to catch water from episodically floods (termed sayl) 

and to divert it onto the fields where it can seep into the soil (Brunner, 2000b). The Ma’rib 

dam was the largest example of such a structure, it supported 9,600 ha of arable land and 

approx. 60,000 inhabitants.  

The farming calendar in Himyar (Figure 39) was governed by the seasonal rainfall 

pattern and the most important cereals were wheat, barely, sorghum and millet. Sorghum, for 

instance, was planted at the end of March or early April after the winter/spring rains and 

harvested in November; wheat and barley would have also been grown during summer to 

take advantage of both rainy seasons. However, they could also be sown during December 

and January to be harvested in May and June, when a sufficient amount of winter/spring 

rainfall would allow crops to mature by harvest. It is therefore evident that agricultural yields 

depended on a consistent rainfall cycle and both rainy seasons (sayf and kharīf) were 

important factors for high agricultural productivity.  
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Figure 38. Google Earth images of terraces in Yemen. The majority of these terraces have been used 
during the last two millennia. 
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Since agriculture was a primary aspect of the local and regional economies, low 

agricultural yields during dry years would have affected the stability of these economies and 

undermined the political influence of Himyar’s rulers. The amount of labour is one key factor 

for high agricultural productivity, and the maintenance of hydraulic infrastructures, in both 

the highlands and desert margins, required substantial resources and planning which only a 

well-organized and stable society could provide. For instance, the structural integrity of 

terraced fields depends on the maintenance of the whole system of hillside terraces. 

Furthermore, the intensive terrace and irrigation systems of Himyar were clearly a source of 

great pride for the inhabitants and political leaders as evidenced by abundant inscriptions 

(Kopp, 1981). This is also true for the numerous dams, which had to be repaired regularly. 

Thus, a proper functioning of the irrigation systems was of eminent importance for the 

functioning of the Himyarite society and only a centralized political entity could control and 

maintain these systems effectively. A simultaneous significant reduction in spring and 

summer rainfall at the end of the fifth and beginning of the sixth centuries C.E. would have 

had a profound impact on socio-economic conditions and all aspects of economic life in 

Himyar. The combination of drought, neglect of irrigation systems and terraced fields can 

thereby exacerbate socio-economic problems. Thus, agricultural productivity in Himyar was 

highly dependent on rainfall and on stable socio-economic conditions; both were intrinsically 

linked as the majority of Himyar’s population were peasants. 

 

 

Figure 39. Schematic figure of the farming calendar for the most important cereals in Himyar. 
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5.3.4. Historical and archaeological evidence for droughts and rainfall fluctuations in 

the Middle East between the 3rd and 6th century C.E.  

Though droughts are a frequent phenomenon in the Middle East, the number of 

historical accounts of droughts increased markedly at the end of the 5th and first half of 6th 

century C.E. in the Levant and other parts of the Middle East (Stathakopoulos, 2004). Though 

care is required when using historical sources and individual accounts for climate 

reconstructions, they are nevertheless useful and support the evidence for severe and 

persistent droughts in the hydrological reconstructions from the Middle East (Figure 30).  

Water was the most valuable commodity across the Arabian Peninsula and the 

relationships between the Arabs and the Byzantine and Sasanian empires in the north were 

significantly influenced by droughts as they triggered Arab raids in the frontier regions. 

Historical documents (letters) suggest that such raids in the areas belonging to the Byzantine 

and Sasanian empires became more frequent at the end of the 5th and beginning of the 6th 

century and also contributed to the increasing tensions between the Byzantine and Sasanian 

Empires, such as in 484/5 C.E. when Arab raids near Nisibis (modern Syria) occurred (Edwell, 

2015; Stathakopoulos, 2004). During this time, the bishop of Nisibis wrote in a letter to Mar 

Acacius, the catholicos at Seleucia-Ctesiphon, to explain the reasons for his absence at a 

synod organized by Acacius. “For two successive years we have been afflicted by a shortage 

of rain and a lack of necessary commodities. The mob of the tribes from the south has 

assembled, and because of the multitude of people and their animals, they have destroyed 

the villages of the countryside and of the mountain.” 

 Further evidence for both drought and deteriorating environmental conditions at the 

beginning of the 6th century can be found in a letter of Procopius of Gaza (450-528 C.E.) to 

his close friend Jerome of Elusa. This letter is a vivid testament to the environmental 

conditions in the southern Levant at the beginning of the 6th century C.E. In one of his letters 

Procopius states “For there will be a day when you will see Elusa again and you will weep at 

the sand being shifted by the wind and stripping the vines naked to their roots. The nymphs 

of the dry land and of the sea, and Zeus the Bringer of Rain, are nowhere there at all.” 

(Mayerson, 1983), a clear indication of severe and prolonged drought and the damage 

inflicted on vineyards by wind and sand. The mention of “nymphs of the dry land” most likely 
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referred to the periodic flow of flood water in wadis in winter/spring, which could be diverted 

onto the fields to grow crops and also into reservoirs to deliver potable water to the 

inhabitants. Furthermore, by writing “as for the nymphs of the sea”, Procopius was referring 

to brackish well-water, as he remarked in the previously mentioned letter to Jerome, “those 

who drink of it are reminded of the sea”. It is most likely that the severe droughts depleted 

ground water levels and caused a rise in salinity. Procopius’ letter may provide us with a 

terminus a quo for a radical change in the physical environment in the region around Elusa: 

the encroachment of sand dunes onto its cultivable lands. Later accounts from 570 C.E. 

suggest that the entire region around Elusa was invaded by shifting sands and that the desert 

extended to Sinai. Additional support for a major change in the regional environment comes 

from excavations at the coastal site of Deir elBalah, just west of Gaza, where large deposits of 

Byzantine pottery were found under sand dunes 13m in height. Nothing from later periods 

was found. The distinct climate-induced socioeconomic transformations are also evidenced in 

settlements which were abandoned around the mid-sixth century C.E. according to 

systematic archaeological excavations (Bar-Oz et al., 2019).  

Between ~516 and 520 C.E. the area around the Lavra of Mar Saba (Monastery of the 

Cave; Bir el Qattar; “Well of drops”) in Palestine was affected by a severe multi-year drought. 

Documents report frictions between shepherds and monks as the shepherds were grazing 

their flocks within the bounds of the monastery. Furthermore, they also bothered the monks 

with repeated demands for food until their flocks stopped giving milk and their kids and 

lambs starved to death. In 520 C.E., the fourth year of the drought, the cisterns of the 

monastery were empty and the monks planned to abandon the monastery (Hirschfeld, 2004; 

Patrich, 1995). 

Further evidence for drier climatic conditions at the beginning of the 6th century 

comes from the Levant, where Cyril of Scythopolis reports that in the 520s C.E., “…in the fifth 

year of a drought, “so great was the lack of water that the poor of the Holy City (τῆς ἁγίας 

πόλεως) were begging for water and dying of thirst. In fact, because of the long drought and 

lack of rain the water had disappeared from the Siloam Pool and the Lucillian Pool; moreover, 

the springs of Colonia and Nephtho were much diminished.” The drought is believed to have 

lasted from 516 to 520 C.E. (Hirschfeld, 2004; Telelis, 2008).  
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In 536 C.E. the contemporary Latin writer Marcellinus Comes reports that two Arab 

chieftains (~15.000 people in total) from central Arabia appeared in Mesopotamia on the 

search for pastures due to an excessive drought (Hirschfeld, 2004; Stathakopoulos, 2004). 

Increasing aridity during the 5th and 6th centuries C.E. is also evident in archaeological and 

geoarchaeological records from southern Oman. At Khawr Rawri (Figure 40), for example, 

there is direct evidence for a marked reduction in freshwater run-off as a result of decreasing 

summer monsoon precipitation sometime between 270-420 C.E. This is indicated by a shift 

from an open estuary to a barrier dominated estuary (Hoorn & Cremaschi, 2004). Until then 

monsoonal rainfall and fluvial discharge from Wadi Darbat was sufficiently high to prevent 

siltation until a sand barrier formed between 270 and 420 C.E and led to the abandonment of 

the Samhuram citadel (Figure 40). Furthermore, there is a distinct lack of archaeological 

records from this period compared to almost all others going back as far as the Bronze Age. 

All of this suggests that the arrival of Islam occurred during one of the most arid periods in 

over 3500 years of Umani (modern Oman and the United Arab Emirates) settlement history 

(Hoorn & Cremaschi, 2004). 

 

 

Figure 40. Paleogeographical development of Khawr Rawri in Southern Oman. Left figure shows the 
environmental situation during the pre-Islamic period between 100 B.C.E and 100 C.E. when the 

estuary was fully opened to the sea and surrounded by vegetation. The estuary was a natural harbor 
and supported by the settlement of Samhuram. Right figure shows the geographical situation between 
270 and 420 C.E. (uncertainties arise from radiocarbon dates) when the estuary was blocked by a sand 

barrier and Samhuram was abandoned. 
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5.3.5. Historical context  

The context in which Islam appeared and expanded is both complex and in many 

respects – because of substantial difficulties with the written source tradition – obscure 

(Robinson, 2003, 2011). It includes as background a socio-cultural and local as well as 

international political situation that had been changing rapidly across the period from the 

early sixth into the early seventh century. This consisted of religious/tribal conflict, especially 

between Judaism and Christianity; political upheaval and shifting economic relationships 

(Patrich, 1995; Whittow, 2011); external – imperial – interference in local power politics 

resulting in shifts in the political configuration of states and tribal groupings within the 

peninsula; and an increasingly arid climate from the later fifth and early sixth century that 

challenged established lifeways and economic relationships, rendering traditional loyalties 

and relationships more fragile and less resilient to stress. The increasing aridity described 

here should thus be seen as just one of several elements that without doubt contributed to a 

major transformation of the established configuration of political-economic relationships and 

played a key role in setting the scene for the dramatic events described under the rubric ‘the 

rise of Islam’. 

 

Geostrategic, economic, and demographic context 

To understand the bigger picture and to appreciate the significance of the 

environmental data it will be helpful to sketch out the wider historical and geographical 

context for the century leading into the rise of Islam (Macdonald et al., 2015). The Arabian 

Peninsula was of strategic, economic and ideological importance to both the major powers of 

the late ancient Middle East: the eastern Roman (Byzantine) empire, with its capital in faraway 

Constantinople (mod. Istanbul) and the Sasanian Persian empire, centred on the capital of its 

ruler, the Shāhānshāh (king of kings), at Ctesiphon on the Tigris in Iraq (Whittow, 2011; 

Wiesehöfer, 2010). Strategically the northern regions of the Arabian Peninsula were home to 

tribes who acted as a buffer between the two empires and who also served as mercenaries in 

their armies. Economically the southern coastal towns also offered access to a rich long-

distance trade as well as some agricultural products. Commercial centres such as Ṣanʽā’ in 

Yemen maintained regular trading contacts across the Indian Ocean as well as with the east 
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African littoral and the Aksumite kingdom of Ethiopia, and the Sasanian Persian kings actively 

encouraged commercial links via the Indian Ocean trade (Crone, 2007). In the north the clans 

and tribes of the Ḥijāz were key players in trading a variety of goods, including perfumes as 

well as some non-luxuries, to the Roman provinces of Palestine, Syria and Arabia, and 

possibly beyond. The semi-nomadic populations of these northern regions occasionally 

posed a threat as small-scale raiders, but were also traders on a substantial scale to both 

Roman and Sasanian markets. The Quraysh of Mecca – Muḥammad’s clan - in particular were 

involved in what had by the later sixth century C.E. become a lucrative trade in leather, 

possibly supplying the Roman military. But gold and silver were also produced and traded, 

apparently in substantial quantities – indeed, the Sasanians depended on the mines of central 

Arabia for bullion for their silver coinage (Heck, 1999; Shahîd, 2010). The importance of this 

commerce partially accounts for the economic importance of Mecca and the pre-eminence of 

the Quraysh (Crone, 1987, 2007). As a focus for exchange and the long-distance trade to 

both Rome’s eastern provinces and Sasanian Iraq, the significance of the region was clearly 

recognised (Lecker, 2010; Schiettecatte, 2016; Shahid, 1989, 1995).  

The population of Arabia included many Persians, especially in the east (Oman and 

Bahrain), Judaism was well-established in parts of western Arabia, and there were substantial 

Christian communities in the south. Society throughout the peninsula was structured around 

the tribe and focused heavily on its constituent clans and lineages. Tribes varied considerably 

in extent and territory as well as in ascribed status, but had little purchase on daily life, where 

it was the clan or lineage group that offered solidarity against external threat, and within 

which pasture and camp were shared and justice meted out. Tribal identities did play a role, 

of course, at a broader level of political and economic interests, and leaders were chosen 

from established ruling lineages on the basis of talent and effectiveness. In the centre and 

north of the peninsula the symbiotic relationship between nomads and sedentary 

populations involved benefits in both directions, with the nomads providing warriors and 

military resources to their settled neighbours (Donner, 1981; Kennedy, 2004). In the south, 

where until the collapse of Himyar an organised state dominated such relationships, the 

nomads tended to be subordinate to the kings and their vassals and far less powerful 

politically.  
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Geographically the Arabian Peninsula can be divided very roughly into four zones. 

Yemen in the south includes a coastal plain in the west (important because of its ports) and 

inland highlands; to the east lies Ḥaḍramawṭ. The north-western part of the peninsula, the 

Ḥijāz, includes desert as well as oases, many substantial, and its population comprised 

sedentary, nomadic and semi- nomadic tribes, mostly pagan, but some Jewish and Christian. 

Here there were a number of important oasis settlements, including Ṭā’if and Yathrib 

(Medina), Khaybar and Fadak and several others. The commercial wealth of Mecca, until the 

early sixth century relatively unimportant, appears to have become more significant after the 

early decades, based largely on trans-peninsular caravan trade and finance, while agriculture 

and local commerce were the mainstay of the remaining settlement economies. With each 

settlement or town there was associated a group of nomadic or seminomadic clans and 

tribes. Political, economic and religious leadership tended to lie in the towns, in particular 

Mecca, rather than with the nomadic tribes. The third zone is constituted by the central and 

eastern regions of Najd, remote and populated largely by nomadic groups, and to the east 

Yamāma, a densely populated, cultivated area, the main towns of which were Hajar and al-

Jaww (or al-Khiḍrima). Yamāma was important both because trade routes from Iraq, the 

Yemen and the Ḥijāz passed through it as well as the fact that it is supposed to have supplied 

wheat to the Ḥijāz. To the east lay the coastal regions and the island of Bahrain, whose 

economy was dominated by agriculture, fishing and trade, and whose populations were a mix 

of pagan, Christian, Zoroastrian and some Jews. Finally, Oman, lying on the south eastern 

corner of the Arabian Peninsula, consists of a coastal plain, desert and mountains. The coastal 

area is easily accessible from Iraq, eastern Africa and the Indian Ocean, and the economy 

included fishing, trade, pearl production, textiles as well as agriculture. It was heavily 

influenced by Persia both culturally and in terms of language (Lecker, 2010; Potts, 1997). 

 

Political context  

With a few short periods of disruption and raiding, the Roman and Persian ‘frontiers’ 

(in reality, wide zones of semi-desert and highland) with the Arabs remained stable from the 

fourth to the seventh centuries. On the Roman side a system of allied tribes or clans 

organised as foederati, or federates, under a paramount group or tribe (the Tanukhids in the 
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fourth century, the Salihids in the fifth century C.E., and the Ghassanids into the later sixth 

century C.E.) served to defend Roman interests. On the Persian side the kings of al-Ḥīra and 

their clan, the Lakhmids, played a similar role. The Ghassanids, and many of their subordinate 

clans, were Miaphysite Christian (thus of a different confession from the Byzantine church) 

(Gajda, 2009; Robin, 2015; Shahîd, 2010); by the 580s C.E. many of those under the Lakhmids 

had likewise converted (but to Nestorian Christianity, heretical from the Byzantine point of 

view), but the conversion of the ruler Nu’man III towards the end of the century provoked a 

breach with the Persians and the Lakhmid dynasty was replaced. The Ghassanids also saw 

their political and military power dramatically reduced at this time as the result of a split 

between the Roman emperor and their ‘phylarch’, the client warlord/king of the confederacy. 

But a long-term result of Roman and Persian subsidizing Arab client leaders and 

confederacies, combined with the wealth generated by Arab commerce with both empires, 

was to make the clans and tribes of the desert fringe of empire far more powerful, and far 

more knowledgeable about their patrons, their strategic organisation and their military 

capabilities (Donner, 1981; Kennedy, 2004; Potts, 1997; Shahîd, 2010). 

These factors account for the sustained interest of the great powers in the S. Arabian 

Peninsula and in particular for the political and military interventions that took place in the 

sixth century C.E. The petty states or confederacies of Aden and the Yemen (Himyar) were a 

focus for diplomatic activity, and the kingdom of Himyar in particular, with its centre in 

Yemen, was a bone of contention between Persia and Rome, primarily because of its location 

in respect of the commercial interests of both powers and their access to the Indian Ocean 

trade. Himyar, historically referred to as the Homerite Kingdom in Greek and Roman sources, 

had a long and chequered history, having been founded in 110 B.C.E. During the fifth century 

the royal dynasty, followed by many of the inhabitants of the Yemen, converted to Judaism. 

This led to increasing tension between the Jewish and Christian populations of the region.  

It was no accident that a state evolved in one of the few regions that enjoyed a 

predictable annual rainfall, and where water resources can only be maintained through dams 

and other irrigation projects that require some degree of centralised management and 

resourcing (Kervan, 1994; Robin, 2015). By the end of the second century C.E., Himyar was the 

dominant power in the southern part of the peninsula, extending its influence over its 

neighbours through warrior allies such as the central Arabian nomad tribes of Kinda and 
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Madhḥij. These seem to have formed the mainstay of its military power in spite of occasional 

defeats at the hands of northern tribal confederacies. They continued in this role into the 

sixth century. But during the first half of the sixth century C.E. increasing East Roman 

interference in central Arabian politics, internecine strife within the Kinda elite in the 530s 

C.E., together with the conflict between the rival great power allies, the Ghassanids and 

Lakhmids, resulted in the retreat of Himyarite power in the region. Himyarite interests in the 

Ḥijāz, and international competition for influence, and over access to the resources of the 

peninsula between the Sasanian Persians, the Ethiopian Aksumite kingdom, and the eastern 

Roman empire greatly complicated the political situation from the early sixth century 

onwards (Bowersock, 2013; Harper, 2017; Hatke, 2011; Whitehouse & Williamson, 1973). 

The Aksumite kingdom of Ethiopia (named after its capital, Aksum, in the north 

Ethiopian highlands), Christian since its conversion in the fourth century, played a prominent 

role in the politics and commerce of the Arabian Peninsula-Red Sea region. Its rulers acted in 

particular to enhance their own advantage from the flourishing trans-Peninsula and coastal 

commerce. Although East Roman rulers regarded the kingdom of Aksum as a legitimate part 

of their sphere of influence, the Aksumite rulers themselves remained entirely independent. 

Aksumite intervention in the later fifth century was fended off by Himyar, but further 

Aksumite pressure during the reign of Marthad’īlān Yanūf (c. 500-515 C.E.) eventually led to 

invasion and temporary conquest, with a Christian king, Ma’dīkarib Yafur (519-522 C.E.) being 

imposed by the Aksumites. In 522/23 C.E. the Jewish Himyarite leader Yūsuf ’As’ar Yath’ar, 

also known as Dhū Nuwās (c. 522-525 C.E.) was enthroned, but then challenged Aksumite 

influence. His massacre of the Christians of Najran in 522/523 C.E. worsened the tensions 

between Jewish and Christian communities. In retaliation, the negus (emperor) of Aksum, 

Kaleb ’Ella ’Asbeha (ca. 510-540 C.E.), invaded and imposed a Christian king. Yusuf was 

crushed and Aksumite forces reestablished their hold (Nebes, 2010) through the puppet 

Himyarite ruler, Sumuyafa’ ‘Ashwa’. In 527 C.E., however, the Aksumite commander Abreha 

rebelled, seized power as king and ruled independently until sometime between the later 

550s and ~570 C.E. (the chronology is extremely uncertain) (Bowersock, 2013; Hoyland, 2001; 

Schippmann, 2001). Relations between the Jewish communities and Christians in Himyar were 

stabilised until the 620s C.E., and the Himyarite kingdom, while nominally tributary to Aksum, 

was able to reassert its autonomy for a while. Abreha conducted a number of military 
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campaigns in efforts to secure his authority in central Arabia (Korotayev et al., 1999), the last 

one in ~570 C.E. aiming at destroying pagan religious centers and thus enhancing the 

importance of Ṣanʽā’ as a Christian sanctuary (Hoyland, 2001; Korotayev et al., 1999). The fact 

that the expeditions had to be repeated four times does, however, suggest that Himyarite 

authority in the region was largely a fiction in the absence of its military.  

The short-lived slight increase in winter/spring precipitation between 530-545 C.E. 

might have contributed to a brief revival of Himyar under Aksumite or rebel Aksumite power, 

and conditions up to the 590s C.E. were not as bad as before 530 C.E. But it seems likely that 

there was no full and lasting recovery: the key structural damage had been done, first in 

terms of political stability in the south, and secondly in respect of the maintenance of the 

irrigation infrastructure and dependent agriculture. For the dynamics of the social-political 

system, the clock could not simply be turned back, even had conditions improved very 

markedly - which they did not. By the middle decades of the century Himyarite power was 

substantially weakened, major irrigation and infrastructural projects were abandoned, 

epigraphic evidence ceased, the king was unable to marshal the resources to resist external 

interference, and the extension of Sasanian Persian power into the Ḥijāz as well as the south 

deepened (Robin, 2012). The absence of effective Himyarite power in central Arabia opened 

up the whole region to the potential or likelihood of violent competition between tribal 

interests. In 570 C.E. a Persian force was invited in by opponents of the king (a son of 

Abraha), who was slain in battle, and Persia became the pre-eminent power in the region 

(Bowersock, 2013; Kervan, 1994). By the later sixth century C.E. the Sasanians controlled, 

directly through the placement of garrisons and the building of forts, or indirectly through 

client kings, most of the eastern coast of the Arabian Peninsula including Bahrain and Oman, 

as well as the Yemen (Kervan, 1994; Potts, 1997; Robin, 2012). Whatever the exact causes, the 

Arabian Peninsula was once more in a state of disunity and inter-tribal conflict by the later 

sixth century. The arrival of a virulent and recurrent pandemic disease, the Justinianic Plague, 

in the early 540s C.E. may have been yet another aggravating factor, although the evidence is 

problematic: some hold that this plague travelled up Arabia’s Red Sea coast before it irrupted 

in the eastern Nile Delta in 541 C.E. and spread throughout the Mediterranean world 

(although there is no textual evidence to confirm this pattern) (Harper, 2017; Hatke, 2011; 

McCormick, 2007; Sussman, 2016). As noted, lack of any centralised authority able to 
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mobilise resources meant that major irrigation facilities such as the Ma’rib dam were no 

longer maintained, with significant negative consequences for local agriculture and political 

authority (Robin, 2012). 

 

Islam  

The origins of Islam lie in the Ḥijāz, where different forms of Christianity and Judaism 

had competed and co-existed with indigenous beliefs for centuries, in particular in the much-

travelled trading and caravan communities of Mecca and Medina in the west and in Hajar in 

the east, where the major permanent settlement of the Ḥanīfa tribe included a shrine as well 

as an important commercial centre. But Mecca itself became a significant commercial centre 

only in the course of the sixth century C.E., enhancing thereby also the power and influence 

of those branches of the Quraysh clan who had hereditary responsibility for the sacred Ka‘ba, 

to the extent that the Meccan elite had come by the early seventh century C.E. to represent a 

powerful and influential body of commercial financiers able to conclude effective trading 

agreements with foreign sources, using their religious authority and financial influence to 

collaborate with the nomads of the Ḥijāz and beyond in protecting their trade to Yemen, 

Syria and Iraq. Muḥammad, was himself a respected and established merchant who had 

several times accompanied the trade caravans north to Roman Syria. But at the time of his 

first revelations, he was only one of a number of similar holy men or prophets, self-

proclaimed or not, who seem to have been responding to the exigencies of the times. His 

success was due at least in part to the establishment of an organized community in Medina, 

one that was attractive both in respect of the order and social justice it offered as well as the 

respect it garnered – one of the prophet’s most significant achievements was acting as 

arbitrator between rival clans and factions, for example (Donner, 1981; Kennedy, 2004; 

Montgomery-Watt, 1953; Robinson, 2003).  

Syria and Palestine already had substantial populations of Arabs, mostly Christian, 

both farmers and herdsmen, as well as mercenary soldiers serving the eastern Roman 

(Byzantine) empire as clients and as a buffer against the Persians. It is important to bear 

several key points in mind when considering the origins and expansion of Islam.  
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First, it evolved in a situation of comparative social-economic and cultural uncertainty 

in the region, and more widely, one of anxiety about the future reflected in a number of 

contemporary apocalyptic writings (Bowersock, 2017; Crone, 1987; Harper, 2017; Kennedy, 

2004; Wiesehöfer, 2010). Muḥammad met with stiff resistance from his own clan, the 

Quraysh, who dominated Mecca and its trade (as well as the holy Ka‘ba), which is why he was 

forced to leave for Yathrib (Medina) in 622 C.E., the year of the Hijra 

(flight/departure/emigration). Only after developing his power-base there and allying himself 

with local tribes, both pagan and Jewish in faith, was he able to challenge Mecca and, after 

defeating them in battle, persuade them to collaborate with him and become allies and 

eventually supporters. By the end of the year 630 C.E. he had established his authority over 

most of the peninsula primarily through negotiation and occasionally by military threat as his 

power expanded.  

But second, Muslim control was still precarious and dependent in many cases on 

Muḥammad’s personal efforts. On his death in 632 C.E. there followed a brief period of 

warfare (the so-called Ridda wars, or wars of apostasy) during which his immediate 

successors as leaders of the Muslim community had to fight hard to re-assert Islamic 

authority against a variety of different alliances and groups of tribes who attempted to re-

assert their autonomy, free themselves from paying tribute or tax to the Muslims, or simply 

return to the earlier order. Among these the Banu Hanīfa in Yamāma rejected Islamic 

authority in favour of their own prophet, Musaylima, who was eventually killed in a decisive 

battle in 632 C.E. Acceptance of Islamic leadership on the part of many tribes and clans 

throughout the peninsula had to be constantly reinforced through threats or negotiation 

(Donner, 1981; Kennedy, 2004).  

Third, the Islamic leadership was able relatively rapidly between about 630 and 634 

C.E. to weld the disparate, fractured, warring and unruly tribes of the Arabian Peninsula 

together into a single identifiable community of interests with, at least in theory, a common 

focus for religious zeal and a common identity as Arabs under an Islamic leadership. This was 

the first time in the history of the peninsula that such had been the case, and the hitherto 

unrealised military potential of these groups was enormous.  
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Fourth, the Quraysh, whose elite members stood at the pinnacle of the early Islamic 

power hierarchy, undoubtedly had a powerful vested interest in expanding their economic 

and political power and commercial interests. There is little doubt that while religious zeal 

may have inspired the leadership, the pragmatic need to hold this new, easily fractured 

community together played a key role in encouraging attacks on the imperial powers outside 

the peninsula - and the desire for booty, new lands and glory certainly drew many to the 

prophet’s banners. Many fighters in the first ‘Islamic’ armies were not yet ‘Muslim’, for 

example (indeed, the first generation of Muḥammad’s followers referred to themselves not as 

Muslims but simply as ‘believers’), and while acceptance of Islam was achieved remarkably 

rapidly, it was neither universal at first nor a foregone conclusion (Bowersock, 2017; Crone, 

2007; Donner, 1981; Kennedy, 2004). 
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Chapter 6: Climate change and the Sasanian Empire 
 (224 - 651 CE): a review 

 

6.1. Preface 

This chapter was prepared in the style of a journal article to be submitted to the 

Journal of Interdisciplinary History (JIH). Authorship: Matthew J Jacobson  

 

6.2. Journal Article 

6.2.1. Introduction 

Scholarship on the societal impacts of climate change in Late Antiquity (3rd-7th 

centuries CE) has been extensive across much of the northern hemisphere (e.g. Chen, 2015; 

Haldon et al., 2014; McCormick et al., 2012). Significant periods of climatic change, which are 

sometimes named (e.g the DACP: Dark Ages Cold Period, 450-800 CE and LALIA: Late 

Antique Little Ice Age, 536-660 CE), are argued to relate to agricultural and economic change, 

migrations, conflict (both inter- and intra-state), and the end of empires (Büntgen et al., 2016; 

Harper, 2017; Chapters 4 and 5). The Sasanian Empire (SE hereafter: 224-651 CE; Figures 40 

and 41) was a significant polity in socio-political developments in the Middle East during Late 

Antiquity and the impact on it of climatic factors requires assessment for several reasons. 

Firstly, there are eight palaeoclimate proxy records within the core territories of the empire, 

which enable reconstruction of climatic conditions. Secondly, significant climate shifts have 

been identified in these proxies, and in surrounding regions, which contributed to societal 

change in the contemporaneous Byzantine Empire (Büntgen et al., 2016; Haldon et al., 2014) 

and Kingdom of Himyar (Chapter 5). Thirdly, climate in this region has been linked to societal 

change during other historical periods (Appendix B.2) and is arguably implicated in recent 

geo-political instability (Gleick, 2014; Kelley et al., 2015). Finally, the empire contains some of 

the driest and hottest places on earth (Djamali et al., 2011; Mildrexler et al., 2006), where 

societies can only thrive through intense water management, and regions with annual 
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precipitation close to the minimum for rainfed agriculture (250mm/yr: Hole, 2007), 

suggesting small hydroclimatic fluctuations could have significant impacts.  

Despite the increasing consideration and importance of climate factors in other 

regions and periods, and the potential susceptibility of the empire to fluctuations, 

examination of the History of Climate and Society (HCS: Degroot et al., 2021) for the Sasanian 

Empire has been limited. Previous consideration has been limited to statements on how 

general climatic conditions impact agricultural potential (Mashkour et al., 2017; 

Shumilovskikh et al., 2017) and temporal correlations, sometimes paired with 

environmentally-deterministic comments about ‘collapse’ (Büntgen et al., 2016, 2020; 

Peregrine, 2020; Sharifi et al., 2015). The former has been useful for characterising constraints 

on agriculture but ignores the spatio-temporally heterogenous nature of climate (Chapter 3; 

Appendix B.1). Environmental determinism has already been comprehensively critiqued; 

establishing causal links and examining societal resilience are now considered crucial for 

successful studies (Contreras, 2016; Coombes & Barber, 2005; Haldon et al., 2020; Izdebski et 

al., 2016a; Moreland, 2018; Sluyter, 2003). 

This interdisciplinary paper presents an investigation into societal and climatic change 

in the SE, alongside assessment of the quality of available historical, archaeological, 

palaeoenvironmental and palaeoclimatic evidence. First, key periods of societal changes are 

identified. Second, the vulnerability of the SE to climatic variability is assessed, through 

examination of modern climatic conditions and Sasanian agricultural practices. Third, 

palaeoclimatic proxy data from within the SE are synthesised to establish Late Antique 

climate changes. Finally, conclusions regarding specific impacts from climate change and 

future research agendas are outlined.  

The potential influences of climate on the history of the SE are evaluated on a polity-

wide scale (Figure 41) and for three diverse case-study regions (Figure 43). These are centred 

in the western territories of the SE due to greater availability of strong archaeological, 

palaeoenvironmental and palaeoclimatic datasets (Figures 40 and 42). 
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Figure 41. Map indicating the approximate territorial extent of the Sasanian Empire, with palaeo-climate and pollen records, and locations mentioned in text. Extent 
does not indicate established borders. 
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(1) Lower Mesopotamia. This region, on the border of Iraq and Iran, was the 

administrative centre of the SE, containing Ctesiphon, the capital (Daryaee & Rezakhani, 

2016). The Tigris-Euphrates River system, and associated canals, provide flowing water for 

agriculture and transport routes (Tamburrino, 2010). Irrigation, combined with fertile alluvial 

soils and suitably warm temperatures, led to this region being the long-term “breadbasket” 

of the SE and multiple other states (Adams, 2006; Altaweel, 2019; P. Christensen, 1993; 

Soroush, 2020; Wilkinson et al., 2012). 

(2) The Persian Gulf (PG) and Fars. This is an important region with port cities 

established during the Sasanian Period (e.g. Bushehr, Siraf) that reworked raw materials and 

agricultural products into high-value commodities to trade with east Africa and across the 

Indian Ocean (Daryaee, 2003; Fakhar & Hesari, 2013; Hojabri-Nobari et al., 2011; Pashazanous 

et al., 2014; Pourshariati, 2008). Nearby, the World Heritage Site of “Sassanid Archaeological 

Landscape of Fars Region”, inscribed in 2018 (UNESCO, 2018), includes Gor (the homeland of 

the empire) and was an important Zoroastrian religious centre (Potts, 2018). 

(3) Mughan Steppe. An extensively studied region in NW Iran and Azerbaijan (to the 

west of the Caspian Sea), this low plain along the south of the Araxes River was a Sasanian 

borderland colony populated by rectangular fortified settlement complexes (e.g. Ultan Qalası, 

Torpakh Qala) with associated large feeder canals (Alizadeh & Ur, 2007; Lawrence & 

Wilkinson, 2017; E. Sauer et al., 2017; Ur & Alizadeh, 2013).  
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Figure 42. Timeline of the Sasanian Empire. Black diamonds indicate years when multiple monarchs 
were coronated or multiple civil wars occurred (data from Daryaee and Rezakhani, 2016). 

 

Figure 43. Map showing case-study regions and the locations of surveys (left). Standardised survey 
data (right), settlement counts unless otherwise stated. References in main text. 
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6.2.2. The Sasanian Empire 

Background 

Ardashir I, the first Shahanshah (King of the Sasanians), overthrew the Parthian 

Empire, weakened following internal strife and conflict with the Roman Empire, in 224 CE 

(Bivar, 1983; Frye, 2005; Katouzian, 2009; Olbrycht, 2016). The SE quickly established a large 

spatial extent, which encompassed the eastern Fertile Crescent (FC) to eastern Iran, including 

eastern Arabia and the Caucasus. Surrounding regions were controlled by the Sasanians 

discontinuously, including parts of Central Asia (CA), Pakistan, Yemen, Egypt, the Levant and 

Anatolia (Cameron, 2012; Canepa & Wiesehöfer, 2018; Rezakhani, 2017; E. Sauer et al., 2017). 

Sasanian kings claimed a divine right to rule, both as heirs to the Achaemenid dynasty which 

they frequently imitated, similarly naming themselves Eranshahr (the Empire of the Iranians), 

and through the state-religion of Zoroastrianism (Altaweel & Squitieri, 2018; Bosworth, 1999; 

Crone, 2012; Daryaee, 2019).  

The SE had a more centralised structure than their Parthian predecessors (A. 

Christensen, 1944; Daryaee & Rezakhani, 2016) and was hierarchical, with the Shahanshah at 

the top, followed by nobles (the rulers of smaller regions within the empire), 

clergy/secretariats (the administrative class), members of the military, and wealth producers 

(i.e. civilians) (Karimian, 2008, 2010). Zoroastrian fire temples were built as economic 

institutions, with clergy managing regional administration (Payne, 2014). Via these 

institutions, the state funded the construction, restoration, and maintenance of cities, 

irrigation infrastructure and military structures, and then taxed their use (Canepa & Daryaee, 

2018; Gyselen, 1998; Manuel et al., 2018; Maresca, 2019). Increased use of irrigation was at 

least partially driven by the Zoroastrian religion, which encourages agriculture and sanctifies 

water (Adamo & Al-ansari, 2020). The empire also colonised and invested in areas on their 

borderlands, such as the Mughan Steppe and Khorasan, southeast of the Caspian Sea 

(Alizadeh, 2014; Ur & Alizadeh, 2013). Sasanian society became highly monetised, with 

soldiers, Zoroastrian administrative officials, and taxes, paid in high-quality silver coins 

(Kennedy, 2002; Payne, 2018). Minting of these coins necessitated recruitment and 

management of miners to extract the required silver (Darley & Canepa, 2018; Khademi 
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Nadooshan & Khazaie, 2011; Nezafati & Pernicka, 2012). Complex trade networks were 

developed, selling agricultural produce and high-value commodities, such as silver artefacts, 

glassware, linen and cotton, carpets, and oils (Fakhar & Hesari, 2013; Payne, 2018; S. J. 

Simpson, 2000). 

Conflict with the Roman, later Byzantine, Empire was virtually continuous (Sicker, 

2000), although the two empires viewed each other as equal rivals; the terms Basileús and 

Caesar were reserved exclusively in diplomatic documents for Sasanian kings and Roman 

emperors (Brockley, 1984, 1992; Canepa, 2009; Chrysos, 1978). The two empires exchanged 

lands in their frontier zone around western Mesopotamia and in the Caucasus and Arabia, as 

well as launching invasions into each other’s home territories (Canepa & Wiesehöfer, 2018; 

Sicker, 2000). The Sasanians also warred to their east, initially against the Kushan Empire and 

later against Hunnic tribal confederations such as the Göktürks and Hephthalite Khanate 

(Cameron, 2012; Rezakhani, 2017). Constant military campaigns at great distances and the 

threat of attacks from all sides were costly (Adams, 2006), necessitating agricultural surpluses, 

construction of military bases and coinage for payment (Howard-Johnston, 2014).  

 

Expansion 

Investment in the construction and maintenance of irrigation infrastructure, new cities 

and colonies, military defences, trade networks and mining activities was labour intensive, 

with many workers forcefully deported from conquered territories (Canepa & Daryaee, 2018; 

Morony, 2004). As a result, settlement and irrigation infrastructure peaks in the Sasanian 

Period in many archaeological surveys (Figure 43). In Lower Mesopotamia, a peak of 

settlement is observed in surveys in the Sirwan/Alwand river basin (Casana & Glatz, 2017; 

Panahipour, 2021), Diyala Plain (Adams, 1965), Deh Luran (Neely, 2016) and Khuzistan Plain 

(Adams, 1962; Wenke, 1987). Around the Persian Gulf and Fars, settlement numbers also 

peak at Bushehr (Carter et al., 2006) and the Kur River basin (Hartnell, 2014). In the Mughan 

Steppe, no raw settlement number datasets are available; but evidence nonetheless suggests 

that this region was part of the state’s expansion strategy; especially well-evidenced are canal 

systems and associated settlement along the Araxes River (Alizadeh & Ur, 2007; Ur & 
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Alizadeh, 2013). Elsewhere in the empire, unprecedented expansion of river-fed canal systems 

and installation of qanats occurred during the Sasanian Period (Campopiano, 2017) 

Unfortunately, settlement surveys, which date identified settlements primarily with 

ceramics and are used to date associated irrigation infrastructure, rarely provide chronologies 

that are more precise than just ‘Sasanian’ (visible in Figure 43), other ceramics are ascribed 

even broader chronologies that also encompass the Parthian and/or the early Islamic periods 

(Mousavi & Daryaee, 2012; Neely, 2016). This regards settlements as occupied for an entire 

period, although they may in fact have been occupied throughout, for only a short duration, 

or at multiple times throughout the period (Dewar, 1991; Plog, 1973) Thus, sites that were not 

contemporaneous may appear so (Premo, 2014; Schacht, 1984). Tighter chronological 

ceramic typologies have been established in some regions (Boucharlat & Haerinck, 1991; 

Kennet, 2002; Ucko & Puschnigg, 2006); however, diversity of traditions, a lack of distinctive 

forms, and inadequate examination and publication have hampered Sasanian ceramic studies 

(Mousavi & Daryaee, 2012). The names of some cities act as chronological indicators, 

associating them with the king who founded or re-established them; for example, Gor (now 

Firuzabad) was renamed Ardashir-Kwarrah by Ardashir I, and nearby Bishapur was founded 

by Shapur I in 266 CE (Karimian, 2010). Smaller settlements can sometimes be dated more 

precisely through rare coin finds attributed to specific rulers (Mousavi & Daryaee, 2012); 

however, on their own, coins only evidence occupation during a very small period, not what 

occurred earlier or later than the coin issue date.  

Expanding population and settlement, as well as long-distance military campaigning, 

necessitated agricultural surpluses. To investigate past flora and agriculture, palynological 

(pollen) records are utilised. There are numerous pollen records in the SE’s territory (Figures 

40 and 43), however, there are limitations to these records (Shumilovskikh et al., 2017). Of the 

six pollen records near the case-study regions, only two have numerous palynological 

samples during the Sasanian Period (Almalou: 7; Maharlou: 6) whilst the others are more 

limited (Parishan: 1, Neor: 1; Van: 2; Bouara: 3) (Djamali et al., 2009a, 2009b, 2016; Gremmen 

& Bottema, 1991; Ponel et al., 2013; Van Zeist & Woldring, 1978). Zeribar was not included in 

this study as there are no palynological samples relevant to the Sasanian Period (Van Zeist, 

1967). Excluding Van, which is dated by varve counts (Van Zeist & Woldring, 1978), these 

records were dated by means of varying numbers of radiocarbon dates, which have large 
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chronological uncertainties (often ± centuries) and bring further uncertainty when a small 

number are used to date a long record. In the discussed pollen records, the Sasanian Period 

is a peak of arboriculture, particularly walnuts (Juglans) and pistachios, and of cereal 

cultivation in some regions (Shumilovskikh et al., 2017; see Figure 44). 

Whilst the Sasanian Period is perceived as a peak of settlement, irrigation 

infrastructure, and agricultural productivity, this is potentially misleading due to broad 

ceramic periodisation and additional chronological uncertainties. Assigning specific causes to 

these changes (including climatic factors) requires the establishment of a tighter chronology. 
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Figure 44. Cereal (orange) and walnut (green) pollen percentages from lake palaeoenvironmental 
records from the European Pollen Database: Almalou, Bouara and Maharlou (Djamali et al., 2009a; 

Saeidi Ghavi Andam et al., 2020) 

 

When was the expansion? 

The Seshat databank, a systematic synthesis of archaeological and historical 

knowledge of historical polities into nine multi-variate characteristics, has been statistically 

assessed with Principle Component Analysis (PCA) and the first component (PC1) was found 
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to reflect societal “complexity”, The SE is one of the databanks case-studies, with the nine 

variables assessed for each century: polity population, polity territory, capital population 

(Ctesiphon), hierarchical levels, government complexity, infrastructure, information systems 

(i.e. record keeping), texts (publishing of literature), and sophistication of currency (Turchin et 

al., 2017, 2015; "complexity" data in Figure 43). Though historical quantification in projects 

such as Seshat suffers from inherent subjectivity and value judgments, and will require 

updating as future research is conducted, the record is useful for contextualising and 

summarising current understanding of broad societal change (Slingerland et al., 2020; 

Turchin, 2018; Turchin et al., 2012). The largest increase in PC1 is observed in the 4th century 

CE, with two further large increases in the 6th and 7th centuries CE (Figure 43). These 

correspond to two historically-attested periods of economic growth and military success 

(“growth-phase” hereafter) for the SE: 309-379 CE and 498-622/628 CE (Figure 42). 

 

Growth-Phase I 

The first growth-phase is coincident with Shapur II (309-379 CE), the longest reigning 

monarch in Iranian history, who expanded Sasanian territory into eastern Arabia, 

Mesopotamia, the Caucasus, and Central Asia (Daryaee, 2009a; Pourshariati, 2008; Rezakhani, 

2017). Eastern Arabia had been partially under the control of the Sasanians from the start of 

their reign, with cities founded there by Ardashir I (Potts, 1990). By the start of the 4th century 

CE, regions on the western and southern Persian Gulf (now NE Saudi Arabia, Bahrain, Qatar, 

UAE and N Oman) were no longer under Sasanian control and Arab tribes raided the coast of 

Fars (Gignoux, 1971; Kennet, 2007; Potts, 1990). Shapur II retaliated by leading a campaign 

across Arabia from 325 CE, reaching as far as Mecca and Medina, and founded cities in 

eastern Arabia by forced relocation of Arab tribesmen (Bosworth, 1983, 1999; Shayegan, 

2004). It has been suggested that eastern Arabia experienced a marked decline in Late 

Antiquity, however (Kennet, 2007; Ulrich, 2011; see grave goods in Figure 43). Shapur II 

reignited wars with the Roman Empire, eventually expanding Sasanian territory further into 

Mesopotamia, Georgia and Armenia (Daryaee & Rezakhani, 2016; Sicker, 2000). In the east, 

the empire expanded into Gandhara-Punjab to the north and to Sakistan-Sindh and past the 

Indus River in the south, with the construction of cities in these regions. This followed an 
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invasion of eastern Iran by the Chionites, who had previously removed the Kushano-

Sasanians from these regions (Rezakhani, 2017). The 4th-century increase in PC1 in the Seshat 

data can largely be interpreted as resulting from expansion into new territories and 

associated increases in population (Turchin et al., 2017). However, Shapur II also ordered the 

construction of new cities in the core territories (e.g. Eranshahr-Shapur) and the rebuilding of 

destroyed cities (e.g. Nisibis, Susa) (Daryaee, 2009a). Large-scale military complexes, forts and 

defensive walls were built from the 4th century CE, for example, Qal’eh Kharabeh and Fulayj 

(Al-Jahwari et al., 2018; E. Sauer et al., 2013, 2017). Expansion and construction, in addition to 

the establishment of the Sasanian hierarchical system and the completion of the Avesta, the 

sacred texts of Zoroastrianism, contributed to the rise in PC1 observed in the Seshat dataset 

(Daryaee, 2018; Turchin et al., 2015). 

 

Growth-Phase II 

The second growth-phase (498-622/628 CE) started with the second reign of Kavad I 

(498-531 CE) and ended following the second reign of Khosrau II (591-628 CE) (Rezakhani, 

2016). Kavad I originally ruled from 488-496 CE but was usurped following exploitation of the 

beliefs of Mazdak, a Zoroastrian high priest, to enact reforms that undermined the power of 

the nobles and clergymen (Crone, 2012, 2016; Daryaee & Canepa, 2018). He collaborated 

with the Hephthalites to reclaim his throne and resumed administrative reforms, which were 

completed under his son and successor Khosrau I (531-579 CE; see below) (Schindel, 2013a). 

Kavad I’s reforms included a re-evaluation of agricultural tax to ensure parity (Axworthy, 

2008), creation of a Zoroastrian institution to aid the lower classes (Daryaee & Rezakhani, 

2017), as well as infrastructure investment and a policy to block Byzantine trading in the 

Indian Ocean (Howard-Johnston, 2017; Seland, 2012). Proliferation of the Sasanian trade 

network is evidenced by 5th-7th century CE Sasanian silver coins, which are found in 

abundance across the Eastern Mediterranean and Middle East (Schindel, 2013b; Sears & Ariel, 

2000), as well as further afield in China (Li, 2006; Skaff, 1998), Central Asia (R.N. Frye, 1993; T. 

Li, 2021), and even in Britain (Abdy & Williams, 2006). Kavad I also reignited the war with the 

Byzantines, capturing land in the Caucaus where he founded new cities and forts, for 

example, Ultan Qalası most likely dates to this period (Alizadeh, 2011). He also reclaimed 
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Khorasan from the Hephthalites (Rezakhani, 2017). Peace was made with the Byzantines 

following the succession of Khosrau I in 531 CE, which allowed a continuation of reforms and 

a focus on centralisation and consolidation of power (Canepa & Wiesehöfer, 2018; Sicker, 

2000). A fixed agricultural tax was introduced, which meant that the treasury had a 

predictable income; the military was also reorganised with the establishment of the dehqan 

(entrepreneurial elite) class and their recruitment as cavalrymen (Farrokh, 2005, 2007). It was 

following these reforms that the perceived centralised and organised SE (described above) 

took shape. This enabled further successful military campaigning against the Byzantines c. 

540-562 CE (Lawrence & Wilkinson, 2017; Sicker, 2000), the Hephthalites from 557-560 CE 

(Rezakhani, 2017), and the Kingdom of Aksum in Yemen from 570 CE (Bowersock, 2013; 

Schippmann, 2001; Yule, 2007). In the late-6th and early-7th centuries CE, wars with the 

Byzantines continued and the Sasanians conquered significant swaths of land. The Sasanian 

army fought battles to take important cities in Byzantine territory, including Antioch, 

Jerusalem, and Alexandria, and they even laid siege to Constantinople. The empire was at its 

greatest extent between 619 and 628 CE, including Yemen, the previous frontier zone in 

Mesopotamia, the Levant, and Egypt (Cameron et al., 2012; Whittow, 2011; Figure 41). The 

consistent military successes and increases in the state’s territorial extent, administrative 

reforms, and infrastructure investment led to the increases observed in the Seshat PC1 

variable from the 5th-7th centuries CE (Turchin et al., 2017, 2015; data in Figure 43). 

 

The end of the Sasanian Empire 

Following the end of the second growth-phase, the SE experienced a rapid decline. 

The Byzantine Emperor Heraclius retaliated against the Sasanians, invading Mesopotamia, 

and raiding towns along the Tigris (Sicker, 2000). This led to the humiliation of Khosrau II 

(590-628 CE) and a coup d’état against him by his son Shērōē, who later renamed himself 

Kavad II (Daryaee & Rezakhani, 2017; Pourshariati, 2008). Shērōē had his father and brothers 

executed, and made peace with the Byzantines by returning all their lost territories (Payne, 

2014). After the death of Shērōē to the plague a few months later (Shahraki et al., 2016), civil 

wars broke out in the empire with 11 monarchs taking the throne between 628 and 632 CE 

(Daryaee and Rezakhani, 2016; Figure 42). Shērōē’s Plague (627/8 CE) was centred on 
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Mesopotamia and is reported to have caused significant loss of life in the SE (>100,000 

people) and was followed by another outbreak from 634-642 CE, which may be the same 

outbreak as the Amwas Plague in Syria (Bray, 2004; P. Christensen, 1993; Shahraki et al., 

2016). Similar theories of mass death from plague in the Byzantine Empire have recently been 

questioned, however, and further investigation into these plagues for the SE is required to 

confidently establish impacts (Eisenberg & Mordechai, 2019; J. Luterbacher et al., 2020; Meier, 

2020; Mordechai et al., 2019). The civil wars culminated with Yazdegerd III inheriting the 

throne at eight years old; however, many regional kings and governors had proclaimed 

independence, notably those in Arabia, and the empire had returned to a system akin to 

Parthian feudality (Kia, 2016; Pourshariati, 2008). The empires weakness emboldened attacks 

from the Göktürks in Central Asia and Khazars in the Caucasus, with Yazdegerd III eventually 

murdered in 651 CE in the city of Merv whilst attempting to flee from the invading Rashidun 

Caliphate (Wiesehöfer, 2010).  

The actual impact of these developments on communities within Sasanian territories 

has been hotly debated (e.g. Soroush, 2020). A reduction in settlement numbers is observed 

in archaeological surveys (Figure 43) and it is suggested that irrigation infrastructure, which 

required governmental organisation for successful maintenance, “collapsed” in the early 

Islamic period as it was no longer maintained (Asadi et al., 2013). Similar trends towards the 

end of Late Antiquity are observed in the Byzantine Empire (e.g. Baird, 2004; Decker, 2018) 

and Kingdom of Himyar (see Fleitmann et al., 2021; Schippmann, 2001). However, as 

mentioned above, ceramic chronologies are often broad for the Sasanian Period, so an 

overlap with the early Islamic period is common. Identifying the “end” of occupation 

therefore presents a significant challenge (Mousavi & Daryaee, 2012; Neely, 2016). For 

example, in Deh Luran only 54% of Sasanian/7th century CE Islamic settlements contain 

evidence of 8th/9th century CE Islamic occupation (Neely, 2016). Whilst this perhaps 

demonstrates a significant decline, it can be only vaguely dated to some point during the late 

Sasanian and early Islamic periods, which could be before, during, or after the Rashidun 

invasion at any given site. However, Soroush (2020, 2014) convincingly argues that 

infrastructure was less influenced by the invasions than often presumed, with consistent 

investment in Lower Mesopotamia throughout the Sasanian Period and after. She suggests 

that a gradual decline in the quality of irrigation infrastructure occurred in the 9th/10th 
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centuries CE associated with downcutting of river beds that increased the cost of 

maintenance (Soroush, 2020; Walstra et al., 2010), whereas others suggest the same 

phenomenon may have resulted from power struggles and inter-dynastic wars (Alizaddeh et 

al., 2004; P. Christensen, 1993). Similarly, in the Mughan Steppe the chronology of 

abandonment of Sasanian settlements is unclear and may have occurred before or after the 

Islamic conquest of the region (Alizadeh et al., 2021). In the Persian Gulf, a reduction in site 

numbers at Bushehr (Carter et al., 2006) is mirrored in the Mohr, Lamerd, Dezhgah and Bastak 

districts (Asadi, 2010; Asadi et al., 2013; Askari Chaveri & Azarnoush, 2004). The 

abandonment of fortified sites in this region following the conquests, which acted as 

administrative centres for local agriculture, is suggested to have led to the observed 

reduction in settlements (Asadi et al., 2013). 

In the palaeoenvironmental records described above, broadly speaking, pastoralism 

increased following the Islamic conquest, with a scaling back of arboriculture (Shumilovskikh 

et al., 2017). However, these changes are not clear in all records, being hampered by low 

sampling resolution and chronological uncertainties. The records also show varied changes; 

for example, peak cereal pollen is observed around the turn of the 4th century CE in Almalou 

and Bouara, followed by a decline (Figure 44; Djamali et al., 2009a; Gremmen & Bottema, 

1991). Both Almalou and Maharlou suggest a reinvigoration of cereal agriculture around the 

start of the 9th century CE (Djamali et al., 2009a, b; Saeidi Ghavi Andam et al., 2020). More 

samples from existing records, new records, and tighter chronological precision are required 

to improve our understanding of these changes.  

 

6.2.3. Climatic fluctuations and agricultural resilience in the Sasanian Empire 

This section examines the ability of the SE to withstand climatic fluctuations (resilience 

hereafter; Brand and Jax, 2007). Firstly, modern spatial and seasonal variability of climate are 

summarised to establish “baseline conditions”; these are crucial for the following assessment 

of which climatic variables will be most impactful. Secondly, mechanisms through which 

climate could impact the SE are investigated. Finally, adaptations that improve resilience to 

climatic fluctuations are assessed.  
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Modern Climate 

The region previously occupied by the SE was large. Currently this area has large 

ranges of precipitation and temperature, various seasonal patterns, and high inter-annual 

variability, with many regions being water-stressed (Barlow et al., 2016; Gerlitz et al., 2020). 

Hydrological conditions are the focus here, due to their relative heterogeneity, importance 

for agriculture, and propensity to be recorded in high-resolution palaeoclimate proxies.  

To establish spatial and seasonal variability, annual and monthly precipitation data 

from 10 weather stations were collected from the KNMI Climate Explorer (van Oldenborgh, 

2020; Peterson & Vose, 1997), and are collated in Figure 45. Stations across the western SE 

with >50 years of data (r=52-120, m=86) were selected. Average annual precipitation is 

relatively low (82-380mm) in most of the analysed weather stations; Lenkoran is the 

exception (1181mm) due to its coastal location (-13m asl) and influence from the Caspian 

Sea. The two northern stations, Yerevan (Armenia) and Lenkoran (Azerbaijan), have a winter-

spring wet season and experience an autumn precipitation peak (Figure 45). Cyclones from 

the Black Sea and Caspian Sea transport moisture through the Caucasus and northern Iran, 

which precipitates as air masses rise over the regions mountains (Evans et al., 2004; Maslova 

et al., 2020; Molanejad et al., 2015; Molavi-Arabshahi et al., 2016). All other weather stations 

have a single winter-spring wet season (Nov-Mar; 72-95% of annual precipitation) and very 

dry summers (Jun-Aug; 0.02-2.89%). Winter precipitation originates from westward storm 

tracks and winter cyclones originating in the North Atlantic or Mediterranean, and is 

enhanced as these air masses rise over mountains (Ulbrich et al., 2012). Inversely, 

precipitation is reduced on the lee side of the mountains and further away from the coasts 

due to rainout (Evans et al., 2004). For stations near the southern coasts (Basrah, Bushehr, 

Jask, Seeb), the wet season has a distinct winter peak (Nov/Dec-Feb), whereas at the inland 

stations (Mosul, Tehran, Baghdad, Kerman) precipitation is more evenly distributed across 

winter and spring (Nov-Apr). Conditions are exceptionally hot and dry in Iran, and especially 

in the southern deserts (e.g. average annual precipitation at Jask and Seeb is 115 and 82mm, 

respectively; Djamali et al., 2011; Mildrexler et al., 2006), caused by the subtropical high 

system blocking westerly frontal systems in the summer (Babaeian & Rezazadeh, 2018).  
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Figure 45. Modern precipitation in Sasanian territories. Map shows CRU TS4.04 (1901-2019) averaged 
monthly precipitation (University of East Anglia Climatic Research Unit et al., 2020). Coloured circles 

represent weather stations, labelled with their average monthly precipitation and matching with their 
seasonality of precipitation graphs (right). Weather stations with the greatest number of years with 
data (>50) were selected (Range: 52-120, Mean: 86). Weather station data from (Peterson and Vose, 

1997). All data collected from the KMNI climate explorer (van Oldenborgh, 2020). 

 

Positive phases of the North Atlantic Oscillation (NAO) may decrease precipitation 

and Tigris-Euphrates streamflow (Cullen et al., 2002; Cullen & DeMenocal, 2000); however, 

examination by Evans et al. (2004) suggests this influence from the NAO may be limited to 

the southern Zagros region. Total solar irradiance (TSI) and volcanic activity also influence 

climatic conditions in the Middle East, with particularly strong cooling and drying from 

volcanic eruptions during positive phases of the NAO (Dogar et al., 2017; Mendoza, 2005). 

The relationship between precipitation, temperature, and forcing mechanisms – the 

influences which determine climatic conditions – is ultimately, however, poorly understood. 

 

Agricultural Productivity  

Direct societal impacts from climate change are caused either by alterations of 

agricultural productivity, or loss of human life and infrastructural damage during short-term 
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cataclysmic events (SCEs: heat-waves, storms, floods) (Mordechai, 2018). Consequently, 

secondary impacts are experienced through agricultural productivity’s relevance to the 

economy (see below; Zhang et al., 2011). Potential Agricultural Productivity (PAgP: Contreras 

et al., 2019) is determined by many natural factors, with the agricultural strategies employed 

by humans contributing to the actualised productivity of a region (discussed below). For 

PAgP (also called bio-productivity or plant growth), three climatic variables have differing 

importance by region: water availability, temperature, and sunlight. Across the SE, the 

primary climatic constraint to PAgP is water availability (precipitation-evapotranspiration; 

“effective moisture” hereafter). However, temperature is a secondary constraint across the 

Fertile Crescent and sunlight is important in the Caucasus (see Nemani et al., 2003).  

Whilst it is often assumed that higher temperatures and increased effective moisture 

will increase agricultural productivity, this relationship is not simple, especially in (semi-) arid 

regions (Haldon et al., 2014). The diverse conditions described above mean that impacts from 

specific climate changes vary per region. For example, relatively low average annual 

precipitation in most of the examined weather stations (82-380mm, see above) and the 

importance of effective moisture to bio-productivity, mean that drier phases could be 

potentially devastating to agriculture in many regions. However, northern regions that 

experience high precipitation (e.g. 1181mm/yr at Lenkoran), may be relatively unafflicted by 

hydroclimatic fluctuations. Inversely, whilst warmer temperatures in northern regions may 

promote high bio-productivity, in the exceptionally hot deserts, cooler temperatures may 

promote plant growth by reducing evaporation, thus increasing effective moisture (Gohari et 

al., 2013). Rainfed agriculture, which requires minimum precipitation of 250mm/yr (Hole, 

2007), is not possible in many regions under current climatic conditions (Gholikandi et al., 

2013). The three most northern weather stations (Yerevan, Lenkoran and Mosul) and Bushehr 

on the western Persian Gulf experience >250mm/yr on average (Figure 45), opening the 

possibility for rainfed agriculture. Regions with precipitation close to the minimum may be 

particularly vulnerable to increased climatic variability, if a community adapts to utilise 

rainfed agriculture and conditions subsequently deteriorate (Hole, 2007). Extreme heat and 

low precipitation led to a reliance on hydraulic infrastructure and diverse agro-pastoral 

strategies to overcome deficiency of effective moisture (Seyf, 2006; Shumilovskikh et al., 

2017; Soroush, 2020). 
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Agricultural Adaptations 

In Mesopotamia, the Babylonian Talmud, written about Jewish communities during 

the 3rd-5th centuries CE and completed around the turn of the 6th century CE, reveals an 

extensive list of cultivated crops and animals (Listed in Table 5; Elman, 2004). 

Palaeoenvironmental records suggest that arboriculture was important, particularly walnuts 

(Juglans pollen) and pistachios (Shumilovskikh et al., 2017). Animal exploitation, as discussed 

in the Talmud and revealed by zooarchaeological remains, was also extensive and relied 

mainly on sheep/goats and cattle, with pigs largely absent from peoples diet perhaps as a 

result of Semitic influence on Zoroastrianism (Foltz, 2010; Gignoux, 1994; Mashkour et al., 

2017). Agricultural strategies included: fallowing ground, i.e. leaving it unplanted for a year; 

crop rotation, i.e. planting different crops sequentially to improve soil quality; intercropping, 

i.e. growing crops in proximity that benefit one another; and manuring fields, normally by 

arrangement between land owners and herders (Adamo & Al-ansari, 2020; Decker, 2009a; 

Elman, 2004). 

 

Table 5. List of agricultural produce and animals raised and bred for meat, in order of importance, in 
Sasanian Mesopotamia (3rd-5th centuries CE). Information is from the Babylonian Talmud, a description 

of contemporary Jewish communities (Adamo & Al-ansari, 2020; Elman, 2004) 

 Grains Other crops Animals 

1 Wheat Pulses Sheep 

2 Barley Vines Cows 

3 Spelt Dates Oxen 

4 Rye Sesame Chicken 

5 Oats Flax Ducks 

6 Rice Vegetables Geese 

7 Millet   

 

Perhaps more important was the organised use, installation and maintenance of 

irrigation structures, such canals, dams, weirs, and qanats (Gyselen, 2002; Manuel et al., 2018; 
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Payne, 2014). Investments in irrigation unparalleled until modernity (Casana & Glatz, 2017) 

meant large areas of previously inarable land was now cultivated, and regions where rainfed 

agriculture was previously practiced had increased agricultural productivity. River-fed canal 

systems associated with the Tigris-Euphrates River system expanded. One of the largest 

Sasanian imperial projects was the hydraulic system at Shushtar, which comprised the Gargar 

canal and the Shadurwan weir-bridge. The Shadurwan is over 500m in length and created a 

reservoir in the Karun River (Alizaddeh et al., 2004; Campopiano, 2017; Moghaddam, 2012; 

Soroush, 2014, 2020). The canal system at Shushtar,and others such as the Nahrawān, 

systematically gridded huge swaths of land, spanning hundreds of kilometres (Altaweel et al., 

2019; Asadi et al., 2013; Hartnell, 2014). Canal systems and associated infrastructure were also 

common in the Mughan Steppe, along the Araxes River, and around the Persian Gulf, 

especially in Fars (Alizadeh & Ur, 2007; Carter et al., 2006; Hartnell, 2014; E. Sauer et al., 2017; 

Ur & Alizadeh, 2013).  

Qanats, which utilise gravity transport of water from upland regions to arid plains 

through underground tunnels, were frequently used in the SE. They are particularly abundant 

in the Central Plateau east of the Zagros mountains (Beaumont, 1971), but are also found in 

the southern Iranian deserts, eastern Arabia, Mesopotamia and further west in Syria 

(Lightfoot, 1996; Manuel et al., 2018). Qanats are insensitive to hydroclimatic fluctuations, as 

they draw water from aquifers rather than rivers or rainfall, and, due to their subterranean 

nature, resistant to evaporation. This causes them to have a near-continuous flow that only 

varies slightly between wet and dry years (Kheirabadi, 1991; Manuel et al., 2014, 2018). 

Qanats require careful planning, construction, and maintenance but when managed 

successfully they significantly enhance both agricultural potential and security from short-

term climate fluctuations (Beaumont, 1971; Semsar Yazdi & Semsar Yazdi, 2020).  

Climatic factors are especially important for regions where agriculture is the key 

component of the economy, which is common in SW Asia and the history of Iran (Hijioka et 

al., 2014; Seyf, 2006). The Sasanian economy was primarily agricultural, which was enhanced 

by the irrigation described above (Canepa & Daryaee, 2018; Fakhar & Hesari, 2013; Hartnell, 

2014). Centres with specialised artisans were established to manufacture commodities, which, 

in addition to agricultural produce and rare resources such as Persian Gulf pearls and 

precious metals, were traded across Eurasia and east Africa via maritime routes in the Arabian 
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and Caspian Seas, Indian Ocean, and Mediterranean, as well as over land on the Silk Route 

(Daryaee, 2003, 2009b; Frye, 1993; Richard N Frye, 1972; Howard-Johnston, 2017; T. Li, 2021; 

Majd & Taheri Sarparvar, 2016). Investments in the irrigation infrastructure, in addition to 

foundation of new cities and trade networks, all created institutions that could be taxed 

(Canepa & Daryaee, 2018). Taxation by the SE created exceptional wealth for the treasury, 

especially in the Late Sasanian Period following the reforms of Khosrau I.  

In summary, as agriculture was the primary component of the Sasanian economy and 

the empire contains exceptionally hot and dry regions, hydroclimatic fluctuations had the 

potential to cause significant damage. However, careful management of irrigation 

infrastructure, diverse agro-pastoral strategies and techniques, and trade of non-agricultural 

products may have mitigated against some impacts.  

 

6.2.4. Climate change in the Sasanian Period 

Palaeohydrological conditions 

For Sasanian Persia, eight available continental palaeohydrological records (Table 6) 

are the focus of this paper, due to the importance of effective moisture in determining 

potential agricultural productivity. Environmental and erosive conditions in arid environments 

lead to scarcity and unevenly distributed palaeoclimate records, mainly due to continental 

records (speleothems, lakes, trees) requiring adequate effective moisture to form (for 

speleothems, see Burstyn et al., 2019; Appendix B.1). The eight available records are thus 

limited to the western regions around the FC (Figure 41) and at high elevations (650-2500m 

asl), due to their intermontane nature. Of these, four are high-resolution (Neor, Gejkar, Kuna 

Ba, Hoti) and the other four are low-resolution (Van, Katalekhor, Zeribar, Mirabad). The high-

resolution (33.5-46 samples/100y) group has an average of 2.63 years between each sample, 

whereas the low-resolution (0.3-1.5 samples/100y) group averages 111 years between each 

sample. The high-resolution records are utilised more frequently here as they are more 

reliable, with precise age-models and proxies which are confidently linked to regional 

hydroclimatic fluctuations at scales appropriate for analysis of human-environment 

interactions (Finné et al., 2011; Knapp & Manning, 2016). The reliability of the high-resolution 
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records is increased as each contains multiple proxies that corroborate each other. 

Furthermore, the Kuna Ba and Neor records are replicated across multiple speleothems and 

lake cores, respectively (Comas-Bru & Harrison, 2019; Sharifi et al., 2015; Sinha et al., 2019). 

The low-resolution records cannot be used to characterise short term palaeoclimate change; 

however, they can be utilised for assessing climatic differences between centuries.  

 

Table 6. Palaeohydrological records in Sasanian Persia (see Figure 41 for locations). Interpretation is 
that given by the original authors. Resolution is averaged across all data for the first millennium and 

high-resolution archives are in bold. All records, except Neor, will show a winter-bias due to 
seasonality of precipitation. 

Archive Proxy Interpretation Resolution 
(samples/100y) 

Elev. 
(m asl) 

Reference(s) 

Lakes:  
Van δ18O Humidity 0.8 1648 Wick et al., 2003 

Barlas Şimşek & 
Çağatay, 2018 

Neor Ti Dust Influx/ 
Aridity 

33.5 2500 Sharifi et al., 2015 
 

Zeribar δ18O 
 

Seasonality/ 
Precipitation 

Amount 

1 1300 Stevens et al., 2001 

Mirabad δ18O 
 

Seasonality/ 
Precipitation 

Amount 

0.3 800 Stevens et al., 2006 

Caves:  
Katalekhor δ18O 

 
Precipitation 

Amount 
1.5 1719 Andrews et al., 2020 

Gejkar δ18O 
 

Effective 
Moisture 

46 650 Flohr et al., 2017 
 

Kuna Ba δ18O 
 

Precipitation 
Amount 

33.6 660 Sinha et al., 2019 
 

Hoti δ18O 
 

Precipitation 
Amount 

39 800 Chapter 5 

 

From the raw palaeoclimate proxy data (Figure 46), centurial z-score averages were 

calculated for all records (Figure 47a) and decadal z-score averages were calculated for the 

high-resolution records (Figure 47b). Z-scores are standardised units which enable simpler 

comparison of different variables, calculated by dividing the difference between a value and 

the dataset’s mean by its standard deviation. In the records discussed in this paper, positive 
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(negative) z-scores represent conditions drier (wetter) than mean conditions. An average of 

all z-scores was calculated for each resolution, which broadly characterises climatic 

conditions across western Sasanian Persia. However, as records are not always in agreement, 

likely due to spatial heterogeneity of climatic conditions and the different character of each 

record (emphasised in Chapter 3), this calculated variable will miss sub-regional 

palaeoclimate change.  

 

Figure 46. Palaeoclimate records in the Sasanian Empire, aligned from N-S. Records are aligned so that 
peaks represent enhanced precipitation/wet winters. Locations in Figure 41 and metadata in Table 6. 
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The palaeoclimate proxy records reveal significant variability during the Sasanian 

Period (Figures 45 and 46). From the start of the common era, the high-resolution records 

indicate that effective moisture was increasing, until a peak in the first century CE. Following 

this, effective moisture declines at Katalekhor, Gejkar, Kuna Ba and Hoti caves, reaching a low 

between 125 CE and 175 CE, which is reflected in the centurial average z-score (Figure 47a). A 

short-lived amelioration of climate is then observed, in the Kuna Ba and Gejkar records, 

before a return to arid conditions preceding the Sasanian takeover from the Parthians (200-

220 CE). For the remainder of the third century, effective moisture is more stable and is 

increasing in some records (Van, Katalekhor, Gejkar, Kuna Ba) but decreasing in others (Neor, 

Zeribar, Hoti). From 300-480 CE, effective moisture is relatively stable (Figure 47b), with 

increases in some records (Van, Neor Zeribar, Gejkar, Kuna Ba). The centurial average z-score 

shows a generally dry 5th century CE, influenced by the declines at Van and Katalekhor, as 

well as the drier conditions in the late-5th century CE suggested by Neor and Hoti. Drying 

from ~480 CE is arguably the most significant of the palaeoclimatic shifts in these records. A 

period of very low effective moisture is suggested by the Van, Neor, Katalekhor and Hoti 

records at ~480-540 CE. In the Neor and Hoti decadal averages, the 510s and 520s have the 

driest conditions, respectively. However, in the high-resolution Kuna Ba record a less 

significant shift is observed and comes later at ~540 CE. Somewhat drier conditions are 

observed in all records during the 6th century CE, enhancing the centurial and decadal 

averages (Figures 46a and 46b). 
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Figure 47. Centurial (left) and decadal (right) average z-scores for palaeoclimate records in the 
Sasanian Empire, aligned from N-S. Records are aligned so that peaks represent enhanced 

precipitation/wet winters.  Averages of all z-scores are displayed at the top of both graphs, decadal 
average was calculated using only the high-resolution records. 

 

It is striking that most of the palaeoclimate proxies suggest a dry phase that starts 

prior to the 536 CE dust-veil event (DVE)(see below). This historically-attested event arose 

from three volcanic eruptions, which added aerosol to the stratosphere causing significant 

global forcing and triggering cold conditions across much of the northern hemisphere (Sigl 

et al., 2015; Toohey and Sigl, 2017). The end-date of this period is uncertain, possibly being 

sustained for over a century due to ocean and sea-ice feedbacks or further eruptions (The 

“Late Antique Little Ice Age“ (LALIA); 536-650 CE) (Büntgen et al., 2016; Helama et al., 2018; 
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Peregrine, 2020) or lasting just over a decade “536-550 CE climate downturn” (Newfield, 

2018). Whilst it is a possibility that the drying observed prior to 536 CE is merely due to 

dating inaccuracies and the reduction in effective moisture in all records is caused by the 

DVE, it is unlikely that a similar error would occur in multiple records dated with different 

techniques (radiocarbon, uranium-series). Furthermore, palaeoclimate proxies from 

surrounding regions - the Aegean (Skala Marion, Trichonida, Mavri Trypa), Anatolia (Sofular, 

Nar, Kocain), the Levant (Jeita, Kfar Giladi, Soreq), and Central Asia (Tonnel’naya, Uluu-Too) – 

also suggest reduced effective moisture prior to 536 CE (Bar-Matthews et al., 2003; Cheng et 

al., 2016, 2015; Dean et al., 2018; Finné et al., 2017; Fleitmann et al., 2009; Morin et al., 2019; 

Psomiadis et al., 2018; Seguin et al., 2020; Wolff et al., 2017; Chapter 3). Further evidence 

comes from historical records, with an increase in the number of references to droughts in 

the Middle East from 500-540 CE (see Chapter 5; McCormick et al., 2012). Specific to Persia, 

there was a famine in 527-529 CE and a drought in 536 CE that ruined pasturage and forced 

15,000 Arabs to cross into Byzantine territory (McCormick et al., 2012; Teleles, 2008).  

After a brief amelioration of climate around ~560 CE, another slightly drier period is 

observed in the high-resolution records that ends 620 CE at Neor and Hoti, and 670 CE at 

Kuna Ba. The 7th century CE experienced further amelioration of climate, with the wettest 

conditions suggested by centurial average z-scores and, more specifically, in the 680s in the 

decadal average (Figure 47). After the end of the SE, another period of low effective moisture 

stands out from the palaeoclimate records. Between ~860-960 CE, exceptionally dry 

conditions are observed in all records except Van. Although not relevant for Sasanian history, 

this arid phase is especially pronounced and causes the 9th century CE average z-score and 

890-920 CE decadal averages to be the driest of the entire first millennium CE (Figure 47). 

The onset of drier conditions around the start of the 10th century CE are also suggested by 

sea sediment core OS73 from the Gulf of Oman (Miller et al., 2016). This may be related to 

the start of the Medieval Climate Anomaly (MCA) (see Xoplaki et al., 2016). 

 

Temperature and forcing mechanisms 

The links between palaeohydrological changes, temperature, and forcing mechanisms 

are poorly understood in Southwest Asia (Chapter 3). In Figure 48, the decadal z-score 
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average of high-resolution effective moisture records is compared to temperature 

reconstructions and forcing variables (aligned W-E). High-resolution temperature 

reconstructions are primarily derived from studies of tree-ring width, which currently do not 

extend into the first millennium CE in Southwest Asia due to aridity. Within the region, 

reconstructions are all sea surface temperatures (SSTs) from sea cores and are thus low 

resolution records: the Aegean (Gogou et al., 2016: Figure 48e) and the Persian Gulf 

(Safarkhani et al., 2021: Figure 48g). External temperature reconstructions are also included as 

they are higher resolution and temperature variability is more homogenous than 

hydroclimatic fluctuations (Jürg Luterbacher et al., 2012). The PAGES 2k Consortium (2019) 

temperature anomaly dataset (Figure 48a) utilises 257 archives, of which none are from the 

Middle East. Summer temperature anomalies from tree-rings in the Alps (Figure 48d) and 

Altai (Figure 48h) mountain ranges are included (Büntgen et al., 2016). Records of total solar 

irradiance (TSI: Figure 48b) calculated from Greenland ice cores, the North Atlantic Oscillation 

(NAO: Figure 48c) and global volcanic forcing (GVF: Figure 48i) are also included for 

comparison (Franke et al., 2017; Sigl et al., 2015; F Steinhilber et al., 2009; Friedhelm 

Steinhilber et al., 2012; Vieira et al., 2011). 

There is broad disagreement between the high-resolution (and external) temperature 

reconstructions and those produced from Middle Eastern archives. It is unclear whether these 

are caused by regional variation in climate, or chronological uncertainties in the sea sediment 

cores. Of note is relative stability in the high-resolution archives (especially from the Altai) 

until a decline in temperatures ~536 CE, coincident with the volcanically induced DVE. A 

relative stability is also observed in the decadal average z-scores (Figure 48f); however, 

fluctuations are seen in the individual palaeohydrological records (see above; Figures 45 and 

46). Sea surface temperatures (SSTs) from the nearby Persian Gulf suggest more fluctuating 

conditions, with notable colder (~200, 380, 460, 710 CE) and warmer (~280-340, 410, 560-610 

CE) phases (Safarkhani et al., 2021). Colder conditions from the mid-7th century CE are also 

suggested by low TSI (Figure 48b) and Aegean core M2 SSTs (Figure 48e). 
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Figure 48. Temperature and forcing mechanism records, aligned from W-E. (a) Global temperature 
anomaly record (PAGES 2k Consortium et al., 2019). (b) Total Solar Irradiance as deviations from the 
1986 value of 1365.57  w/m-2 (F Steinhilber et al., 2009; Friedhelm Steinhilber et al., 2012; Vieira et al., 

2011). (c) Positive and negative states of the North Atlantic Oscillation (Franke et al., 2017). (d) 
European Alps summer (June-August) temperature anomalies (Büntgen et al., 2016). (e) Aegean sea 
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surface temperature sea sediment core record (Gogou et al., 2016). (f) Decadal z-score averages (from 
Figure 47b). (g) Persian Gulf sea surface temperature sea sediment core record, grey lines represent 
averages from sedimentary units (Safarkhani et al., 2021). (h) Russian Altai summer (June-August) 

temperature anomalies (Büntgen et al., 2016). (i) Global volcanic forcing from known volcanic 
eruptions (Sigl et al., 2015). Tree-ring temperature anomaly reconstructions with respect to 1961-1990 

CE (a, d, h), displayed as annual records (grey) and 15-year averages (colour). 

 

6.2.5. Socio-economic impacts from climate change? 

In the previous sections, the complex and detailed history of the SE and high-quality 

palaeoclimate evidence from the Middle East has been contrasted with weaknesses in the 

archaeological and palaeoenvironmental data that is essential to establishing causal 

mechanisms between climatic and societal change. Expansion and, especially, the end of 

Middle Eastern empires and communities, are frequently studied in relation to environmental 

factors (e.g., Kaniewski and Van Campo, 2017; Sinha et al., 2019; Chapter 5). However, the 

enduring success and subsequent rapid decline of the SE has not been examined within its 

climatic context. Here, I present a discussion of climatic influences on the history of the SE, 

followed by suggestions for future research. 

 

Climate-driven growth? 

Disentangling the factors contributing to the two growth-phases for the SE is 

challenging. Considering current evidence, the role of climate appears negligible. The first 

growth-phase occurred during a relatively stable period of effective moisture, with a low 

centurial average z-score and increasing effective in some records (Van, Neor, Zeribar, Gejkar, 

Kuna Ba). Additionally, there is a peak of cereal pollen percentages during the 4th century CE 

in lake palaeoenvironmental records from Van, Almalou and the Bouara salt marsh (Djamali 

et al., 2009b, 2009a; Saeidi Ghavi Andam et al., 2020; Van Zeist and Woldring, 1978; Figure 

44). From an environmentally-deterministic standpoint, it could be tempting to say that 

stable climatic conditions enabled the first growth-phase through increased agricultural 

productivity. However, the situation is more complicated. Wild grasses, which are the 

ancestors of cultivated cereals, release pollen in large quantities which is indistinguishable 

from that of domesticates (Bottema et al., 1990; Shumilovskikh et al., 2017; Zohary et al., 
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2012). Persistently cooler temperatures are suggested for this period in the high-resolution 

global temperature reconstruction (PAGES 2k Consortium et al., 2019; Figure 48a) and the 

Alps temperature anomalies (Büntgen et al., 2016; Figure 48d), possibly related to a 

persistently negative NAO (Franke et al., 2017). Cool temperatures can have more severe 

effects on human health and societies than warming (McMichael, 2012), although maybe not 

in arid locations (Haldon et al., 2014; see above). Furthermore, the second growth-phase 

occurs alongside some of the driest (and possibly coolest) conditions of the entire Sasanian 

Period. The highest (driest) centurial z-score average for the Sasanian Period is the 6th century 

CE, influenced by particularly dry conditions in the period 490-550 CE (Figure 47). These are 

the same conditions that contributed to a significant decline in the Kingdom of Himyar (From 

~480 CE; Chapter 5). Interestingly, Peregrine (2020) argued for both a negligible temperature 

change and no significant social change at the start of the LALIA in Sasanian Khuzestan – 

looking at the decades 525-535 and 536-546 CE. However, he also utilises the PAGES 2k 

Consortium et al. (2019) dataset for establishing temperature, but their 5° spatial 

reconstruction which is weak for this region due to lack of suitable temperature proxy 

datasets. 

This second growth-phase presents many important questions that deserve future 

research: Did the Sasanians truly expand during this period of drier climatic conditions? What 

made the SE resilient to this period compared to other polities which experienced decline 

during similar climatic conditions? Is there any evidence to suggest drier climatic conditions 

were a civilising factor (Rosen, 2007) in this period, necessitating adaptation which 

contributed to growth? And, if climatic conditions had relatively little impact (as seems likely), 

then what were the important factors behind the growth-phases of the SE? This final 

question is the most complicated, but with current evidence it could be suggested that 

certain economic policies and military aspirations from particularly effective kings (Shapur II, 

Kavad I and Khosrau I) were important. 

 

Climate-driven “collapse”? 

Perhaps the most common hypothesis regarding climatic impacts on societies is that 

“extreme” hydroclimatic changes, combined with warming or cooling, caused failed harvests 
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thus leading to “collapse” (Degroot et al., 2021; Haldon et al., 2020). Whilst the overwhelming 

focus on negative impacts from climate mischaracterises human-environment relationships 

and these arguments often suffer from inherent environmental determinism, they remain 

sensational and frequent due to the current significance and fear of climate change. Studying 

factors that contribute to a polity or region’s “collapse” – commonly interpreted as a loss of 

socio-economic complexity, inter-connectivity, and settlement and/or demographic density – 

is important however, to prevent negative events in the future. 

As discussed above, the driest climatic conditions during the Sasanian Period pre-

date the empires decline (from 628 CE) and end (651 CE) by over a century. The role of 

climate in the end of the SE thus also seems negligible. Internal conflict, protracted wars with 

the Byzantine Empire and Hunnic tribal confederations, and perhaps plague epidemics, that 

lowered the Sasanians’ defensive capabilities before the invasion by the Rashidun Caliphate 

were more important. Additionally, the experience of this “collapse” on local levels appears to 

have been varied, with recent research suggesting settlement and investment in irrigation 

structures continued through the Late Sasanian and into the Early Islamic periods. 

Furthermore, degradation of infrastructure is often considered to result from harsh climatic 

conditions. In the SE, damage to infrastructure is later than the drier conditions and appears 

to represent a symptom of decline rather than a cause, with the requirement for organisation 

and planning no longer provided by the fragmented SE. It has previously been suggested 

that nomadic groups in Central Asia and the conquest by the early Caliphate may have been 

enabled or “pushed” by climatic conditions (Bulliet, 2009; Büntgen et al., 2016, 2020). Current 

evidence (Figure 49), however, shows no simple correlation with wars/invasions and climatic 

conditions.  
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Figure 49. Sasanian wars with empires and kingdoms from Central Asia and the Arabian Peninsula 
compared to 15-year averages of global temperature anomalies (PAGES 2k Consortium et al., 2019; 

same as Figure 48a) and palaeohydrological records from Uluu-Too Cave (Wolff et al., 2017), 
Tonnel’naya Cave (Cheng et al., 2016), and Hoti Cave (Chapter 5). Records are aligned so that peaks 

represent enhanced precipitation/wet winters. 

 

A useful comparison with the SE is the preceding Parthian Empire. Prior to their 

replacement by the Sasanians in 224 CE, they were distracted and exhausted which enabled 
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Ardashir I, and his father Papak, to consolidate their power in the south unabated (R.N. Frye, 

2005). Firstly, conflict with Rome has been occurring since 54 BCE, but escalated in their final 

century, with invasions of Mesopotamia in 164-165 CE, 195-197 CE, and 216-217 CE, leading 

to the loss of northern Mesopotamia (Bivar, 1983; Katouzian, 2009; Sicker, 2000). Secondly, a 

maritime trade-route between India and the Red Sea became dominant; this diminished the 

Parthian economy which was centred around acting as conduits for international trade 

(Sicker, 2000). Thirdly, the Antonine plague (an outbreak of smallpox), likely had a 

devastating impact inside the Parthian Empire. The outbreak had spread along trade-routes 

to China, India and Mesopotamia, and was contracted by a Roman soldier during an attack 

on Parthian Seleucia 165 CE (Bivar, 1970, 1983; de Crespigny, 2007). In the Roman Empire, 

conservative estimates predict the disease killed ~1 million people (Gilliam, 1961; Haldon et 

al., 2018c). Evidence for the impact inside the Parthian Empire is lacking, however. The final 

factor previously considered is internal strife (civil wars and rebellions). In 207 CE, Vologeses 

VI inherited the Parthian Empire, but in 212 CE his brother, Artabanus V, rebelled and 

established himself as an independent ruler over Mesopotamia (Bivar, 1983). However, 

inversely to the Sasanian Period, current evidence suggests that climatic fluctuations do 

correlate temporally with these changes. Two periods of low effective moisture (125-175 CE 

and 200-220 CE) can be seen in Figures 45 and 46, especially in the Kuna Ba and Gejkar Cave 

records (Flohr et al., 2017; Sinha et al., 2019) and are perhaps also evidenced in the Neor, 

Katalekhor and Hoti records (Andrews et al., 2020; Fleitmann et al., 2021; Sharifi et al., 2015). 

A cold spell is also observed in the high resolution temperature reconstructions from 175-

200 CE (Figure 48). Hatred of the Parthians by Ardashir I and subsequent Sasanian kings, 

however, appears to have been more related to a belief in a divine right to rule and the non-

traditional Parthian decentralised system of leadership (see Bosworth, 1999). There is no clear 

link between these factors and the climate change discussed above. The decline and eventual 

end of the Parthian Empire does not require climatic change to be explained. Future work 

may highlight it as one of several factors leading to rebellion against Parthian; however, this 

seems unlikely as new historical sources (which are lacking) would be required to ascertain a 

causal connection. 
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6.2.6. Conclusions and future research agendas 

In conclusion, current evidence suggests that the impact of climate change on the SE 

was negligible, despite experiencing the same conditions that had significant societal impacts 

on other contemporaneous polities (e.g. Chapter 5). However, it must be stressed that further 

work is needed is four important research areas to increase the confidence of conclusions.  

1. Palaeoclimate records: Due to high spatial variability of climatic conditions, 

additional palaeoclimate records are required. More records from the Zagros Mountains and 

Fertile Crescent (Gejkar, Kuna Ba, Shalaii caves) covering Late Antiquity are required to 

discern what makes the Kuna Ba record different. The shift to drier conditions observed pre-

500 CE is observed at Hoti Cave (Oman) and Neor Lake (N Iran), as well as in records from the 

Aegean, SW Turkey, and the Levant, appears to be a large-scale phenomenon. Disentangling 

the various influences (cave-specific, the NAO, shifts in the storm track, topography etc.) on 

records will be crucial for understanding climatic variability.  More strikingly, there are large 

gaps in the network of records that need filling: the eastern parts of the SE (no records 

between 50-70ºE), the Caucasus, the Persian Gulf. Furthermore, there are no high-resolution 

palaeotemperature records from the Middle East, and the lower-resolution records appear to 

disagree with reconstructions from external regions. 

2. Archaeology: chronological uncertainty in archaeological evidence is one of the 

biggest challenges to assessing the HCS for the SE. Additional excavations in the region are 

challenging due to geopolitical tensions (Bernbeck, 2012). However, targeted excavation of a 

large Sasanian city could provide a tighter ceramic chronology, which could then be utilised 

to re-evaluate and improve existing datasets (Adams, 2006).  

3. Agricultural productivity: To establish causal links between climatic change and 

societal impacts for the SE, examination of PAgP and agricultural resilience would be 

invaluable; however, more data is required for this (Turchin et al., 2021). Additional pollen or 

plant macrofossil datasets with higher sampling resolutions are required to reconstruct past 

agricultural practices. Whilst a few of these datasets have stronger sampling resolution 

(Almalou, Maharlou), most only contain one or two palynological samples during the 

Sasanian Period and all suffer from significant chronological uncertainties. Stronger datasets 

of agricultural change (and productivity) would enable examination of the link between 
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climatic and environmental change, which is the primary mechanism through which climate 

impacts people. 

4. Micro-regional case studies: Perhaps the most important next step would be to 

identify regions with high-quality archaeological, palaeoenvironmental and palaeoclimate 

datasets, and study influences on a micro-regional scale. The importance of this strategy has 

been emphasised (Chapter 3) and demonstrated (Chapter 4) elsewhere. Suggested regions, 

which fulfil most of the data requirements, are the Diyala Plain (requires a stronger 

archaeological chronology), Mughan Steppe (requires pollen data) and the areas surrounding 

the Gorgān Wall (requires a palaeoclimate proxy). 

Further investigation of climatic impacts on the SE, Iran, and the Middle East more 

broadly, may provide information that can help to mitigate against future climate change. For 

example, increased use of qanats may be crucial for continued occupation of arid regions 

(Gholikandi et al., 2013; Manuel et al., 2018; Seyf, 2006). This will be especially important as 

the region is projected to experience some of the most extreme local conditions resulting 

from climate change (Giorgi, 2006; Mansouri Daneshvar et al., 2019). 
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Chapter 7: Summary discussion and conclusions 

 

The overall aim of this thesis was to improve understanding of the socio-economic 

impacts of climate change during Late Antiquity (3rd-7th centuries CE). There were two key 

avenues of research, as described in the introduction. Firstly, two new speleothem-based 

palaeoclimate archives were produced to address spatio-temporal gaps in coverage (from 

Kocain and Hoti caves: Chapters 3 and 5) and existing palaeoclimate records were compiled 

to establish current understanding of Late Antique climate (Chapters 2, 3, 5 and 6). Secondly, 

palaeoclimate data was compared with palaeoenvironmental, archaeological, and historical 

evidence of socio-economic change on both micro- and macro-regional (polity-wide) scales 

(Chapters 4, 5, and 6). Production of the Kocain Cave palaeoclimate record (Chapter 3) and a 

settlement dataset based on volume 8 of the Tabula Imperii Byzantini (Chapter 4), made 

available high-quality and proximate evidence for climatic, environmental, and socio-

economic change for Byzantine SW Turkey. This enabled micro-regional analysis, which had 

previously been stated as an important next step to confidently establish human-

environment interactions (Haldon et al., 2014). Two further, larger-scale, case studies were 

then explored for states which had previously seen little investigation of HCS: the Kingdom of 

Himyar (Chapter 5) and Sasanian Empire (Chapter 6). The three case-studies were examined 

in chapters presented as individual journal articles containing their own discussion and 

conclusion sections. In this final chapter, the key findings from each discussion are 

summarised to address four key research questions:  

 

1. Palaeoclimatology (Section 7.1):  

a. How did climatic conditions change in the EMME region during Late 

Antiquity?  

2. History of Climate and Society (Section 7.2):  

a. To what extent did changing climatic conditions impact societies and their 

economies?  
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b. Was climatic change an important factor in the decline of empires and 

kingdoms in the 6th and 7th centuries CE?  

c. Do micro-regional case-studies improve our understanding of socio-economic 

impacts from climate change? 

By these means, the overall contribution of this thesis to our understanding of Late 

Antique palaeoclimate and its relative impact on socio-economic changes, recurrent themes, 

and directions for future research are examined. 

 

7.1. Palaeoclimatology 

7.1.1. Kocain Cave 

Multi-proxy data from Kocain Cave (Figure 50; Chapter 3; Appendix A.1) provides the 

first highly-resolved (sub-annual) and well-dated palaeohydrological record covering the late 

Holocene for SW Turkey. Existing records either did not cover this period, in the case of tree-

rings, Lake Salda and Dim Cave (Akkemik & Aras, 2005; Danladi & Akçer-Ön, 2018; Heinrich 

et al., 2013; Köse et al., 2011; Rowe et al., 2020; Touchan et al., 2007; Ünal-İmer et al., 2015, 

2016), or had lower resolutions (Gölhisar: Eastwood et al., 2007). From the Ko-1 stalagmite, 25 

uranium-series ages were extracted to establish the sample chronology; eight suffered from 

significant detrital contamination (230Th/232Th ratios <30) and were excluded from the StalAge 

model. The age-depth model was supported by two lateral shifts in the speleothem growth-

axis which could be linked to historically-attested earthquakes in the region. Whilst growth-

axis deviations and other impacts from earthquakes, such as breakages, have previously been 

used to date earthquakes (Ferranti et al., 2019), they have not been linked to catalogues of 

known earthquakes to support speleothem age-models. Stable-isotope samples (δ18O and 

δ13C) were micromilled from Ko-1 at 0.3 and 0.5mm increments, providing a total of 370 

measurements that cover 3,366 years, 1366 BCE – 2000 CE (3316 – -50 BP) at an average 

resolution of ~9.3 years between samples (0.11 samples per year). δ18O and δ13C were 

interpreted as being influenced by effective moisture, as well as precipitation amount and 

biological activity, respectively. 
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LA-ICP-MS was utilised along 25 laser-ablation paths to extract 31,503 samples of Ca, 

Mg, Sr, P, and Fe, at a 0.00516mm resolution. This covered 2,978 years, 973 – 2005 CE (2923 – 

-55 BP), with an average of 10.6 samples per year. LA-ICP-MS has seen extensive use in the 

geosciences (Chew et al., 2021; YongSheng Liu et al., 2013), forensics (Orellana et al., 2013), 

and archaeology (Dussiubieux et al., 2016), and its utility in speleothem analysis has been 

well-understood for over two decades (e.g. Roberts et al., 1999; Treble et al., 2005; Weber et 

al., 2017). However, prior to study of the Ko-1 speleothem, it had not been utilised to provide 

an ultra-high resolution, long-duration, record. The trace elements were presented as ratios 

with calcium and have individual interpretations. Mg/Ca and Sr/Ca were interpreted as 

having an inverse relationship to effective moisture, due to enhanced PCP during drier 

intervals (Fairchild et al., 2006; Treble et al., 2003; Tremaine & Froelich, 2013). Mg/Ca was the 

stronger record due to dissolution of dolomitic limestones with longer residence times, and 

less influence from other factors (Fairchild & Treble, 2009). P/Ca is enhanced when increased 

effective moisture promotes biological activity, releasing bio-available P that is transported 

during intense soil infiltration (Fairchild et al., 2001, 2007). Whilst P/Ca has previously been 

utilised successfully as a palaeoclimate indicator in speleothems (Fairchild et al., 2001; K. 

Johnson et al., 2006; Lewis et al., 2011; Treble et al., 2003), its significance and interpretation 

has been debated (Frisia et al., 2012). The Ko-1 speleothem provides an additional example 

of a sample where increases in P/Ca can confidently be linked to enhanced effective moisture 

via impacts from biological activity and soil infiltration, supported by strong negative 

correlations with Mg/Ca (r=-0.60, p<0.05) and Sr/Ca (r=-0.87, p<0.05), and visual similarities 

with the stable-isotope records. It is important to note that P/Ca may have also been 

impacted by accumulation of P on mineral surfaces during PCP (Lewis et al., 2011), which 

could account for the correlations. However, the interpretation of P/Ca as reflecting effective 

moisture would remain the same. 

Important late Holocene climate changes were revealed by the Ko-1 record, including 

a double peak of arid conditions centred on 1150 and 800 CE and a dry/wet MCA/LIA pattern 

(noted as significant shifts in Chapter 3), as well as low effective moisture and precipitation 

during the 1st century BCE (discussed in Chapter 4). In Late Antiquity, a period of high 

effective moisture between ~330 and 460 CE is suggested by the Ko-1 proxies, followed by a 
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shift to lower effective moisture from ~460 CE, with further drying that lasted until at least 

830 CE. 

 

 

Figure 50. Summary of new speleothem-based palaeoclimate data resulting from the papers in this 
thesis. Kocain Cave trace-element ratios are displayed as 15-year averages, all other data is displayed 

in full. 
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7.1.2. Hoti Cave 

Analysis of speleothem H12 from Hoti Cave (Chapter 5) similarly detailed important 

climatic changes during Late Antiquity, as the first highly-resolved and well-dated late 

Holocene record from Oman (Figure 50; Appendix A.3). Records in arid regions are especially 

sparse, or provide longer but lower-resolution records, due to the requirement of effective 

moisture for their formation (Appendix B.1). Existing speleothem records in the Arabian 

Peninsula either evidence climatic variability during wetter phases in the early Holocene or 

before, such as other samples from Hoti Cave and those from Mukallah Cave, and/or are 

from the southern extremities of Arabia where variations in the Indian or African summer 

monsoons are the key driver of their variability; for example, Qunf Cave and Defore Cave or 

the caves on Socotra Island (Hoq, Casecas, Dimarshim and Moomi caves) (Fleitmann et al., 

2007; Nicholson et al., 2020; Rampelbergh et al., 2013; Shakun et al., 2007; see Appendices 

B.1 and B.4). Speleothem H12 is thus the only highly resolved and accurately dated record of 

Mediterranean influence in Late Antique Arabia. From the sample, 29 uranium-series ages 

were extracted to establish the chronology, with 9 that suffered from significant detrital 

contamination (230Th/232Th ratios <30) not being utilised in the StalAge model. Stable-isotope 

samples (δ18O and δ13C) were micromilled from H12 at 0.2 and 0.5mm increments providing a 

total of 1360 measurements that cover 2,627 years, 631 BCE – 1996 CE (2581 – -46 BP) at an 

average resolution of ~2.3 years. Apex diameter measurements were taken from H12, where 

possible, totalling 88 measurements with an average resolution of ~30 years between 

samples. Isotopes were interpreted as reflecting precipitation amount (δ18O) and effective 

moisture (δ13C), whereas apex diameter width reflects drip rates and precipitation. Key 

periods of persistently lower effective moisture were identified, one between 250 BCE – 25 CE 

and another between 480 – 1400 CE, with the driest period of the entire record dated to 

~520 – 532 CE (Figure 50). 

 

7.1.3. Comparison with other records 

Examination of speleothem Ko-1 in comparison with other Turkish palaeoclimate 

records further stressed the marked heterogeneity of climatic conditions in the Eastern 

Mediterranean (Luterbacher et al., 2012; Ulbrich et al., 2012; Xoplaki et al., 2018; for the 
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Middle East, see Appendix B.1). Variation between records also results from the complexities 

of palaeoclimate analysis, including different responses from each record to 

palaeohydrological change and chronological uncertainties (Jones et al., 2019). In Turkey, 

there are two other high-resolution late Holocene records, one from Lake Nar (Dean et al., 

2015, 2018; Jones et al., 2006) and another from Sofular Cave (Fleitmann et al., 2009; Göktürk 

et al., 2011). These records and low-resolution archives from Turkey frequently exhibit inverse 

climate changes to the Ko-1 record (Figure 51). In Late Antiquity, a marked drier phase is 

observed starting ~300-350 CE, followed by a shift to wetter conditions at ~500-550 CE (Nar, 

Sofular, Tecer, Van) (Barlas Şimşek & Çağatay, 2018; Dean et al., 2018; Fleitmann et al., 2009; 

Kuzucuoǧlu et al., 2011). During the MCA and LIA, a wet/dry pattern is evidenced by other 

Turkish archives (Nar, Sofular, Burdur, Salda, Iznik) (Danladi & Akçer-Ön, 2018; Dean et al., 

2015; Fleitmann et al., 2009; Tudryn et al., 2013; Ülgen et al., 2012). Discrepancies among 

these records illustrate high spatio-temporal heterogeneity of climatic conditions and our 

limited understanding of the mechanisms behind these differences. A dense network of 

highly-resolved and precisely-dated palaeoclimate records is required to address these 

challenges, as stated in Chapter 2. Speleothems Ko-1 and H12 address two of the identified 

gaps in coverage, but many remain for Late Antiquity (the eastern Aegean, eastern Turkey 

and the Caucasus, Syria and western Iraq, across the northern AP and eastward of the FC) and 

other periods. 

The persistent wetter phase during Late Antiquity (330-460 CE) revealed by Ko-1 is 

supported by evidence from the cave and local palaeoenvironmental records, and is likewise 

observed in coastal records around the Eastern Mediterranean. Inside the cave, a large 

Roman cistern dated after 312 CE and high Fe/Ca ratios on Ko-1 that evidence mobilised dust 

from the cave floor, combined with a regional increase in mountainside goat herding (De 

Cupere et al., 2017; Fuller et al., 2012; Izdebski, 2012; Poblome, 2015) and soot layers that 

demonstrate fires in the cave (Koç et al., 2020), suggest use of the cave during a period of 

greater spring flow. This emphasises the importance of understanding cave history for the 

interpretability of speleothem records. Locally, high effective moisture is evidenced in 

palaeoenvironmental records from Sagalassos, the Bereket Valley, Gravgaz Marsh and Lake 

Burdur (Bakker et al., 2012, 2013; Van Geel et al., 1989; Kaniewski et al., 2007; Kaptijn et al., 

2013; Tudryn et al., 2013; Vermoere et al., 2002). Coastal palaeohydrological records from 
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western Greece (Trichonida, Mavri Trypa), the northern Aegean (Skala Marion), and the 

Levant (Kfar Giladi, Jeita Cave), also demonstrate high effective moisture in the 4th/5th 

centuries CE (Cheng et al., 2015; Finné et al., 2017; Morin et al., 2019; Psomiadis et al., 2018; 

Seguin et al., 2020a). In the Middle East (Chapter 6), the period 300 to 410 CE has relatively 

stable effective moisture in all records, with increases observed in the high-resolution FC 

archives (Gejkar and Kuna Ba) (Flohr et al., 2017; Sinha et al., 2019). From 410 to 480 CE, 

conditions are spatially variable, with drying (Van, Katalekhor, Hoti), stable conditions (Kuna 

Ba) and increasing effective moisture (Neor) observed (Andrews et al., 2020; Barlas Şimşek & 

Çağatay, 2018; Sharifi et al., 2015; Sinha et al., 2019). 

Perhaps the most significant shift observed in this thesis is the Late Antique transition 

to consistently drier conditions, evidenced in the Ko-1 and H12 records from 460 and 480 CE 

respectively. Principal component analysis of Mediterranean palaeohydrological records 

performed by Labuhn et al. (2018) indicated that the most significant palaeohydrological 

change of the first millennium CE occurred between 450 and 550 CE. They propose this may 

be linked to the 536 CE DVE and the start of the LALIA (Büntgen et al., 2016; Labuhn et al., 

2018; Sigl et al., 2015). As discussed in Chapters 3, 5 and 6, for all records except Nar and 

possibly Kuna Ba, the shift in conditions starts before 536 CE (Figure 51). This suggest 

another factor was responsible for changing climatic conditions in the late-5th/early-6th 

centuries CE. In Chapter 5, it is argued that the contrast between the continental Anatolian 

(Nar, Sofular) and other records results from a northward displacement of storm tracks in the 

Eastern Mediterranean at the beginning of the 6th century CE. The broad similarities between 

the Ko-1 and H12 records suggest fewer rain-bearing storms crossed the Eastern 

Mediterranean; cyclones originating in Central Europe, the Black Sea, and the Gulf of Genoa, 

which transport precipitation to northern regions of Greece and Turkey (Appendix B.1; Karaca 

et al., 2000; Trigo et al., 2002), perhaps became more dominant. However, palaeoclimate 

records from the Balkans (Ascunsă Cave, Ceremonsja, Uzuntarla) and northern Greece (Skala 

Marion, Dojran, Prespa) do not appear to show an increase in effective moisture coincident 

with the changes at Nar and Sofular (Göktürk, 2011; Kern et al., 2019; Labuhn et al., 2018). 

Further research is needed in this region to disentangle the causes of significant change 

between 450 and 550 CE. Statistical analysis similar to Labuhn et al. (2018), but focused on 

the EMME region and including newer records would be informative, especially if containing 
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the Balkan and Greek records mentioned above, archives from the Peloponnese (e.g. 

Trichonida, Mavri Trypa, Stymphalia), Skala Marion, the Lake Salda and Kocain Cave records 

from SW Turkey, and the high-resolution ME records (Gejkar, Kuna Ba, Hoti). 

 

Figure 51. Decadal averages of high-resolution EMME hydrological archives, ordered from west to east, 
standardised to z-scores (for the first millennium) for simpler comparison. The dashed line indicates 

the DVE in 536 CE. 
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7.2. History of Climate and Society 

Understanding the societal impacts of past climate change, and the factors which 

determine a society’s resilience, can provide useful insights for mitigation of future climate 

change (Holm & Winiwarter, 2017; Marston, 2015). Climate is increasingly recognised as a 

potential factor in societal change, with more nuanced and critical perspectives arising over 

the past few decades (see Chapter 2). In this thesis, deterministic arguments and observations 

of correlations were avoided in favour of establishing causal links through examination of 

agricultural impacts, the contribution of other factors and societal resilience. This required 

examination of palaeoenvironmental, archaeological, and historical evidence of socio-

economic change to assess human consequences from, and responses to, climate change.  

In this section, the case-studies of this thesis are summarised utilising the “Adaptive 

Cycle”, a conceptual framework for understanding system change. This model, originally 

developed for studies of ecosystems, defines the nature of a system according to four key 

phases: growth (r), conservation (K), release (Ω) and reorganisation (α) (Holling & Gunderson, 

2002). In human systems, the phases are defined as follows (Allcock, 2017; Haldon & Rosen, 

2018; Roberts et al., 2018b): 

 r-phase – growth of the system and exploitation of resources, with increasing 

complexity and interconnectivity.  

 K-phase – the system has stabilised into a strong and highly productive structure. 

However, over-connectivity and -rigidity reduce the resilience of the system. 

 Ω-phase – a stressor forces a catastrophic shift in the system, opening the system 

up for reorganisation.  

 α-phase –reorganisation, in which the system becomes loosely structured and 

highly resilient, leading to the start of a new Adaptive Cycle.  

Application of this framework emphasises resilience, adaptation and fragility, which 

are important for avoiding environmental determinism (Lewit, 2020). The Adaptive Cycle 

operates at different scales in human systems (communities, regions, society, inter-state 

networks), and these link up into multi-scalar systems known as ‘Panarchy’ (Holling & 

Gunderson, 2002; Marston, 2015); catastrophic change will only result when high fragility is 

exhibited among all the constituent adaptive cycles of a society (Haldon & Rosen, 2018). 
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Below, this framework is applied to the case-studies of this thesis (Figure 52), as has been 

done comprehensively for other regions and periods in Anatolia (Allcock, 2017; Bogaard et 

al., 2017; Marston, 2011, 2015, 2021; Roberts et al., 2018b; Shin et al., 2021). 

 

7.2.1. SW Anatolia 

Chapter 4 provided a micro-regional case-study of HCS (SW Anatolia), the need for 

which has long been recognised (Haldon et al., 2014; Horden & Purcell, 2000) but is 

challenging due to the requirement for proximate high-quality palaeoclimatic, 

palaeoenvironmental and archaeological/historical datasets. The required high-quality 

palaeoclimatic evidence was produced in Chapter 3 (Kocain Cave), whilst pre-existing 

palaeoenvironmental datasets were synthesised into a variable for human agricultural activity 

(OJCV values) and an archaeological settlement dataset was produced from volume 8 of the 

Tabula Imperii Byzantini (TIB). Three periods of broad societal change for the 

Roman/Byzantine Empire that had previously been associated with climatic change were then 

assessed.  

Imperial Roman expansion (late 1stc. BCE - early 4th c. CE) can be considered part of 

the r-phase. The Roman Climatic Optimum (RCO), a proposed period of consistently warm 

and wet conditions that led to Roman expansion in the 1st c. BCE – 2nd  c. CE (Harper, 2017), 

was found to be false for SW Anatolia. Whilst expansion did take place, as evidenced by 

increasing settlement numbers, agricultural productivity and interconnectivity between 

regions (De Cupere et al., 2017; Dündar, 2018; Poblome et al., 2017; Vandam et al., 2019a), 

the palaeoclimate evidence showed no evidence for warm or wet conditions. Low effective 

moisture and precipitation were observed in the Ko-1 record during 100 BCE – 100 CE, with 

average conditions thereafter until a short-lived drier phase at 220 CE. Annexation of the 

region by the Roman Empire in 43 CE (Bennett, 2011; Brandt & Kolb, 2005) appears to have 

been the important factor for growth. The empire invested in agricultural and trade 

infrastructure (Adak & Şahin, 2007; Kokkinia, 2000; Rice, 2020) and increased regional security 

from banditry (Çevik & Bulut, 2007). Their takeover of the region brought increased demand 

for agricultural surplus to feed the Roman army (Akyürek, 2016), and technology and 

knowledge which increased agricultural productivity (Curtis, 2008; Greene, 2000). 
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Figure 52. The Adaptive Cycle (adapted from Holling & Gunderson, 2002) with phases for Chapters 4 
(Purple), 5 (Orange) and 6 (Blue), as well as for the Rashidun Caliphate (Black). 

 

The Late Antique phases are more complicated under the Adaptive Cycle framework. 

It has previously been argued that a period of enhanced precipitation in the 4th-6th c. CE was 

an enabling factor for Late Antique “prosperity” in the Eastern Mediterranean (Decker, 2009b; 

Haldon et al., 2018a; Izdebski, 2013b; Izdebski et al., 2016b). In other regions of Anatolia, this 

period is considered the K-phase with diverse agricultural activities, economic prosperity, and 

increasing importance of long-distance trade (Roberts et al., 2018b). However, from the mid-

5th c. CE in SW Anatolia, the character of local settlement changes, coincident with a shift to 

drier conditions evidenced in the Ko-1 record from 460 CE and by modifications to urban 

water supply. Older Roman cities lose their monumental aspect, with previous public 

buildings no longer maintained and instead utilised as workshops. Interior regions experience 

a decline in settlement numbers, whereas increased settlement density is observed on the 

coast, perhaps resulting from increasing importance of maritime trade routes (Cassis et al., 

2018; Foss, 1993, 1994; Terpoy, 2019a, b). These changes do not indicate “prosperity” in SW 

Anatolia and appear to reflect adaptive responses to drier conditions.  
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Whilst utilisation of the Adaptive Cycle framework for the above changes is 

challenging, a marked decline (Ω-phase) is visible between the Early and Middle Byzantine 

periods (starting 550-650 CE), with a reduction in settlement numbers, settlement size, and 

interregional exchange, and increased importance of pastoralism (De Cupere et al., 2017; W. 

J. Eastwood et al., 1998; Izdebski, 2011). This decline occurred at least a century after the shift 

to drier conditions, with further drying until a minimum of precipitation around the start of 

the 7th century CE, reflected by Ko-1 δ18O and Ca/Fe ratios from Lake Salda (Danladi & Akçer-

Ön, 2018). Drier conditions in SW Anatolia endured until at least 830 CE and were part of a 

complex web of interconnected factors (earthquakes, epidemics, insecurity from interstate 

conflict), all of which may have contributed to settlement decline, but regarding which it is 

hard to establish causal links (Ambraseys, 2009; Baird, 2004; Eisenberg & Mordechai, 2019; C. 

Mango et al., 1997; Mordechai & Pickett, 2018; Stathakopoulos, 2004). 

The concept of Panarchy is important for understanding the Byzantine Empire in 

Anatolia. Although the empire as a whole had become vulnerable due to over-connectivity, 

smaller systems (micro-regions) were relatively resilient and adapted by shifting strategies 

(from agriculture to pastoralism) and by reducing the complexity of settlement (contraction 

and renucleation). Further research is required on this topic, but it may help to explain why 

the Byzantine Empire survived into the 2nd millennium, whilst other empires and kingdoms 

did not. 

 

7.2.2. The Kingdom of Himyar 

In Chapter 5, palaeoclimate data from Hoti Cave (see above) was examined alongside 

the history of the Kingdom of Himyar. Phases of the Adaptive Cycle occurred earlier in this 

region; Himyar consolidated its power in southern Arabia by ~280 CE (r-phase) from its 

homeland in Yemen and exerted power further north through alliances with the Kinda and 

Madhhjj tribes (Cameron, 2012; Phillipson, 2012; Yule, 2007). In the subsequent K-phase, 

settlement numbers expanded, the kingdom invested in agricultural infrastructure and its 

elite were important players in Indian Ocean trade (Brunner, 1997; Charbonnier, 2011; Edwell, 

2015; Schippmann, 2001; Shahîd, 2010). The kingdom was more reliant on interconnectivity 
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with Arabian tribes, the Byzantine and Sasanian Empires, and Indian Ocean trade. From ~480 

CE the region declined (Ω-phase); settlement numbers were reduced (Schiettecatte, 2008), 

irrigation infrastructure fell into disrepair (Brunner, 1997; Charbonnier, 2011), and conflict 

erupted over control of Yemen, with involvement from the Kingdom of Aksum and the 

Byzantine and Sasanian empires (Hatke, 2011; Robin, 2015; Whittow, 2011; Wiesehöfer, 2010). 

These changes correspond with the start of persistently drier conditions (~480-1400 CE) 

overlain by a severe drought (~520-532 CE), evidenced by the Hoti Cave record, other Middle 

Eastern palaeoclimate records (Bookman et al., 2004; Cheng et al., 2015; Sharifi et al., 2015) 

and historical references to droughts (McCormick et al., 2012; Telelis, 2008). The highly 

dependent nature of this region on rainfed agriculture and reduced agricultural yields caused 

by aridification suggest that the decline of Himyar should be viewed in the context of climatic 

change. Subsequently, across the Arabian Peninsula, there was a much faster transition to the 

α-phase, with removal of supra-tribal political structures (kings and lords) and the 

development of an intersocietal network with increased importance of regional pilgrimage 

and economic centres (Korotayev et al., 1999; Schippmann, 2001; Yule, 2007). This 

reconfiguration of the political systems was highly adaptive and resilient, and also created 

the context within which Islam could flourish, the start of the next r-phase. 

 

7.2.3. The Sasanian Empire 

In Chapter 6, an investigation into the history and resilience of the Sasanian Empire 

was conducted and palaeoclimate records were examined to highlight avenues for future 

research. The Parthian Empire entered an Ω-phase during the 2nd c. CE and the initial years of 

the Sasanian Empire can be considered an α-phase, an adaptation to Parthian decline. The r-

phase for the Sasanian Empire was long-lasting, with increasing settlement numbers, 

agricultural productivity, interregional exchange, and irrigation infrastructure, with territorial 

expansion during the 3rd-early 7th centuries CE (Altaweel & Squitieri, 2018; Howard-Johnston, 

2017; Neely, 2016; Panahipour, 2021; Shumilovskikh et al., 2017). This was focused in two 

established growth-phases (309-379 and 498-628 CE), during which particularly effective 

kings launched military campaigns, invested in construction of settlements and infrastructure, 

and reformed political systems to ensure greater wealth for the state (Axworthy, 2008; 
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Daryaee & Rezakhani, 2017). Whilst in the first growth-phase effective moisture was relatively 

stable in most records, tempting an argument for climate-driven prosperity, the second (and 

arguably more significant) is coincident to the driest (and maybe coldest) conditions of the 

entire Sasanian Period. These are the same conditions that contributed to a significant 

decline in the Kingdom of Himyar (From ~480 CE; Chapter 5). A short K-phase is observed for 

the Sasanian Empire, which started to overextend towards the end of the 6th c. CE. The 

Sasanian Empire’s decline (Ω-phase) occurred later than in other regions (~628-651 CE) and 

no evidence suggests a local climatic influence. However, if drought conditions in Arabia 

were implicated in the downfall of Himyar and the initial success of Islam, then the caliphates 

conquest of Persia may be seen as consequential. Similar arguments have been made for 

invasions of the EMME region by nomadic groups from the Caucasus and CA being “pushed” 

by climatic deterioration (Büntgen et al., 2016, 2020). Although the conquest was the ultimate 

cause of the end of the Sasanian Empire, its overextension and aggressive taxation, as well as 

protracted conflict with the Byzantine Empire and civil wars (Wiesehöfer, 2010), were crucial 

in lowering the Sasanians’ defensive capabilities. The impact of the decline and eventual end 

of the Sasanian Empire on smaller regions may have been negligible, however. Further 

research is required to improve chronological resolution for archaeological and 

palaeoenvironmental developments, which can only be broadly dated to around the end of 

the Sasanian Period. Furthermore, theories of climatic “push” factors should be tested in Late 

Antiquity and other periods.  

 

7.2.4. Recurrent themes 

Throughout the case-studies there are several recurrent themes. Firstly, there appears 

to be a requirement for a combination of factors to coalesce before significant societal 

change is observed; in other words, a “perfect storm”. Communities in SW Anatolia adapted 

to the shift to drier conditions from ~460 CE through changing the character of settlement 

and modifying water infrastructure; however, decline was observed after protracted drying, 

the appearance of plague, earthquakes, and regional insecurity. In addition to the climate 

change preceding the decline by at least a century, there were earlier instances of 

earthquakes, epidemics, and conflicts, where the population appears to have been relatively 
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unafflicted. Similarly, the Kingdom of Himyar resisted invasions by the Aksumites in the late 

5th century CE but was overwhelmed by them in the early 6th century CE, following 

deterioration of climate, the arrival of plague and deterioration of infrastructure. In the 

Sasanian Empire, the driest conditions pre-date weakening of the empire, which enabled its 

rapid conquest of the Caliphate, by around a century. Reduction in Sasanian power resulted 

from multiple factors including long-lasting wars with the Romans/Byzantines and Hunnic 

tribal confederations, internal conflict, changes in the trade economy, and epidemics. This 

was also analogous to the preceding Parthian Empire, which was replaced by the Sasanians 

whilst weakened by conflict with Rome, an increase in the importance of the Indian Ocean 

trade route, the Antonine Plague (smallpox) and internal conflict (Bivar, 1983; de Crespigny, 

2007; Olbrycht, 2016). In each of these examples, disentangling the relative influence of 

individual factors is challenging, and perhaps their combination was important. Variations 

between the impacts of similar events at different times and between the different case 

studies in this thesis emphasise the need for critical examination of climate changes, other 

factors, and societal responses, in each instance to mitigate against simplistic narratives.  

Degradation of agricultural infrastructure is often associated with climate change. In 

the case studies of this thesis, infrastructure failure appears more as a symptom of decline as 

opposed to a direct impact of climatic or environmental occurrences. Maintenance, repair 

work and modifications to hydraulic infrastructure required central organisation and 

mobilisation of large work forces which was only possible through state intervention. 

Following the dissolution of states, no repair work was attempted on damaged large-scale 

irrigation structures, the most prominent example being the collapse of the Ma’rib dam in 

~580 CE (Brunner, 2000a). In the Mughan Steppe, flood damage to the Araxes River canals 

was remedied by constructing a new wall and canal head, but after a subsequent flood, no 

repair occurred and the entire Sasanian irrigation system was abandoned (Alizadeh et al., 

2021). 

 

7.3. Concluding remarks 

In summary, by taking an interdisciplinary approach, this thesis has made significant 

contributions to the fields of palaeoclimatology, archaeology, and history, through the 
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development of two new speleothem-based palaeoclimate records, comparison of existing 

records, and multi-scalar analysis of climatic impacts on socio-economic change. 

For palaeoclimatologists, there are several important implications from this thesis. 

Firstly, for those developing speleothem records, novel methodologies (speleoseismology, 

LA-ICP-MS for long records) and proxies (P/Ca, apex diameter) can be utilised and built upon 

in future speleothem proxy records. Secondly, new palaeoclimate data from speleothems Ko-

1 and H12 address two previous spatio-temporal gaps in coverage which help our 

understanding of climate dynamics and can be input into palaeoclimate models. Thirdly, and 

most importantly, heterogeneity of both climatic conditions and interpretations of proxies 

has been stressed. This emphasises the necessity for further analysis, of both more 

palaeoclimate records, and updated regional syntheses. Our understanding of past regional 

responses to changing global climatic conditions will be critical for predicting and 

responding to future climate change (Masson-Delmotte et al., 2013). 

For those concerned with climatic influences on societal change – archaeologists and 

historians, but also environmental managers and policy makers (Hambrecht et al., 2020; 

Moser & Hart, 2015) – there are additional important implications from this thesis. The 

climate change demonstrated by the new records and the emphasis on heterogeneity 

indicate that care should be taken in selection of palaeoclimatic datasets for HCS analysis. 

Varied climate, as well as the diverse responses to climate observed between regions, 

stresses the importance of micro-regional case studies, which were demonstrated to be 

useful in Chapter 4. Uncertainties when using datasets from disparate regions must be 

considered more transparently and producing palaeoclimate datasets alongside 

archaeological projects should become customary.  

Climate change, and societal responses to it, are a generation-defining research area. 

Humans will struggle to adapt to future climate change, with the world’s poorer regions and 

communities facing disproportionately extreme challenges. The EMME region is one such 

locality, expected to experience significant climate change (Giorgi, 2006; Lelieveld et al., 2012) 

and severe societal consequences including water shortages, crop failures and geo-political 

instability (Gleick, 2014; Kelley et al., 2015). Continuing to examine the diversity of impacts 

from climate change in the ancient EMME, in addition to other contributing environmental 
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and human factors, is essential for understanding the dynamics of human-environment-

climate interactions and thus for preparing to face future climate change. Strategies for 

mitigating against social problems resulting from climate change will be as vital for 

continued human flourishment as constructing physical defences and reducing greenhouse 

gas emissions. The research presented in this thesis contributes to these conversations 

through investigation of multi-scalar impacts and human responses during Late Antiquity 

and sets future research agendas.
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Appendices 

 

Appendix A - Data 

A.1. Chapter 3 Data: Kocain Cave geochemistry dataset 

From speleothem Ko-1 from Kocain Cave, southwest Turkey, 17 uranium-series dates 

were utilised to produce an age-depth model, 370 stable-isotope measurements were 

performed, and LA-ICP-MS produced 31,503 trace-element samples. These datasets are 

available on the NOAA palaeoclimate database (https://www.ncdc.noaa.gov/paleo-

search/study/33854) and can be found on the attached CD. File name: Appendix A1_Ko1 

dataset.xlsm 

 

A.2. Chapter 4 Data: Southwest Turkey settlement change dataset 

Settlement toponyms from volume 8 of the Tabula Imperii Byzantini (TIB 8: Lycia and 

Pamphylia) were tabulated to create a record of settlement change between the Bronze Age 

and the Middle Byzantine period. The records metadata, full list of settlements, and elevation 

data, with a record of Byzantine lead seals and coin hoards, can be found on the attached CD. 

File name: Appendix A2_TIB settlement dataset.xlsx 

 

A.3. Chapter 5 Data: Hoti Cave geochemistry dataset 

From speleothem H12 from Hoti Cave, northern Oman, 20 uranium-series dates were 

utilised to produce an age-depth model, 1,360 stable-isotope measurements were 

performed, and 88 apex diameter measurements were taken. These datasets will be available 

on the NOAA palaeoclimate database once the paper is published and can be found on the 

attached CD. File name: Appendix A3_H12 dataset.xlsx 
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Appendix B – Publications 

Additional publications worked on during production of this thesis. Author contributions are 

outlined in Chapter 2. Publications are in the format of the journal to which they were 

submitted, figures are not listed in the thesis list of figures. Supplementary materials are not 

included, all are available on the online versions of the articles. 

 

B.1. Speleothems from the Middle East: An Example of Water Limited Environments in 

the SISAL Database 

Burstyn, Y., Martrat, B., Lopez, Jordi, F., Iriarte, E., Jacobson, M.J., Lone, M. A., & Deininger, M. 

(2019). Speleothems from the Middle East: An Example of Water Limited Environments in the 

SISAL Database. Quaternary, 2(16). https://doi.org/10.3390/quat2020016 
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Abstract: The Middle East (ME) spans the transition between a temperate Mediterranean climate in 
the Levant to hyper-arid sub-tropical deserts in the southern part of the Arabian Peninsula (AP), 
with the complex alpine topography in the northeast feeding the Euphrates and Tigris rivers which 
support life in the Southeastern Fertile Crescent (FC). Climate projections predict severe drying in 
several parts of the ME in response to global warming, making it important to understand the controls 
of hydro-climate perturbations in the region. Here we discuss 23 ME speleothem stable oxygen isotope 
(δ18Occ) records from 16 sites from the SISAL_v1 database (Speleothem Isotope Synthesis and Analysis 
database), which provide a record of past hydro-climatic variability. Sub-millennial changes in ME 
δ18Occ values primarily indicate changes in past precipitation amounts the result of the main synoptic 
pattern in the region, specifically Mediterranean cyclones. This pattern is superimposed on change in 
vapor source δ18O composition. The coherency (or lack thereof) between regional records is reviewed 
from Pleistocene to present, covering the Last Glacial Maximum (~22 ka), prominent events during 
deglaciation, and the transition into the Holocene. The available δ18Occ time-series are investigated by 
binning and normalizing at 25-year and 200-year time windows over the Holocene. Important climatic 
oscillations in the Holocene are discussed, such as the 8.2 ka, 4.2 ka and 0.7 ka (the Little Ice Age) 
Before Present events. Common trends in the normalized anomalies are tested against different 
climate archives. Finally, recommendations for future speleothem-based research in the region are 
given along with comments on the utility and completeness of the SISAL database.  
 

Keywords: SISAL database; speleothem; cave; isotopes; Middle East; palaeoclimate 
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1. Introduction  

The climate conditions across the Middle East (ME) are markedly heterogeneous for its relatively 
small geographical extension, encompassing the Eastern coasts of the Mediterranean (hereafter the 
Levant) and the Fertile Crescent (FC) (often considered in tandem,) as well as parts of the Arabian 
Peninsula (AP) and North-East Africa [1,2]. The region spans the transition between a temperate 
Mediterranean climate in the Levant to hyper-arid sub-tropical deserts in the south, with complex alpine 
topography in the northeast feeding the Euphrates and Tigris rivers which support life in the 
Southeastern FC (Figure 1). Climate projections predict severe drying in major parts of the ME in 
response to global climate change, with a considerable impact for societies [3–5]. Climate 
reconstructions and archaeological information, suggest that changes in the regional hydroclimate was a 
primary driver in human expansion out of Africa [6], the Neolithic revolution, and the development of 
the first complex societies [7]. The ME has plentiful archeological records of human settlement 
throughout much of the Quaternary, and well into the Holocene [8–14]. Initially, the predominantly semi 
to hyper-arid climate of the region served as a bottle-neck for early hominin dispersion out of Africa, 
allowing migrations onto the Levant and the AP pathways only during wetter periods that were 
identified using speleothem growth (wet)/non-growth (dry) patterns in desert and water-limited settings 
[15–18]. These events are also recognized using other methods and different climate archives [10,19,20]. 
Since the Last Glacial Maximum from c. 25 to 20 ka BP (Before Present, calibrated in the SISAL database 
to the year 1950 of the Common Era, hereafter CE) and the following transition into the Holocene 
interglacial, there has been considerable evidence that variations in climate served as a driver in Homo 
Sapiens’ cultural evolution. The most notable is the “Neolithic Revolution”, where it has been suggested 
that post-glacial hunter-gatherers were able to cultivate a number of food plants due to the trend 
towards warmer and possibly wetter climate [21], whereas succeeding abrupt cooling events may have 
forced proto-agrarian societies to turn to the cultivation of wild cereals and fruit [21–23]. Wheat was 
cultivated in the FC around 9500 years BP, suggesting that the ME was the first region to cultivate plants 
and support sedentary human communities [24,25]. The ME localities, specifically the FC, were also the 
earliest locations where sophisticated civilizations, city-states and complex empire systems appeared 
during the mid- to late-Holocene [26,27]. It has been argued that the expansion and subsequent collapse 
of these civilizations was partly driven by rapid climate change events [14,28–32] superimposed on more 
gradual millennial climatic shifts. Furthermore, recent studies have suggested an association between a 
contemporary increase in the frequency and intensity of droughts in recent decades, to geopolitical 
unrest in the region, e.g., the Syrian Civil War [29,33,34]. These correlations highlight the importance of 
understanding both past and future climate perturbations in the ME. This can be achieved by use of 
large spatio-temporal networks/datasets of terrestrial hydro-climate archives. Regional-scale coherency 
would greatly improve our understanding of past variations in the spatio-temporal precipitation pattern 
of the ME, thereby resolving some of the contradictions between different records in the region [1,35]. 

The first version of the Speleothem Isotope Synthesis and Analysis database (SISAL_v1) [36,37], 
contains 376 isotope entity records derived from speleothems (secondary cave deposits) worldwide. 
Speleothems are commonly used as archives of past terrestrial climatic variability. This is because 
speleothems can be accurately dated and preserve multiple climate-sensitive proxies, which can be 
sampled at high spatial and temporal resolution. In temperate regions speleothem time-series are often 
continuous even under dry conditions [38,39]. By contrast, in semi-arid environments where the 
effective infiltration (i.e., precipitation minus evaporation or evapotranspiration) is negative throughout 
most of the year, the site specific hydrology and reservoir properties are emphasized in the palaeo-
record and decadal, annual and often seasonal hiatuses (or seasonal biases) can be found [31,40,41]. 
Similarly, arid to hyper-arid environments particularly highlight growth/non-growth events. This gives 
speleothem records a distinct advantage over alternative palaeoclimate proxies (e.g., lake cores, tree-
rings, corals), specifically for inter-comparison of the different climate settings found in the ME. 
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Figure 1. Location of the Middle East (ME) speleothem records that are included in SISAL_v1 (purple 
circles) and other identified records, not yet included in the database (green triangles). The base map 
shows the distribution of carbonate and evaporite rocks in the ME, as provided by the World Karst 
Aquifer Mapping project (WOKAM), adapted with permission from [42]. Cave sites with entities not 
included in the SISAL database are numbered (Table 1): (1) Karaca (2) Ovacik (3) Akçakale (4) Katleh Khor 
(5) Qal’e Kord (6) Gejkar (7) Gol-e Zard (8) Mitzpe Shlagim (9) Peqiin (10) Zalmon (11) Ashalim (12) 
Even Sid (13) Hol-Zakh (14) Izzim (15) Ma’ale Ha-Mishar (16) Ma’ale Dargot (17) Makhtesh ha-Qatan (18) 
Shizfon mini-caves (19) Tzavoa (20) Wadi Lotz (21) Wadi Sannur (22) Mukalla (23) Dimarshim (24) Casecas 
(25) Hoq. 

In this work we review 17 speleothem isotope records (hereafter entities) that are in SISAL_v1 for 
the ME, which includes sites in Lebanon, Israel, the West Bank, Oman, Yemen, and Southwest Turkey 
(entities from the AP and Egypt are also reviewed by Braun et al. [43]). An additional six sites from 
Eastern Europe and Northern Turkey (see Kern et al. [44]) are included here as these sites are along the 
dominant Eastern Mediterranean (EM) Sea storm tracks, the major climate patterns controlling 
precipitation in the region (Figures 1 and 2; Table 1). The aim of this work is to highlight the applicability 
of speleothems from the ME currently logged in the SISAL_v1 database to resolve regional-scale 
consistencies and inconsistencies and to test for spatial coherency between speleothems and additional 
climate recorders (i.e., Arctic ice sheets and Mediterranean surface temperatures). The available 
speleothem stable oxygen isotope ratio (hereafter δ18Occ) Holocene time-series are investigated via 
binning and normalizing (providing median, the 25th and 75th quantiles of the data) at 25-year and 200-
year time windows, as used previously in the context of the PAGES 2k databases [45]. This method is 
used to better understand how different Holocene climatic events are differentiated regionally with the 
context of a normalized ME composite time-series from multiple records analysis (hereafter, ME 
composite), i.e., Sapropel 1, the 8.2 ka and the 4.2 ka event or the Little Ice Age at 0.7 ka BP. Finally, we 
highlight sites and entities that are not logged in SISAL_v1 and identify potential regions for the 
generation of new speleothem proxy time-series, suggestions regarding future speleothem-based 
research using the SISAL database are given accordingly. 
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Table 1. List of all speleothem records which include SISAL metadata: site (or cave) name and id number, 
latitude, longitude, entity (or speleothem) name and id number. Additional information includes; 
location of site (country or region), site height Above Mean Sea Level (AMSL) in meters, minimum and 
maximum ages given in years BP (1950), and published references. The top table are records available in 
SISAL_v1 (with annotations of some entities in those sites as yet to be added to SISAL_v1). The bottom 
table lists additional sites and speleothems not included in in SISAL_v1. A minimum age of “~present” is 
designated where a younger than 1950 CE sample is presented without an exact minimum age for the 
age model or a removal date. When ages beyond U/Th dating method are reported, the table notes 
these as >U/Th. 
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2. Climate of the Middle East  

The Middle East (ME) is located within the subtropical high-pressure belt between the Northern 
Hemisphere tropical (Hadley cell) and the mid-latitude atmospheric circulation, which is generally 
associated with dry climates (i.e., the global desert belt). However, while most of the region is indeed 
semi to hyper arid, the modern climate of the Levant is less arid and much milder than would be 
expected from its location. This is mainly due to Mediterranean cyclones delivering precipitation to the 
Levant, Fertile Crescent (FC), and on rare instances the Arabian Peninsula (AP), the genesis of which is 
triggered by the interplay between the Mediterranean lows and the major North Atlantic synoptic 
systems [84]. Furthermore, the Mediterranean Sea is characterized by an eastward gradient of 
increasing salinity and sea surface temperatures (SST). This SST gradient and the cooler (compared to the 
Mediterranean SSTs) surrounding land are key drivers for the Mediterranean cyclogenesis [85]. 

The EM coastal areas receive most precipitation during Northern Hemisphere winter months, on 
average about 95% of rainfall occurs between October and May [86]. Mean annual precipitation 
(climatological mean, last 30 years) in the Levant displays a steep gradient, from hyper-arid in the south 
with less than 100mm/y (e.g., Egypt, Southern Negev), through semi-arid with 500–600mm/y 
(e.g.,Soreq, Jerusalem) to humid in the north with >1000 mm (Lebanon and Southeast Turkey) (Figure 
2A,B). Precipitation in the Levant is mainly sourced from eastward moving storm tracks generated inside 
the Mediterranean region, Cyprus low systems, when cold and dry air from continental Euro-Asia 
interfaces with the relatively warm Mediterranean Sea (Figure 2A compared to Figure 2B) [87,88]. A 
smaller fraction of cyclones enter on a southeastern trajectory from the Atlantic crossing the Southern 
EM Sea (Figure 2B), but rarely reach all the way to the Levant and FC [89]. Greece and Turkey (>38◦ N) 
also receive cyclones originating to the northwest over Central Europe, the Black Sea and in the Gulf of 
Genoa [84,90]. The semi-arid to hyper-arid FC currently receives most of its moisture during winter (98% 
of the precipitation occurs between October-May; [29]) from Mediterranean storm tracks [91]; while 
summer precipitation from tropical systems is virtually absent (Figure 2B). 

The modern AP receives rainfall from the Mediterranean frontal systems (Dec-Mar), and rarely 
from the Indian summer monsoon (Figure 2A). In the Late Pleistocene, however, groundwater evidence 
suggests that the precipitation was sourced mainly from the Indian Ocean [92]. The modern climate at 
the Southern AP is largely dependent on the annual migration of the Inter-tropical Convergence Zone 
(ITCZ), which reaches its northern-most position in August. During this period, the Somali Jet brings large 
quantities of precipitation to the southernmost parts of the AP [93]. This is particularly important in the 
southwest where rainfall can occur all year round due to the orographic features of the region and 
moisture advected from the Red Sea [94,95]. The dominance of the Indian Ocean source in late 
Pleistocene suggests a northwards migration of the ITCZ. 

The ME water-balance (Figure 2C,D) plays an important role in the development of cave records in 
the region. This becomes immediately visible when comparing the Mediterranean seasonality for 
summer (dry) and winter (wet), highlighting that even in regions that receive summer rainfall (Figure 
2A), there will be little to no summer recharge under modern climate conditions (Figure 2C). The 
importance of the sub-regions reviewed in this work is emphasized when inspecting the patterns of 
winter potential recharge throughout the ME. The Levant, specifically the EM coastal region, is clearly on 
the desert-Mediterranean climate seamline with positive TP-E in the northernmost parts and negative 
TP-E in the south. The Israeli and Lebanese caves are situated in such a way where even a slight 
migration of the storm tracks shifts the water-balance from positive to negative and vice-versa. This 
sensitivity has been used to describe the Negev humid periods, however, Negev entities are not yet 
logged in the SISAL_v1 database) [73], climate controlled vegetation changes in the Levant [28] and 
changes in the dominant storm tracks [83]. The FC caves may track a similar transition between 
Mediterranean and monsoonal sources using Katleh Khor, Qal’e Kord and Gejkar caves, which appear to 
experience a positive winter water-balance compared to Gol-e Zard Cave, located further east and 
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experiencing more water-limited conditions. The predominantly year-round negative water-balance in 
the AP stresses the importance of local physiographic settings and individual storms. 

 

 

Figure 2. Maps showing seasonal precipitation amounts and water balance in the study region. Panel (A) and 

(B) illustrate seasonal precipitation amounts from June to September (JJAS) and from December to March 

(DJFM), respectively. Grey areas indicate regions where the daily precipitation amount is smaller than 0.5 mm. 

These panels also show the seasonal 850 hPa wind fields in the EM, AP and FC. Common storm trajectories are 

superimposed on the image and shown by the black arrows. Panels (C) and (D) show the seasonal water-

balance: Total Precipitation (TP) minus Evaporation (E), for the periods JJAS (C) and DJFM (D), to best estimate 

the potential recharge (or “effective infiltration”). All data was retrieved from the ERA-Interim reanalysis 

dataset (1979 to 2015 CE) [96]. Following Figure 1, circles show the locations of speleothem records that are 

included in SISAL_v1, while triangles mark identified sites not included in SISAL_v1. 

 

Due to the high SST and low atmospheric moisture above the Mediterranean Sea, the ratio of 
oxygen to deuterium isotopes in precipitation yields a unique regional water line, the Mediterranean 
Meteoric Water Line (MMWL, δD = 8 × δ18O + ~22 [%VSMOW], [97]). The majority of Levant 
precipitation indicates a local vapor source, [86,97–99]. Atlantic storms traversing the Mediterranean 
Sea are overprinted with the MMWL signal, obscuring the original vapor source. There is no clear 
indication that alternative trajectories for the Levant, such as tropical plumes or Red Sea troughs (see 
Armon et al. [100]) maintain their source vapor, even though these storms travel very short distances 
over the EM [98]. Considering that the vadose aquifer mixes the rainwater of different storms, 
identifying shifts in trajectories of Mediterranean storms using water stable isotopes would be nearly 
impossible. However, using other tracers such as dust deposition rates its composition and Sr isotopes in 
speleothem may prove valuable [101–103]). Another important consideration is the effect of the 
aforementioned strong evaporative climate. In a long-term rainfall sampling campaign at the Soreq Cave 
site mean rainfall δ18O-δD relationship seemed to fall on the MMWL (slope ~8, deuterium excess of ~20–
30%) [41,86], however, when events of <20 mm (and higher than 10 ◦C surface temperature) are 
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examined separately their slope and deuterium excess suggested to be the result of evaporative 
processes underneath the cloud. Whether the signature of the isotopically light events is transferred to 
the karst reservoir is still unclear, but a 2013 re-analysis of δ18O time-series of Soreq Cave drip water 
suggests evaporation effect to be minimal [41]. 

In contrast, precipitation at the southern tip of the AP and the southernmost parts of the Levant is 
associated with the annual migration of the ITCZ and precipitation derived from tropical cyclones (Figure 
2). These are isotopically enriched compared to the δ18O of the Atlantic/Mediterranean systems and fall 
closer to the Global Meteoric Water Line (δD = 8 ×δ18O + 10, [104]). If, however, changes in atmospheric 
ITCZ and associated precipitation occurred simultaneously in the Levant/FC and the AP, the variation 
recorded in δ18Occ time-series should be synchronized (see Section 4.1 for details). 

 

3. Spatial/Temporal Setting of Middle East Speleothems 
 

We define the ME roughly from 10◦ N to 45◦ N and from 20◦ E to 65◦ E. This includes the Eastern 
parts of Europe that are relevant for understanding of the ME climate, as described in Section 2. We use 
records from 16 caves and 23 individual speleothems from SISAL_v1 (Table 1), of which 10 sites and 17 
entities are from the ME and highlighted in Figure 1. There are additional entities that are not in the 
SISAL_v1 database (Table 1), including sites in Turkey, Israel, Egypt, Yemen, Iran and Iraq [37]. All δ18Occ 
values are reported in % (per mille) and reported in the Vienna Pee Dee Belemnite (VPDB) standard. 

The geographic coverage of the sites is uneven, with the majority of sites and entities from the EM, 
and a smaller proportion from the AP and FC. The geographical distribution of SISAL_v1 sites in the ME 
region is centered on areas of continuous carbonate rocks (Figure 1). However, other factors also have 
an influence. First, much of the region is arid to hyper arid (Figure 2), which inhibits the formation of 
speleothems, or limits formation to pluvial periods only [6,105]. Second, the recent unstable geopolitical 
situation in parts of the ME has allowed for limited scientific exploration. 

The time intervals covered by the SISAL_v1 entities in the ME range from 0.056 ka BP (Sofular Cave, 
Turkey) to 193 ka BP (Kanaan Cave, Lebanon). The temporal distribution of samples is skewed towards 
the Holocene, with an almost linear increase in δ18O data in SISAL_v1 from ~40 ka BP to the present 
(Figure 3B). Only six entities extend to and beyond the last interglacial (south to north): Jerusalem West 
Cave AF-12, Ma’ale Efrayim ME-12, Kanaan Cave MIS5 and MIS6, Dim Cave Dim-E3 and Sofular SO-1 
(Figure 3C). The remaining 17 entities are largely confined to the interval between the Last Glacial 
Maximum (LGM, ~22 ka BP) and present day (Table 1). The skewed distribution may be the result of 
publication bias, as most studies have focused on the link between climate and human civilizations 
[14,106], coupled with the fact that younger speleothems are more naturally abundant as older samples 
are either covered by the younger deposits, or destroyed by dissolution, alteration, earthquakes etc. 
[107]. Large parts of the Late Pleistocene have generally been obtained specifically in sites where long-
term continuous research has been carried out over multiple overlapping entities (e.g., Israel, Lebanon 
and Oman). 

The median temporal resolution of all ME samples is close to decadal with a 7.7-year temporal gap 
between data points (Figure 3A), the distribution of temporal gaps for all existing entities varies between 
sub-annual to >500 year gaps, as indicated by the dark purple gaps in Figure 3C,D. Caution is needed 
when analyzing close to millennial gaps, as they may be the result of prolonged growth hiatuses or 
problematic sampling methodology. Temporal resolution for all entities is given in Figure 3C,D (up to 
1000-year gaps), showing that most entities maintain a relatively constant growth-rate, with the 
exception of entities from Levant sites (i.e., Soreq, Ma’ale Efrayim, Kanaan Jeita and Dim caves). This 
highlights the hydrological sensitivity of the Levant records to changes in storm tracks, rainfall amount 
and evapotranspiration [29,40,48]. 
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Figure 3. (A) Histogram showing the distribution of temporal difference between two consecutive data points 
for all ME SISAL_v1 entities, in bins of smaller than 0.5 years, between 0.5 and 1.0 years, between 1 and 5 
years, between 5 and 10 years, between 10 and 20 years, between 20 and 50 years, between 50 and 100 
years, between 100 and 200 years and over 200 years. (B) Histogram of speleothem records during the last 
120 kyr subdivided in 250-year bins, available speleothem isotope time-series were counted if at least one 
δ18O value was within a bin [108]. (C) Temporal coverage and temporal difference of studied entities 
covering the pre-Holocene time periods (up to 200 ka BP) and (D) entities from the last 30 ka BP. Sapropel 1 
period is bracketed by the dashed lines in (C,D) [109]. 

Following the analysis of spatial distribution of the SISAL_v1 entities (Figure 1), as well as the 
temporal distribution and resolution (Figure 3), we will focus our discussion on the last 30 kyr of 
available SISAL_v1 data, and the regional ME composite for the last 12 kyr, from the Younger Dryas (YD) 
to present day. The temporal potential of climatological analysis is, in most entities, limited to decadal 
perturbations. However, the additional entities reported in Table 1 should allow for regional 
compilations and coherence tests to extend beyond the late-Pleistocene and Holocene to the last 
interglacial and beyond. Moreover, the regional dataset analyzed here is mainly affected by the 
Mediterranean storm tracks, with little information on the Indian Summer Monsoon (ISM) (see Kaushal 
et al. [110]). Questions concerning the intrusion of the Siberian High and migration of the ISM would be 
easier to tackle with the inclusion of the FC entities and the Negev caves (Table 1). 

The inclusion of these sites could be used to construct a regional-comparison traverse between 
Eastern Europe and the Balkans, EM, FC and AP. For this reason, we limit this review to the last glacial 
period and Holocene, and in Section 5 we provide suggestions to achieve a complete regional coherence 
analysis for the Late Pleistocene. 

 

4. SISAL_v1 Entities: Site-Specific Trends and Regional Interpretations 
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While variations of speleothem δ18O values are a response to changes in climate parameters 
(rainfall amount and seasonal distribution, temperature, evaporation etc.), the absolute value of 
precipitation δ18O values (δ18Op) can vary between different sites, even if they respond to similar 
regional climate trends. As a result, even if near-equilibrium deposition is assumed, the absolute value of 
δ18Occ from different sites may not be identical. Hence, we focus on trends and excursions (i.e., on the 
variability) rather than absolute δ18Occ values of the time-series plotted in Figure 4 (LGM to present) and 
Figure 5 (last 12 kyrs), these are then expended on using a normalized ME composite described in 
Section 4.3 and plotted in Figure 6. 

 

4.1. Controls on Speleothem δ18O 

For the Levant, Southwest and Northwest Turkey, as well as parts of Eastern Europe, two main 
processes were suggested to dictate the composition of δ18Op–the source and “amount” effect 
[53,111,112]. 

The potential vapor sources available for Middle East (ME) precipitation are the Mediterranean and 
the Indian Ocean (including the Arabian and Red Seas). Another source for the entities included from 
Turkey, Greece and Eastern Europe is the Black Sea (see Section 2). The modern Levant rainfall is limited 
to winter cold fronts with strong wet-winter/dry-summer seasonality. These fronts quickly inherit the 
isotopic signature of the Eastern Mediterranean (EM). This is commonly referred to as the source effect, 
where δ18Op and (and the resulting δ18O recorded in speleothems) is strongly influenced by the marine 
reservoir that contributes its vapor to rain formation. This effect is dominant over millennial time-scales, 
specifically glacial-interglacial cycles, where the isotopically light (low δ18O) polar ice-sheet meltwater 
deplete the overall composition of oceanic surface water and the resulting cloud forming vapor [111]. 
Specifically for the EM there is also a precessional time-scale effect where the isotopically light Nile flux 
(during Sapropels, African Humid Periods) results in lighter surface water [113]. δ18Occ palaeo-data from 
Soreq, Pequiin and Jeita that show a visual first order millennial control on δ18Occ, predominantly reflect 
the change in composition of the vapor source, i.e., the EM Sea. Often, the glacial-interglacial transitions 
in speleothem records follow the depletion of sea surface δ18O as resolved from planktonic foraminifera 
[53,112]. A similar, but isotopically opposite, millennial trend is also observed in Sofular Cave, where the 
vapor source is the Black Sea [62,63] (for additional discussion see Kern et al. [44]). 

The “amount” effect is considered the dominant driver of short-term δ18Op variations in the Levant 
and was empirically evaluated using modern measurements in numerous locations on the EM coastline 
[98,114]. Rainfall amount and isotopic compositions from the Israeli coastal plains and mountains display 
strong negative empirical correlations between rainfall amount, site altitude, and distance from the sea 
(all result in more negative values). The three are the underlying parameters controlling the rainout-
distillation process (Rayleigh distillation) of the cloud [86,114]. There is no similar correlation for desert 
sites possibly due to desert rainfall being strongly affected by evaporation at the base of the cloud [98]. 
This observation was made using data from the EM coastline sites, where long-term rainfall sampling 
programs (amount and δ18Op) and modern cave water monitoring have been established. Regarding the 
sites in the SISAL_v1 database, only three of the seven Levant sites reviewed here had a long-term 
monitoring program (Kanaan, Soreq and Ma’ale Efraim). Three other sites (Mitzpe Shlagim, Pequiin and 
Dim) have had cave water sampled sporadically, when access to those sites was granted. 

To evaluate the controlling mechanisms on decadal to seasonal δ18O variability in Levant records, 
we refer to the extensive monitoring dataset from Soreq Cave collected between 1989 and 2016. The 
monitoring included the logging of rainfall amount, analysis of its isotopic composition, as well as 
sampling of local ground water and host rock and measurements of cave pCO2, relative humidity and 
temperature of the cave air, seasonal cave drip and pool water sampling in multiple locations and the 
collection of modern speleothems and calcites [40,41,86,114–117]. The modern data from Soreq Cave 
reveals that on an annual time-scale, the rainfall amount is linearly correlated with more negative annual 
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δ18Op (weighted average), and that this trend is then transferred into the cave. High mean annual 
rainfall amount results in more negative δ18Op values of the water in the vadose zone for that year, 
while prolonged droughts shifts the baseline seepage water to more positive δ18Op values [41]. The 
decadal to seasonal variations were validated in a modern stalagmite sample [40] and also observed in 
Soreq Cave fossil speleothem records, with seasonal to centennial resolution [14,28,31]. A similar 
control of the “amount” effect was also suggested in Western Mediterranean caves [118–121]. 

As a result of the modern strong seasonality pattern of the Levant region, the δ18O of cave water 
represents mostly winter rainfall. For seasonal studies, this simplifies the evaluation of the δ18Occ 
records by removing the by omitting the summer’s contribution to annual δ18Op variability (i.e., rainfall 
source seasonality [122,123]) and potentially avoiding δ18O enrichment following evaporation in the 
epikarst and karst reservoirs (as it is often reported as negligible in winter storms [86,98,114]). 
Consequently, the resulting speleothem record is strongly biased towards negative winter δ18Op. The 
implementation of the modern observation on paleorecords relies on the hypothesis which a suggests 
that the physiography of the Levant enforces the wet-winters/dry-summers seasonality of the region 
throughout the Pleistocene [124]. However, we note recent contrasting evidence by speleothem 
palaeoclimate studies resolved in seasonal resolution and other studies utilizing isotopically enabled 
climate models, which suggest the possibility of significant summer rainfall and positive summer 
effective infiltration for the Levant during the interglacials and interstadials [14,31,125]. 

In the Northern AP, Hoti cave records are mainly confined to the interglacial, with modern rainfall 
derived from similar Mediterranean cyclones (Figure 2A,B). Regional δ18Op however is much higher than 
in the EM coastline caves, ranging between 0 and −2%. The current hypothesis to explain why the Ho  
records have significantly lower δ18Occ values is that speleothem growth occurs under the highly pluvial 
conditions brought by the ISM, as the most recent period of deposition in the cave, the early to mid -
Holocene is regarded as a period of increased monsoonal activity [52]. The Southern AP sites (Defore, 
Moomi, Qunf), record the intensity and duration of the ISM as well as the location of the ITCZ [49], as 
suggested by the modern synoptic systems and rainfall regime, and corroborated by examination of 
multiple δ18Occ records. These variations have been linked to solar output [48] and orbital forcing [75], 
and are synchronous global millennial scale events as recorded in the Greenland ice cores, EM Sea 
planktonic records and regional terrestrial records (i.e., the Dead Sea level curve [126]). 

Unlike the Levant and AP records, the FC rainfall patterns vary from annual rainfall to distinct wet-
dry seasonality, depending on the topography and proximity to the vapor sources [127]. Positive 
effective infiltration is limited to the autumn and winter months. δ18Op values vary between −10% 
(winter) and −2% (summer), with heavier events as being high as +5% in spring and summer [81,127]. 
Records from Qal’e Kord Cave are similar to Soreq Cave and link to changes in monsoonal precipitation 
in China. This suggests a teleconnection between Eastern Europe and Asia as a result of the meridional 
migration of the Westerly Jet. The main vapor source for the Levant sites and the FC sites the same (the 
Mediterranean Sea), however, the average δ18Occ values from the previous interglacial and glacial in 
Qal’e Kord Cave are ~2% lighter than coeval Soreq Cave records. This is ascribed mainly to the Rayleigh 
distillation of atmospheric vapor as it moves east over the land mass [81]. 

 

4.2. The Last Glacial Maximum, Deglaciation and the Transition into the Holocene (30 kyr BP 
to 12 kyr) 

Levant records for the glacial-interglacial transition of the Late Pleistocene (deglaciation) follow the 
Mediterranean planktonic curves, indicating that these speleothem δ18O records primarily reflect sea 
surface δ18O changes [55,70,111,112]. The glacial period is characterized by a mean δ18Occ that is several 
permille more positive as a result of the enriched δ18O composition of the vapor source, i.e., the 
Mediterranean Sea (source effect), variations of the vapor source of ~1%–1.5% are observed in the 
Holocene as well, but as shown by Almogi-Labin et al. [112] “ ... source effect is not directly recorded in 
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δ18Osea–δ18Oland values, which would remained constant if the source effect were the only control of 
rainwater δ18O. The influences of rainfall, the amount, sea–land distance and elevation changes are thus 
superimposed on sea surface water δ18O change”. This shift is most pronounced in the Soreq Cave, 
where a sharp decrease in δ18Occ is visible starting at the Last Glacial Maximum (LGM) from −3.0% 
towards Holocene values of −5.5% (Figure 4). This depletion trend stabilizes at ~15 kyr BP (circa the 
Bølling-Allerød warm event), followed by a pronounced response to the Younger Dryas (YD), which is the 
sharpest response observed to event in the SISAL_v1 records from the region, with an enrichment of 
>1.5%, but still 1–1.5% lower than LGM values (Figure 4). 

The Jeita, Ma’ale Efrayim and Jerusalem West entities all have lower temporal resolution during the 
LGM and deglaciation, which makes the identification of major climatic events difficult (Figure 4). On 
centennial and longer time-scale, we observe a gradual transition in the δ18Occ values, from −2.5% a er 
the LGM (~17.5 ka BP) to between ~−5 and −7% in the Holocene in Dim, Jeita and West Jerusalem caves 
(Figure 4). The expected “back to glacial” excursion of the YD, described for the Soreq composite record 
(~ +1.5%), is harder to identify in the neighboring Levant (Figure 4). The identical trends observed across 
Levant records suggest that they respond to the same drivers, specifically, changing storm tracks, 
encroaching coastlines and changes in EM Sea surface isotopic composition [53,54,83,98]. This can be 
seen in Jeita Cave, which displays a visual correlation with the EM marine foraminifera δ18O and in the 
trend of the ME composite (Figure 4 vs. Figure 6D,E). However, during prominent climatic events (LGM, 
H1) Jeita-2 δ18Occ time-series shows opposite trends to the marine records [128,129]. These excursions 
towards lighter δ18Occ are often in tandem with lower δ13Ccc and Sr/Ca values and are suggested to 
reflect increased infiltration (i.e., high TP or higher TP-E). Evidence of changes in palaeo-infiltration 
highlight the inconsistencies found between the climate as inferred from the marine vs. terrestrial 
records, and also emphasizes that the source effect is not the only parameter influencing variations in 
δ18Occ. 

Sofular Cave entity SO-1, however, is the only time-series which does not agree with this glacial to 
interglacial regional trend, towards more positive values in the transition to the Holocene (Figure 4). The 
distinct imprint of Greenland interstadials on the MIS2 50-kyr record suggests that SO-1 captures 
decadal to centennial-scale events. This means that on glacial time-scales SO-1 reflects Black Sea surface 
water composition rather than Mediterranean source [61]. Additional discussion on Sofular Cave, 
including the Holocene cycle documented in the speleothem δ13C time-series, can be found in the review 
of Eastern European records in SISAL_v1 [44]. 

The majority of entities from the AP grew only during interglacial periods. The only entity growing 
from the LGM to the Holocene is M1-5 from Moomi Cave (Socotra Island) spanning from 27 ka to 11 ka 
BP (Figure 3). The North-Easterly autumn rains sourced from the ITCZ are the main source of infiltrating 
water for Moomi Cave. Most of the Moomi δ18Occ record is strongly correlated with the Greenland ice 
cores, suggesting a possible Atlantic driver of these monsoonal shifts [59]. The LGM is dated in the 
record as occurring circa 23–22 ka BP, which is interpreted as an arid period with pronounced decrease 
in precipitation over the Island. After the LGM there is an increase in rainfall, as deduced from a trend 
towards more negative δ18Occ values, that is similar but more gradual than the trend seen in the Soreq 
Cave composite (Figure 4). The post-LGM warming and wetting trend is interrupted by the warm/dry H1 
event (~16.4 ka BP), followed by the wet Bølling-Allerød event (14.5 ka BP) and then the dry YD (12.9–
11.7 ka BP [130]) (Figure 4). The entity terminates soon after the commencement of the Holocene 
(dated to 11.4 ka BP), when a sharp decrease in δ18Occ, interpreted as an increase in monsoonal rainfall 
is observed. The Levant records (Soreq, Jerusalem West and Ma’ale Efrayim) do not show a concomitant 
abrupt change of ~30 years transition from YD to the Holocene. 
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Figure 4. Time-series of δ18Occ of speleothem records from the AP (Yemen/Oman), Levant including 
Turkeys’ Mediterranean coast, i.e., Dim Cave) and Northern Turkey (Sofular). The climatic events highlighted 
on the plot are based on the interpretations from references [30,131]. 

 

4.3. Holocene Climatic Events and Spatial Heterogeneity across the Middle East 
 
When interpreting the post-YD, early Holocene time-series, we note that although there is still an 

effect of changes in source δ18O (seen in the planktonic curves of the EM Sea, Figure 6E), this is not as 
significant as during deglaciation. Thus, in this work we follow the conviction which determines that the 
dominant driver of δ18Op variations is likely the “amount” effect [53,112]. The Holocene is characterized 
by a general trend towards increasing aridity in the ME region [46,49,51,57,61,66,70,132]. The wettest 
period in the EM, and the Levant in particular, occurred from ~10.8 to ~6.1 ka BP, coeval to the 
formation of Mediterranean Sapropel 1 and the African Humid Period (AHP) [68,133,134]. The entities 
from Jeita Cave (Figure 5A) show increasing precipitation during the early Holocene (from 12 to 10 ka 
BP) and wet conditions between ~10 to ~7 ka BP with peak precipitation amounts at ~8.5 ka BP. 
Between 7.5 and 6.5 ka BP, the δ18Occ time-series from Jeita Cave indicates progressively decreasing 
precipitation amounts until 5 ka BP. Late Holocene δ18Occ values in these entities reveal a generally dry 
period that is interrupted by shorter and longer wet-periods, e.g., from 4.0 to 3.0 ka BP, when 
precipitation amounts were increased. The hydroclimate changes recorded by the speleothems at Jeita 
Cave are in general agreement with other speleothem δ18Occ time-series from the region, such as the 
speleothem records from Soreq Cave (Israel) [64] and Dim Cave (Turkey) [50] (Figure 5A). All these 
records indicate that the most arid conditions in the Holocene occurred after ~3.2 ka BP [54,58]. 

The only other record from the Levant that spans the entire Holocene is SO-1 from Sofular Cave 
(Figure 5A). This record shows increasing δ18Occ values during the early- and mid-Holocene, until ~6 ka 
BP. However, compared to other records from the EM, long-term δ18Occ trends in SO-1 are not related 
to variations in precipitation amounts, but instead reflect changes in the mean δ18O value of the Black 
Sea, which is the main moisture source for this site, rather than the EM Sea [61,62]. Therefore, 
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while periodic coupling of the Mediterranean and Black Sea system can be observed in the regional 
records, it is difficult to directly link long-term δ18Occ changes in SO-1 to δ18Occ variations from EM 
speleothems [62]. Only one speleothem record from Eastern Europe, Ascunsa Cave (Romania), shows 
similar long-term trends similar to SO-1 (Figure 5A), likely reflecting also δ18O changes of the Black Sea 
[46]. 

  

Figure 5. (A) Time-series of δ18Occ of speleothem records for the last 12 kyr. speleothem records are the 
same than in Figure 4, which are on the modern dominant storm trace to the ME region shown in Figure 2. 
(B) Temporal variability of entities in panel A for the last 2 kyr. The seasonally-resolved entity 2–6 (Soreq 
Cave) is added for discussion [14]. The climatic events highlighted on the plot are based on the 
interpretations from references [30,131]. 

For the last 2 kyr, entities from Sofular Cave, Kapsia Cave, Mavri Trypa Cave, Soreq Cave, Jeita Cave, 
Qunf Cave and Defore Cave are available (Figure 6). From these records, only SO-1 (Sofular Cave) covers 
the entire period at 1 to 50-year resolution. The seasonally resolved Soreq entity 2–6, which was 
generated using Secondary Ion Mass Spectrometry (SIMS) [14,71], has more negative δ18Occ values 
compared to the δ18Occ of the Soreq composite record and the SIMS time-series variability is much 
higher. This is possibly related to the SIMS-sampling methodology, which targets multiple analyses in a 
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single ~50–100 µm thick annual band, which emphasizes the bias toward the negative winter values (~ 
−2.15% offset) [14]. The Soreq 2–6 δ18Occ indicates a steep drying trend from 2.0 to 1.8 ka BP that is not 
observed in the other δ18Occ time-series from the EM (Figure 5B), probably due to the relatively low 
temporal resolution of the other records, which are able to resolve only pronounced changes in δ18Occ. 
Lechleitner et al. [135], find the opposite trend in their stacked records of Western Europe speleothem 
records. The finer climate variations during the Medieval Climate Anomaly (MCA) and the Late Antique 
Little Ice Age (LALIA) [131] are only identifiable in Soreq 2–6. The Little Ice Age (LIA) is recorded by the 
EM coastline entities (mainly Jeita Cave) and the record from Defore Cave (Figure 5B) with a positive 
excursion, that is again opposite to the observation from the Western European stack [135]. 

The comparison between the AP and the Levant over the past 2000 years is limited by the overlap 
of the entities that are available. The transition from the LALIA to the MCA is characterized by variable 
δ18Occ values in Soreq 2–6. At the beginning of the LALIA δ18Occ values are the most negative measured 
in Soreq 2–6, indicating a generally wet conditions in the Southern Levant (consistent with the Soreq 
composite record). By contrast, δ18Occ values are more positive at the end of the LALIA, indicating dryer 
conditions in the transition period from the LALIA to the MCA. At the MCA, precipitation amounts 
increased again in the EM. This is indicated by the negative trend in δ18Occ values in Soreq 2–6 
[14,53,136]. During the MCA, δ18Occ changes in the Qunf record and in Soreq 2–6 are anti-correlated, 
suggesting opposite precipitation variations at the southern tip of the AP and in the EM, to be 
considered further when additional high-resolution entities become available. 

Analyses of regional composites have yielded useful results in the study of the Holocene [32,35] 
and the past 2000 years [45,137,138], because they mitigate the effect of age uncertainties and focus on 
detectable climate variability. Here we construct a composite of Holocene ME speleothem records 
(Figure 6E) and compare them with reconstructions of solar and volcanic activity, respectively (Figure 
6A), the sum of glacier advances as well as cold and dry periods [32] (Figure 6B). The ME composite was 
produced as follows: first, data from each of the reconstructions were averaged into bins (at 25-year and 
200-year intervals); second, each binned series was normalized. The normalized anomalies are visualized 
as boxes that are connected with a 3-point running average of 25-year bin means (Figure 6D). The same 
process is applied to Greenland ice cores [139] (Figure 6C). EM planktonic δ18Occ profiles are also shown 
in order to highlight the source vapor isotopic variability, if recorded [64,109,140] (Figure 6E). 

Rapid, prominent events observed in both continental and marine palaeo-archives during glacial 
periods are also evident during the Holocene, although less pronounced. This persistent rapid variability 
is suggested to be in response to an internal rhythmic throbbing of the climatic system at centennial 
scales [141]. In the scope of this review, three reference Holocene events are reviewed: ca. 8200 years 
BP (referred to here as the 8.2 ka event), ca. 4200 years BP (4.2 ka event) and ca. 700 years BP (0.7 ka or 
LIA). These events are concomitant with major glacier advances in the Northern Hemisphere [32,142] 
(Figure 6B). 

The base of the Holocene is defined in the North Greenland Ice Core Project’s NGRIP2 ice core, at 
11,650 years BP [143]. The Early Holocene goes from the base to the 8.2 ka event [144], coeval with a 
final drainage of northern ice-dammed lakes causing a freshwater outburst into the North Atlantic [145] 
and the formation of Sapropel 1 in the Mediterranean [109,146]. The tail-end of Sapropel 1 in the EM 
(roughly 8.2 ka BP until a little after 7 ka BP) is seen in the normalized ME composite as trending toward 
more positive δ18Occ values, the result of superposition of a general drying trend [109] and the 
enrichment trend of sea surface water δ18O (Figure 6E). The normalized ME speleothem composite 
during this period displays the highest variability (i.e., the difference 25–75% percentiles) observed for 
the entire 12 kyr time-series (Figure 6D). This high variability indicates disagreement between the time-
series of the various entities, hence increased regional heterogeneity. Sapropels are recorded in marine 
sediments due to a change either in the flux of organic matter to the sea floor from productivity changes 
or in preservation by low oxygen levels in bottom-waters [147,148]. Factors such as monsoon 
intensification, increased runoff from North Africa into the Mediterranean Sea and preconditioning due 
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to meltwater events/sea-level rise are potential factors leading to sapropels [109,146]. In addition, the 
particular geomorphology and hydrology of the Mediterranean basin favours their deposition [147]. 

The 8.2 ka event marks the mid-point of Sapropel 1–a generally humid period in the ME–and is 
indicated by a rapid positive anomaly in most ME entities (interpreted as cold/dry) (Figure 6C–E). The 25-
year bin line of the normalized ME composite analysis does not indicate a pronounced 8.2 ka event, 
while the 200-year bin box highlight it as an interruption of this generally humid period, with distinct 
heterogeneity in the records (Figure 6D). In the marine sediment δ18O record (Figure 6E), the 8.2 ka 
event is not as dominant as in other marine proxies [146], but Sapropel 1 appears as a negative ‘hump’ 
in the δ18O time-series, where peak negative values are in agreement with the 8.2 ka event as well as 
cold reversal consistent in the North Atlantic context (Figure 6B,C) [32,149,150]. The 8.2 ka event is 
recorded in multiple records as a pronounced cold temperatures lasting ca. 160 years (Greenland, Figure 
6C), together with a decreased snow-accumulation rate [151]. The 8.2 ka event is preceded by a 
remarkable minimum in solar activity [152] and an increase in the magnitude and frequency of volcanic 
eruptions [139] (Figure 6A). The Dead Sea level was sustained at low during the 8.2 ka event, which 
would suggest anomalously low rainfall intensities [153]. Thus, the 8.2 ka event is placed within a distinct 
cooling of the Aegean-Levantine regions from 8.6 to 8.0 ka BP, when African monsoon indicators suggest 
a change from an increased moisture availability to a decline towards a modern-type aridity reached at 
around 6 to 5.5 ka BP (Rohling et al. [142] and references therein) with a discontinuously wet and 
vegetated Sahara [154–156]. In the Levant, this behaviour of the ITCZ (African and Indian monsoon 
driver) could explain why the 8.2 ka event results in differentiated records across the ME region. In the 
Levant, the 8.2 ka event is suggested to be coeval with Neolithic revolution traits (e.g., the transition 
from the Pre-Pottery to the Pottery period) [157]. 

The 4.2 ka event is one of several decadal to centennial scale, regional to global, Rapid Climate 
Change (RCC) events that characterize the mid to late -Holocene [30,158]. The 4.2 ka marks the 
transition into the late-Holocene and is generally considered as a cold drought event, between ~4.2 and 
~3.8 ka. The drought event lead to considerable environmental stress, most notably in Mediterranean 
and Levant societies, with cultural changes and settlement abandonment are seen from the Near East to 
Northern Mesopotamia as part of the end-phases of the Bronze age [28,159–161]. Although the 4.2 ka is 
a widely studied event, identifiable in multiple records and proxies, there is still considerable debate 
regarding the timing, nature and drivers of the event (or 4.2 to ~3.8 cycle) [28,158]. Thus, the SISAL 
entities timing if the event is also not as straight forward and ubiquitous. Comparing the δ18Occ time-
series of Soreq Cave to that of Jeita Cave, there is a close to centennial offset between the positive 
δ18Occ excursion found in the Soreq composite (~4.2 ka), and the positive shift in Jeita Cave δ18Occ 

(Figure 5A). The Soreq δ18Occ excursion is superimposed on a prolonged drying trend starting 
circa 4.8 ka, when in contrast during the Soreq 4.2 ka itself, Jeita Cave expressed a rapid negative δ18Occ 
excursion, commonly regarded as a wet condition (which Cheng et al., interpret to last until 2.9 ka [53]). 
The offset between the caves could also be a naturally occurring time transgressive phenomena, similar 
termination of the African Humid Period which progressed from north to south, following a gradual 
reduction in monsoon rainfall [162,163]. Inconsistencies between the Jeita and Soreq records have been 
suggested to be consistent with the progressive southward decrease in the regional humidity [53]. With 
the offset in mind, both caves appear to produce a close to W-shape event, with cold-warm/dry-wet 
episodes lasting decades to centuries, rather than a major single event (Figure 5A). This is in agreement 
with observation from Skala Marion Cave [164] and highlighted in regional multi-record compilations, 
such as a Dead Sea level drop lasting close to five centuries [153,158,165]. In this regard, the ME 
composite suggests that circa 3.8 ka marks the culmination of the observed gradual increase in aridity 
starting after the termination of Sapropel 1 (Figure 6D). The period between ~4.8 and ~4.0 ka has minor 
spatial heterogeneity which can be indicative of a less regionally unique event, weaker than the previous 
one circa 5.6 ka. However, as there is a gap in SISAL_v1 AP records for the duration of the event/cycle 
and the available records have much lower resolution for this specific time period [28], 
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we would recommend additional records to be included in the ME composite before any significant 
conclusions be drawn for this climate period. 

The Little Ice Age (LIA) is the most recent climate anomaly of the Late Holocene and had strong 
impacts on European societies [166,167]. Greenland ice cores show the coldest individual bins of the 
past 2000 years during this period and a similar pattern is observed for EM marine profiles (Figure 6C–E). 
Over the past 2 kyrs, the ME composite (Figure 6D) shows a high variability (i.e., the difference 25–75% 
percentiles), as regional heterogeneity intensifies around what seem to be the coldest periods in the 
North Atlantic since the early Holocene [32]. Unlike the previous cold events reviewed (8.2 ka and 4.2 
ka), the LIA shows a tendency towards more moisture availability, consistent with higher lake-levels at 
the Dead Sea [153]. Forcing simulations suggest that this pattern is consistent with a global cooling trend 
arising from an increased frequency of volcanic activity and/or land use change [137] (Figure 6B). Studies 
in the North Atlantic show year-to-year variability during the Little Ice Age: severe droughts, floods, 
intense storm activity during late summer-early autumn, cold/heat waves that showed significant spatio-
temporal variation and exceptional wintertime conditions, with sea ice expansion and reduced 
northward heat transport by the subpolar gyre [168–170]. In the Levant, the onset of the Little Ice Age 
coincides with the end of the Crusades and reinforcement of the Mamluk sultanate and Ottoman 
empire, between the 14th and early 20th centuries [161], similar to the rise and subsequent fall of the 
Roman rule over the Levant during the “Roman Humid Period” [14]. 

  

Figure 6. Holocene overview of the δ18Occ of ME speleothem records in comparison with additional 
terrestrial and marine palaeo-archives. (A) Reconstructed sunspot number along with its 68% confidence 
interval [152] and volcanic aerosol based on empirical orthogonal function analysis performed in ice 
cores from Greenland [139,171]. (B) Sum of ice glacier advances, cold and dry periods [32]. (C) 
Composite δ18O data from Greenland ice-cores [172]. (D) Composite of the SISAL δ18Occ from ME and 
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Eastern Europe speleothems reviewed in this study. The composites in (C,D) are shown as normalized 
anomalies (standard units) with a box width: 200-year intervals; central mark: median; edges of the box: 
25th & 75th percentiles; whiskers: extreme values (~99% of data); plusses: outliers (~1% of data); boxes 
connected with a 3-point running average of 25-year bin means. (E) Eastern Mediterranean planktonic 
δ18O profiles of site LC21 [64,109] (light brown line: Globigerinoides ruber, black line: Neogloboquadrina 
pachyderma) and site MD84-641 [140] covering the Holocene. The shaded areas highlight important 
early, middle and late Holocene climate events discussed in the text (8.2, 4.2 and 0.7 ka, respectively). 

 

5. Conclusions and Future of SISAL Project in the Middle East 
 
5.1. Emphasis for Future Speleothem Research in the Middle East 

 
The main goal for future speleothem research in the Middle East (ME) would be to increase spatial 

coverage in the region (Figure 1, Table 1), specifically in the Fertile Crescent (FC), Arabian Peninsula (AP) 
and Saharan belt (Egypt, Negev) sub-regions where current site density is considerably lower than the 
Levant. Efforts in these environments are specifically important as the spatial distribution of carbonate 
bedrock is not continuous so without regional continuity, improved entity density would improve 
regional analysis coherency. 

Additionally, emphasis should be placed on including additional entities to increase the temporal 
coverage and generate longer time-series from the region as most of the records cover only the last 40–
30 kyr (Figure 3B). This should be done in tandem with application of high temporal-resolution analysis 
methodologies (conventional and novel) to increase the resolution of the available geological 
paleorecords (see Figure 3C) and allow detection of changes in seasonality [14,31] and decadal scale 
variations [28,48]. This will enable future studies to conduct more accurate coherence regional 
investigations to reveal coherent and robust climate variations over longer time periods, including 
glacial-interglacial cycles in the Pleistocene. 

Achieving these goals will allow SISAL based studies could better constrain teleconnections 
amongst the hydroclimate of remote regions such as Northern Africa, the Levant and the FC, which 
should all be influenced by Mediterranean cyclones and ITCZ migration, as the spatial scale of the ITCZ 
migration and the overall effect it might have had on rainfall amount in the Southern AP is still debated 
[173] and a regional compilation incorporating crucial missing records to the SISAL database will enable 
us to shed light on this topic. Furthermore, considering the location of the Levant at the border between 
the tropical Hadley cell and the mid-latitude Ferrel cell, hydroclimate change in this region is supposed 
to be very sensitive to shifts in the Hadley-Ferrel-cell border, which should be ultimately imprinted in the 
speleothem palaeoclimate record. Hence, future speleothem-based reconstructions and synthesis of 
past hydroclimate changes from North Africa, the Levant and the FC will allow testing of theoretical 
concepts on how the Hadley-Ferrel-cell border shifts in response to changes in insolation [174]. 

The ability to simulate the rhythm of climate variability and specific events (such as sapropels, the 
8.2 ka or 4.2 ka events and the LIA) depends on the availability of high-quality databases, with high 
enough temporal resolution to make relevant inferences from a human perspective. In this regard, 
completion of the above-mentioned information will help in answering challenging questions and in 
understanding future changes to water limited environments. 

Though this work does not review the carbon isotope climate proxy (δ13C), it should be noted that 
the δ18O record is often ‘noisy’ in fast growing speleothems which provide high-resolution Holocene 
records, as it reflects seasonal and annual variations in δ18O, while the δ13C record is less sensitive to 
such short time-scale variations and reflects variations in the soil CO2 composition, which can be used to 
identify and characterize Holocene centennial and millennial climate variability [28]. 

5.2. The Importance of Fertile Crescent Speleothem Data 
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The publication of more speleothem-based proxy records from the FC is a priority in palaeoclimate 
research for several reasons. First, additional FC entities would make it easier to establish the role of the 
Siberian High and Indian Summer Monsoon in the regional palaeo-hydrology. Whereas there is no 
influence from the ISM on precipitation in the modern-day FC, it has been theorized that in the early 
Holocene (and before) the picture was more complicated–the FC received rainfall more evenly from two 
sources instead of the simple single-sourced nature of precipitation today [175], SISAL records could 
help researching this question. 

Second, the late Holocene δ18Occ records from the FC reflect winter-spring precipitation, the main 
hydrological season, while records such as lake sediments, pollen and tree-rings often reflect annual 
precipitation, summer precipitation or temperature changes. They can also suffer from other 
inadequacies such as lacking the required temporal resolution, not covering the researched period, or 
suffering from considerable chronological uncertainties [175]. These problems are especially limiting 
when using palaeoclimate proxies in archaeological discussions, as tying climatic events to specific 
human developments requires maximum chronological precision and precipitation during the growing 
period (spring) will be most important for human flourishing. Seeing the FC as one of the most important 
regions worldwide for human development, producing highly-resolved and accurately-dated speleothem 
records is of vital concern. Here we identified five sites in the FC, from Turkey, Iran and Iraq. The entities 
from these publications have already contributed to the understanding of the prevailing continental 
climatic conditions over the Holocene and as far back as 500 ka BP. Increasing the number of datasets 
available in SISAL would provide an important tool for answering the questions raised in this section. 

5.3. SISAL Outlook for the Middle East  

As Table 1 suggests, there is an excellent opportunity to include more records from the ME in the 
SISAL database. This would allow the application of statistical analyses, e.g., standardization techniques 
to synthesize common trends in the stable isotope time-series [137] or coherence analysis using Monte 
Carlo Principal Component Analyses (MC-PCA) [35]. Such analyses will enable better constraints on the 
relationships between different archives such as between the speleothem hydroclimate records and 
reconstructed SSTs. It would also allow the identification of common modes of hydroclimate variability 
and better insights into the climate dynamics/mechanisms and its forcing. Coherence analyses could also 
be extended to incorporate Western Mediterranean as well as European stable isotope time-series, and 
validate the teleconnection between hydroclimate changes that also depend on mid-latitude cyclones 
[176–178]. 
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NEW INSIGHTS ON THE ROLE OF ENVIRONMENTAL DYNAMICS 
SHAPING SOUTHERN MESOPOTAMIA: FROM THE PRE-UBAID TO 

THE EARLY ISLAMIC PERIOD 

By MARK ALTAWEEL, ANKE MARSH, JAAFAR JOTHERI, CARRIE HRITZ, DOMINIK FLEITMANN, 
STEPHANIE ROST, STEPHEN F. LINTNER, MCGUIRE GIBSON, MATTHEW BOSOMWORTH, 
MATTHEW JACOBSON, EDUARDO GARZANTI, MARA LIMONTA AND GIUDITTA RADEFF 

 

Recent fieldwork and archival sedimentary materials from southern Iraq have revealed new 
insights into the environment that shaped southern Mesopotamia from the pre-Ubaid (early 
Holocene) until the early Islamic period. These data have been combined with northern Iraqi 
speleothem, or stalagmite, data that have revealed relevant palaeoclimate information. The 
new results are investigated in light of textual sources and satellite remote sensing work. It is 
evident that areas south of Baghdad, and to the region of Uruk, were already potentially 
habitable between the eleventh and early eighth millennia B.C., suggesting there were 
settlements in southern Iraq prior to the Ubaid. Date palms, the earliest recorded for Iraq, are 
evident before 10,000 B.C., and oak trees are evident south of Baghdad in the early Holocene 
but disappeared after the mid-sixth millennium B.C. New climate results suggest increased 
aridity after the end of the fourth millennium B.C. For the third millennium B.C. to first 
millennium A.D., a negative relationship between grain and date palm cultivation in Nippur is 
evident, suggesting shifting cultivation emphasising one of these crops at any given time in 
parts of the city. The Shatt en-Nil was also likely used as a channel for most of Nippur’s 
historical occupation from the third millennium B.C. to the first millennium A.D. In the early to 
mid-first millennium A.D., around the time of the Sasanian period, a major increase in 
irrigation is evident in plant remains, likely reflecting large-scale irrigation expansion in the 
Nippur region. The first millennium B.C. to first millennium A.D. reflects a relatively dry period 
with periodic increased rainfall. Sedimentary results suggest the Nahrawan, prior to it 
becoming a well-known canal, formed an ancient branch of the Tigris, while the region just 
south of Baghdad, around Dalmaj, was near or part of an ancient confluence of the Tigris and 
Euphrates. 

Keywords: southern Mesopotamia, Nippur, Uruk, environment, palaeochannels, climate, 
speleothems, phytoliths, sediments, date palm, oak 
 
Introduction  
New fieldwork focusing on the paleoenvironment and past channel systems was carried out 
during 2016–2017 in southern Iraq. This work focused on gaining a better understanding of 
long-term palaeochannel and environmental development during prehistoric and historic 
periods. Boreholes were drilled in the Dalmaj and Nahrawan regions south of Baghdad (Fig. 
1) in order to obtain sedimentary samples for analyses. The new samples were combined with 
previously recovered sediments from Nippur’s ancient channel (Shatt en-Nil) that ran through 
the city and with sediments recovered from a borehole near Uruk. Sediments were analysed 
for their structure, petrography, mineralogy, and microfossil remains, with phytoliths being a 
particular focus, and absolute dates were obtained using Accelerator Mass Spectrometry 
(AMS) methods where possible. New results also include palaeoclimate proxy data obtained 
from a speleothem (stalagmite) sample from Shalaii cave in the Kurdistan region of Iraq, 
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dated using Uranium- Thorium dating. These combined data provide a long-term, 
environmental and hydrologic history in southern Mesopotamia that can now be juxtaposed 
to archaeological and historical data. Results provide insights into the plant ecology and 
human-environmental interactions that shaped southern Mesopotamia in different millennia. 
In this article, we summarize the new results while also focusing on particular periods and 
instances where novel insights are gained. Up to this point, much of southern Mesopotamia’s 
environmental history has been determined through evident surface remains, such as ancient 
river courses or canals dated by spatial association with archaeological sites, or 
geomorphological techniques that assess sedimentary remains. Furthermore, there is a lack 
of knowledge of Iraq’s ancient botanical remains, including prehistoric and historic periods. 
For the first time in the study of ancient southern Mesopotamia, we focus on microfossil and 
sedimentary data and combine terrestrial proxy climate data from cave speleothems to gain 
novel insight into wider environmental and landscape change. This article begins by 
presenting existing research on the palaeolandscapes and environmental history of southern 
Mesopotamia. This includes geoarchaeological, archaeological, remote sensing, and some 
textual analysis. Our methods are then presented, demonstrating where our work builds from 
these earlier efforts, and our new results are described. Finally, a discussion on the novel 
insights obtained and benefits of this type of research for understanding Mesopotamian 
environmental history is given, in light of previous archaeological and historical data. 

 
Fig. 1 Locations offieldwork areas in southern Iraq. Inset A: numbers prefixed with A are sites of 
boreholes on the Naharwan and Dalmaj channels. Nippur and borehole M38 near Uruk are also 

indicated. Inset B: location of Shalaii cave in the Kurdish region of Iraq. 
 
Archaeology, Geoarchaeology and History 
Beginning in the 1950s and continuing nearly unabated until 1990, archaeologists 
endeavoured to document and understand the settlement and environmental history of 
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southern Mesopotamia. Work initially focused on excavation of large mounded sites (tells) 
that mark the landscape and represent the accumulated material remains of long-term 
occupation (Adams 1981; Gibson 1972; Hritz 2010; Wright 1980). While these features reflect 
the importance of place in the long history of southern Mesopotamia, archaeologists also 
recognized the important role of landscape and environment, specifically the ancient rivers 
and canals, in shaping settlement history. The guiding premise in these earlier works was that 
durable human settlement in ancient Mesopotamia was only possible along river channels 
and canals, and that changes in watercourses would be accompanied by changes in 
settlement locations. 
 
The first attempts to associate tells with relict river channels, thereby providing dates of 
visible relict channels by association with dated tell sites and demonstrating the linkages 
between channels, canals, and settlement history, were made by the Diyala Basin 
Archaeological project begun in 1937 and led by Thorkild Jacobsen (1982) and Robert McC. 
Adams (1965). Adams and Jacobsen postulated that by systematically mapping all mounded 
sites in the region, dating them by examining visible pottery on the surface, associating them 
with locations mentioned in textual records, and plotting them on period maps, any linear 
patterns that emerged would represent the major routes of ancient water courses. In other 
words, spatial distributions of tells were used to infer the location of channels and canals that 
were no longer visible or only partially visible on the ground. Using this method, 
archaeologists surveyed around one third of the entire alluvial plain, plotting and postulating 
key hydrologic events, including avulsion, siltation, and salinisation, while associating these 
changes to changes in the fortunes of settlements (Adams 1981; Gibson 1972; Jacobsen 
1960; Jacobsen and Adams 1958). Work by Adams (1965) in the Diyala used archaeological 
survey and historical data together to understand periods of environmental stress affecting 
settlements, where channel abandonment, including that of canals, was seen as related to 
settlement abandonment. Another frequently cited environmental reason explaining the 
abandonment of settlements and even the collapse of major early states is salinisation 
induced by irrigation (Jacobsen 1982; Jacobsen and Adams 1958). The primary evidence for 
salinisation comes from the analysis of ancient texts. The term ki-mun (‘saline ground’) was 
used to classify the fertility of soils from 2500 B.C. onwards. Surveys of agricultural ground 
delineate parcels as saline ground that remained uncultivated due to salinisation (Jacobsen 
1982:8–9). Scholars have also compared texts recording crop yield and yield projections and 
used changing amounts to suggest cycles of progressive salinisation, including impact on the 
health of early states’ economies (Algaze 1993:4–5, 104–106; Civil 1987:39–44; Gibson 1974; 
Maekawa 1974; Sallaberger 1999: 175–177). The most comprehensive study of ancient crop 
yields and projections (third millennium B.C. through first millennium A.D.) was made by 
Jacobsen (1982). He argued that progressive salinisation promoted the switch at the 
beginning of the Akkadian Period (2335-2120 B.C.) from cultivating primarily emmer wheat to 
farming almost exclusively more salt tolerant barley in the alluvial plain (Jacobsen 1982:15–
17; see also Helbaek 1960: 195). This conclusion has been questioned by Powell (1985), who 
criticized not only the translation of key elements of the textual data but also noted that the 
preference for barley in southern Mesopotamia might have been related to its greater 
productivity, better adaptability and greater tolerance to seasonal variation (see also Helbaek 
1959: 370). 
 
Building on the earlier extant approaches to understanding environmental and settlement 
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pattern changes over time and space, a few local-scale survey and excavation projects 
demonstrated the importance of diverse micro-topography and environment within the 
alluvial plains. For example, field studies by Mahringer, Lintner and Brandt undertaken as part 
of the Nippur Expedition in the 1970s-80s (Gibson 1976, 1977 and 1978) focused on 
examination of historical and contemporary environmental processes in the central alluvial 
plain landscape, on both a local and regional level, and the relationship of these processes to 
the city, including how they might have influenced the course of the ancient Euphrates in 
relation to the urban (Brandt 1990). Work around Abu Salabikh also focused on channel 
change, as well as settlement and landscape change, demonstrating the important interplay 
between processes and cycles of erosion, plain scour, sedimentation, and marsh 
development in a seemingly homogeneous agricultural landscape (Wilkinson 1990). 
Collaborative geoarchaeological, archaeological, and historical analysis around Tell ed-Dēr in 
the 1970s focused on reconstructing and better understanding the relationship of the 
Euphrates and Tigris-Euphrates belt around the site (Paepe 1971; Paepe and Baeteman 1978), 
demonstrating the presence of layers of contemporaneous and diachronic relict river levees, 
identified through multiple datasets. Later efforts combined textual and archaeological 
sources with continued geoarchaeological work (Heyvaert et al. 2008; Cole and Gasche 1998; 
Morozova 2005; Verhoeven 1998). Taken together, the interdisciplinary work at Nippur, Tell 
ed- Dēr and Abu Salabikh, along with the shift to closer analysis of sediments to understand 
channel change, demonstrated the value of landscape and environmental proxy records for 
micro-topographic analysis of natural and ecological data. The outcome of these efforts is 
the broad recognition that the Mesopotamian landscape is a palimpsest, where the premise 
that linear site alignments always demarcate canals provides only a small portion of 
palaeochannel and settlement history. During the late 1990s, although foreign work had 
largely stopped in southern Iraq, new access to high resolution satellite imagery, in particular 
CORONA imagery, allowed palaeochannels to be more easily identified and encouraged 
archaeologists to analyse areas beyond survey boundaries. CORONA satellites were in 
operation from the 1950s to 1970s, giving researchers the opportunity to map 
palaeochannels across Mesopotamia before the large landscape altering land reclamation 
projects of the 1970s. Later satellite data included higher resolution imagery, including 
QuickBird, and relatively easy access to digital elevation models (DEM) provided by different 
satellite and radar systems, such as the Shuttle Radar Topography Mission (SRTM). For the 
first time, these datasets provided archaeologists with a broad and encompassing view of the 
alluvial plains, including its micro-topography, enabling base images for time-series 
comparisons. Work by Pournelle (2003), Hritz (2005) and al-Hamdani (2014) focused on areas 
previously unsurveyed by archaeologists, including the former Haur al-Hawiza and Hammar 
marshes, the Shatt al-Gharraf, and Tigris and Euphrates levees. Using remote datasets and 
applying geoarchaeological principles of landscape change (Wilkinson 2003), these studies 
identified possible new archaeological sites and landscape features such as irrigation works 
or habitable regions.  
 
Beginning in 2010, Hritz et al. (2013) began ground truthing features detected on imagery, 
both validating the methodological approach and illustrating the complexity of landscape 
evolution in southern Mesopotamia. Collecting targeted samples from archaeological sites 
and relict visible canals, this work demonstrated that (1) preservation in southern Iraq is such 
that sections exposed in historical excavations may still yield reliable AMS dates, and (2) 
proxy records such as shell and sediment cores can shed light on long-standing questions 
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about landscape, such as the evolution and extent of marsh formation and canal 
development in antiquity (Hritz et al. 2012: 77). Jotheri (2016) has greatly added to our 
knowledge about palaeochannels, including relict rivers and canals, through imagery analysis 
and subsequent ground truthing, including dating these features using augering, structural 
remains in sediments, mineralogy, and AMS dating. 
 
On the historical side, considerable progress has been made in gathering textual sources to 
reconstruct ancient environments and historical geographies (Blaschke 2018; Cancik-
Kirschbaum and Ziegler 2009; |Reculeau 2008, 2015, 2011; Rost 2015; Schrakamp 2015, 2017; 
Vanderroost 2012). This progress is largely due to the recent availability of online databases 
of ancient texts (e.g., Database of Neo-Sumerian Texts [BDTNS], Cuneiform Digital Library 
Initiative [CDLI], Ebla Digital Archives, Archives Babyloniennes [ARCHIBAB], etc.), which allow 
for the digital sourcing and more systematic analysis of entire text corpora. The success of 
integrating textual and archaeological data in the reconstruction of ancient environments has 
been demonstrated by Cole and Gasche (1998), and currently there are several ongoing 
projects adopting such a combined approach (e.g., Historische Geographie 
Obermesopotamiens [HIGEOMES]; Cancik- Kirschbaum and Hess 2016; Fink 2016; Ziegler and 
Langlois 2016).  
 
These studies demonstrate the value of environmental data collection and analysis. With 
renewed foreign access to southern Iraq and the emergence of different techniques to 
collect, integrate, and analyse data, a large, regional-scale sampling program is possible, to 
reconstruct a general picture of long-term social, environmental, and historical change in 
southern Mesopotamia. 
 
Methods  
Most previous work in southern Mesopotamia focused on macro-remains, visible to the 
naked eye. Our work, while using satellite imagery (i.e., CORONA and QuickBird imagery) to 
identify palaeochannels, has also focused on combing microfossil, petrographic, and heavy 
mineral composition. Furthermore, new proxy data on the paleoclimate from cave 
speleothems now allow us to contextualize some results with climate trends, including their 
relation to the hydrologic cycle. Table 1 summarizes the dated sediments and samples 
discussed below, showing sample numbers, sediment types, dates, coordinates (in UTM 38N), 
and materials used for absolute dating. 
 
TABLE 1 Summary of remains, key contents, locations (UTM 38N), and dated levels for sediments and 

speleothem samples. The Sample column indicates the sample number (e.g., A3) and depth (e.g., A3-4, 
with ‘4’ being depth in metres), where present. Not all samples are given in detail here; the list mostly 

provides dated samples and samples discussed in the text. Calibration for AMS dates employs IntCal13 
(Reimer et al. 2013) and was conducted by Beta Analytic. 

 
Region Sample Sediment/ 

Reference 
Without 

d13C 
Correction 

Calibrated Date X Y Dated 
Material 

Dalmaj A1    470713 3635889  
Dalmaj A1-5 Sandy-

Silty-Clay 
  470713 3635889  

Dalmaj A2    465005 3636683  
Dalmaj A2-3 Fine Sand   465005 3636683  
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Dalmaj A3    481449 3634876  
Dalmaj A3-2 Silty-Clay   481449 3634876  
Dalmaj A3-3 Silty-Clay 6770 +/− 

30 BP 
c. 5743-5645 BC 

(95%) 
481449 3634876 Gyttja 

Dalmaj A3-4 Sandy-
Clay 

8520 +/− 
30 BP 

c. 7601-7546 BC 
(95%) 

481449 3634876 Gyttja 

Dalmaj A4    474667 3642892  
Dalmaj A4-4 Fine Sand   474667 3642892  
Dalmaj A5 Silty-Clay   469557 3647641  

Nahrawan A6    475064 3681522  
Nahrawan A7    493050 3677679  
Nahrawan A8    497536 3669338  
Nahrawan A9    509095 3647704  
Nahrawan A9-2 Sandy-

Clay 
6210 +/− 

30 BP 
c. 5306-5204 BC 

(75%); 5167 - 
5076 cal BC 

(20.7%) 

509095 3647704 Gyttja 

Nahrawan A9-3 Fine Sand   509095 3647704  
Nahrawan A9-4 Sandy-

Clay 
10430 

+/− 30 BP 
c. 10,488-10,175 
BC (79%); 10577 

- 10511 BC 
(16.2%) 

509095 3647704 Gyttja 

Nahrawan A10    515553 3655370  
Nahrawan A10-4 Fine Sand   515553 3655370  

Nippur 300-
311 

Mostly 
silty-clay, 

some 
sand 

  5034796 3780305  

Nippur 310 
(0.5m) 

Silty-Clay 1210 +/− 
30BP 

c. 766-898 
(89%); 924- 945 
(3.5%); 722-740 

(2.9%) 

5034796 3780305 Charcoal 

Nippur 307 
(2.0m) 

Silty-Clay 1270 +/− 
30 BP 

c. 662-778 
(92%); 842- 859 
(1.6%); 792-804 
(1.3%); 818-821 

(0.2%) 

5034796 3780305 Charcoal 

Nippur 304 
(3.5m) 

Silty-Clay 1580 +/− 
30 BP 

c. 85-235 (95%) 5034796 3780305 Shell 

Nippur 301 
(5.0m) 

Silty-Clay 
Fine Sand 

3720 +/− 
30 BP 

c. 2578-2457 BC 
(95%) 

5034796 3780305 Shell 

Nippur 300 
(5.5m) 

Silty-Clay 
Fine Sand 

3730 +/− 
30 BP 

c. 2577-2468 BC 
(95%) 

5034796 3780305 Shell 

Uruk 
Region 

M38 see 
Jotheri et 
al. 2017 

  577390 3472026  

Uruk 
Region 

M38-5 see 
Jotheri et 
al. 2017 

 c. 3980-3940 BC 
(95%) 

577390 3472026 Shell 

Uruk 
Region 

M38-7 see 
Jotheri et 

 c. 4900-4860 BC 
(95%) 

577390 3472026 Shell 
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al. 2017 
Uruk 

Region 
M38-
12.5 

see 
Jotheri et 
al. 2017 

 c. 7750-7600 BC 
(95%) 

577390 3472026 Shell 

Shalaii Cave SHC-1 see Marsh 
et al. 2018 

 c. 938 (±42)-
1456 (±29) 

526935 3889333 Stalagmite 

Shalaii Cave SHC-2 see Marsh 
et al. 2018 

 c. 6075 (±38)-
5027 (±219) BC 

526935 3889333 Stalagmite 

Shalaii Cave SHC-3   ∼ 8500 BC-
present 

526935 3889333 Stalagmite 

 
Geoarchaeology and Satellite Imagery 
The primary goal of fieldwork was identifying and sampling from palaeochannels across 
southern Mesopotamia, as these channels act as environmental traps that allow dating and 
also contain microfossils that reflect the surrounding paleoenvironment. Palaeochannels were 
identified and selected using CORONA and QuickBird images, where channels can be seen as 
sinuous linear features that cast shadows on imagery. Identified paleochannels were then 
selected for fieldwork based on their visibility in the floodplain as well as possible historical 
relevance. Figure 1 shows the palaeochannels identified and the areas where fieldwork was 
conducted. This includes areas that were sampled using hand augering in the Dalmaj (A1-5) 
and Nahrawan (A6-10) regions. Figure 2 shows the sedimentary results from fieldwork. 
Boreholes A1-A10 were taken to a depth of six meters, with the exception of A2 and A3 that 
were shallower (three and four meters respectively), due to difficulty in penetrating deeper 
levels. For the samples, elevations were obtained using a level and theodolite during field 
surveys. The design of the augers used meant that each 0.5 m in depth resulted in a single 
sample being recovered. While this method is generally not enough accurate to develop a 
fine-scale reconstruction of deposition, it is possible to recognize the main depositional 
environments. Since the Dalmaj and Nahrawan areas are part of the Mesopotamian 
floodplain, riverine are the main type of deposits. Based on the sediments’ grain sizes, 
colours, microfossils, and organic matter, this environment can be divided into channel, 
floodplain, crevasse splay, and marsh sub-environments (Jotheri et al. 2017). The channel 
deposits consist of coarse grain sediments that are mainly grey-fine sand; floodplain deposits 
consist of massive blocks of clay and sandy to silty clay; crevasse splay deposits are 
characterized by very light grey fine sand, silty sand to fine silt; marsh deposits are of clay to 
silty clay. Deposits were dated using AMS, where possible, using shells, charcoal, or gyttja. 
Problems with dating accuracy can occur in all of these materials, although shells and gyttja 
can be particularly problematic, where introduced carbon may not give a date of deposition 
(Lougheed et al. 2017). While acknowledging such issues, we have minimized this by 
presenting results where we feel there is some relative accuracy given by the fact that dates 
follow a chronological order (e.g., bottom layers are older) or there is good context, such as 
ceramics being found between dates obtained that suggest a general accuracy of dates (e.g., 
see Nippur below). 
 
The samples from the Shatt en-Nil, the large channel running north to south that divides 
Nippur into massive western and eastern tells, were recovered from excavations during 
Seasons 13–14 (1975– 1976) of the Nippur Expedition, although the results presented here 
are new. The channel is believed to be the remains of an ancient Euphrates channel or canal; 
it is famously known from a Kassite map of Nippur and very likely existed for most of the 
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history of the site (Kramer 1956: 271–275; Gibson 1985). In order to examine historic 
environmental conditions in the vicinity of this feature, a trench was excavated with heavy 
mechanical equipment normally used for construction and maintenance of large irrigation 
canals and drainage structures. The excavation, “Trench 2,” was approximately 200 by 2 
meters, with a maximum depth of5.5 meters (Fig. 3). In some locations at the bottom of the 
trench, hand-excavated pits were used to allow sampling at a greater depth. 
 
Petrography 
Analyses of sediments included grain size and structural analysis, including composition and 
morphology. Samples from Dalmaj and Nahrawan were sent to the Department of Earth and 
Environmental Sciences, University of Milano-Bicocca in Italy for bulk petrography and heavy 
mineral analysis. The intent was to determine the likely origin of the sampled area’s 
palaeochannels, specifically if the samples derived from one of the major rivers such as the 
Tigris or Euphrates, using mineralogy from given regions. Samples A1-5, A2-3, and A4-4 were 
analysed from the Dalmaj area; the Nahrawan samples A9-3 and A10-4 were also used. 
Mineral compositions of the samples were compared with samples from the Tigris, Euphrates 
and Diyala rivers. Quantitative petrographic analysis of sand within samples was carried out 
by point- counting in thin section (Gazzi-Dickinson method; Ingersoll et al. 1984). Sands were 
classified according to the relative proportions of quartz, feldspars, and lithic fragments 
(Garzanti 2016). Heavy mineral analyses were carried out using a 32-500 μm size window 
obtained by dry sieving. 
 

 
Fig. 2 Boreholes from the Dalmaj (A1-5) and Nahrawan (A6-10) regions. Elevation (mean sea level; 

MSL) is provided for the boreholes 
 
Detrital grains denser than 2.90 g/cm3 were separated by centrifuging in sodium 
polytungstate and recovered by partial freezing with liquid nitrogen. On grain mounts, ∼250 
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transparent heavy mineral grains were point-counted at suitable regular spacing to obtain 
real volume percentages using Galehouse’s (1971) method. Compositional data of sediments 
carried by the Euphrates, Tigris, and Diyala Rivers used for comparison are from Garzanti et 
al. (2016). Relative sediment contributions from these rivers were assessed by forward mixing 
models based on integrated bulk petrography and heavy mineral data (Garzanti et al. 2012). 
 
Phytoliths  
Another analysis conducted involved identifying phytoliths from sediments. Phytoliths, which 
are silicified plant cells that are deposited into sediment when plants decay, were extracted 
from samples using a protocol by Rosen (1992, 2005; Fig. 4). Each sediment sample analysed, 
which contained phytoliths, was about 2.5 g. Hydrochloric acid (10%) was added to eliminate 
the carbonates. Clays were then separated out, using the manual settling method, and the 
samples were dried and then furnaced at 500 degrees Celsius for two hours to burn off any 
organic material. The phytoliths and other silica microfossils were separated from the 
remaining sediment using sodium polytungstate. The extracted microfossils were then placed 
on slides and mounted with Merck New Entellan. Slides were examined under an Alpha shot 
transmitted light microscope. Phytoliths were identified and counted, with an ideal minimum 
of 400 for single cells and 100 for multicells. Count size is important as a too-low count can 
introduce biases into the results, mainly via misidentification and under-representation of 
taxa that do not produce as many phytoliths (Strömberg 2009). Monocotyledons (i.e., 
grasses, reeds, sedges, palms, etc.) generally produce the largest numbers of phytoliths, both 
single- and multicells; many trees and shrubs (dicotyledons) also produce them although 
generally in smaller numbers (Piperno 2006). Differential preservation may also introduce 
biases. Sediment geochemistry, sediment deposition, sediment transport, soil formation and 
phytolith types all can impact preservation, with some more robust morphotypes, such as 
bulliforms, being over-represented. This is somewhat mitigated with higher minimum counts 
where possible. In addition to the boreholes from the Dalmaj and Nahrawan regions, 
previously excavated sediments from a machine cut near the Uruk region (Jotheri et al. 2017; 
M38) are used to provide phytoliths newly studied here. Sediment samples from Nippur’s 
Shatt en-Nil (Trench 2) are also analysed for their phytoliths. 
 
Speleothems 
An approximately three meter long stalagmite sample was recovered from Shalaii cave from 
the Kurdistan region of Iraq (SHC-3) and was analysed for proxy palaeoclimate data. This 
provides proxy paleoclimate data relevant for informing on rainfall that would have affected 
southern Mesopotamia’s river systems. Analysis of the speleothems included measuring 
thickness of annual growth bands in the stalagmites, measured in high-resolution (4,800 dpi) 
with the software ImageJ. Stable carbon (δ13C) and oxygen (δ18O) isotope analyses were also 
applied; samples were micromilled at 1 cm increments. The powdered samples were then 
measured using a Finnigan Delta V Advantage mass spectrometer equipped with an 
automated carbonate preparation system (Gas Bench II) from the Chemical Analytical 
Facilities (CAF) at the University of Reading. The reported values are provided relative to the 
international Vienna Peedee Belemnite (VPDB) standard. The methodology is the same as 
Flohr et al. 2017 and Marsh et al. 2018. Stable isotopes of oxygen and carbon (δ18O and δ13C) 
are among the most widely used proxies for palaeoclimate research and provide a ‘common 
currency’ that can be used to link records from across a region (Roberts et al. 2018). Oxygen 
isotope variation in calcite can be caused by changes in a number of variables, including 
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moisture source, temperature, rainfall amount and effective- moisture (P:E; Lachniet 2009). 
δ18O calcite values from Near Eastern speleothems are thought to reflect changes in the 
amount of rainfall and effective moisture (P-E; Bar-Matthews et al. 1997; Cheng et al. 2015; 
Flohr et al. 2017), although the source effect is a significant control on long- term time-scales. 
This is the case with Shalaii cave, where previous monitoring has established calcite growth, 
moisture level change, temperature and δ18O of cave drip water. These values were used to 
calculate the theoretical calcite value of δ18O, which indicated the speleothems were 
deposited very close to isotopic equilibrium (Marsh et al. 2018). Speleothems formed at or 
close to isotopic equilibrium are primarily influenced by variations in drip-water δ18O, which, 
in turn, are primarily influenced by rainfall amount (McDermott et al. 2006). 
 

 
Fig. 3 Trench 2, excavated across the Shatt en-Nil at Nippur. Sediment characteristics were generally 

homogeneous 
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Fig. 4 Phytoliths; A) trichome from an oak (Quercus sp.), B) date palm (Phoenix dactylifera), C) multicell 

grass husk, and D) burnt cereal (probably barley) 
 
Results  
Below, we summarize the new results obtained by our work and present a discussion that 
brings in outside data. 
 
The Dalmaj Samples 
The sediments are mainly clay, with varying components of silt and sands. The sediments 
indicate generally low velocity flow, which is typical for a low-lying region. Figure 2 shows 
switching between channel and floodplain deposits, with A1 and A3-5 showing evidence of 
crevasse splays and A2 showing evidence of marsh deposits. Three samples were collected 
for mineralogical analysis from the Dalmaj area (A1-5, A2-3, A4-4). The samples were found 
to be quartzofeldspathic lithic sands (i.e., comprised of silica and feldspars), characterised by 
common plagioclase (feldspar), carbonate rock fragments, and intermediate to mafic volcanic 
grains. Relative to the Nahrawan samples (see below), they have higher quartz 
(monocrystalline/ polycrystalline quartz ratio), K-feldspar, volcanic, plutonic rock fragments, 
and medium-rank to high-rank metasedimentary grains. Cellular serpentinite and serpentine-
schist grains are particularly distinctive. Micas are common, with biotite dominating over 
muscovite. Heavy mineral assemblages are moderately rich, with amphibole prevailing over 
epidote and clinopyroxene, and minor garnet, Cr-spinel, apatite, hypersthene, and enstatite. 
Dalmaj palaeochannel sands are richer in volcanic detritus than Tigris sand and richer in 
sedimentary detritus than Euphrates sand. Mica is more common, and quartz and heavy 
mineral concentrations are lower than in both Euphrates and Tigris bedload, which is 
accounted for by the fine grain size of the samples analysed (Garzanti et al. 2010). Forward 
compositional modelling indicates equal contribution of the Euphrates and Tigris rivers in the 
formation of the Dalmaj sediments. This suggests that the Dalmaj region was likely located 
close to or downstream of a confluence between the Tigris and Euphrates in earlier parts of 
the Holocene. As we could not obtain dates for those samples, we do not know when this 
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would have occurred, but given the depths and dating we have from A3, we suggest a early 
to mid-Holocene date (i.e., pre-Ubaid up to the Uruk period). Throughout much of the 
Holocene, the two rivers were generally near each other in this part of the plain.  
 
Figure 5A shows the absolute phytolith and microfossil counts per gramme. For all of the 
samples, it is quite low, likely due to soil processes. As can be seen from Figure 5B, 
monocotyledons (mainly grasses) outnumber dicotyledons (mainly trees and shrubs), which is 
to be expected given that monocotyledons produce more phytoliths overall. The proportions 
fluctuate in all of the samples, although no pattern is evident. Figure 5C shows the 
proportions of grasses (wild and cereals), wetland plants (reeds and sedges), date palms and 
dicotyledons, while excluding other monoctyledons. As can be seen, there are temporal 
fluctuations in the proportions, with increasing grasses in relatively more recent times (i.e., 
A1-1, A1-2; A2-1, A2-2). Figure 5D shows the numbers of other types of silica microfossils 
found in these cores. Other microfossils include non- diatom algae and sponges, all of which 
indicate aquatic conditions, indicating the Dalmaj has long been an alluvial area.  
 
Dalmaj samples, A3-4 and A3-3, dated to approximately 7600-7550 cal. B.C. and 5750-5650 
cal. B.C. respectively. Overall, we see that the plant communities changed, with changing 
proportions of dicotyledons, wetland plants and grasses, and a hint of fruit cultivation 
through the presence of date palm in some samples. The samples generally indicate a more 
temperate climate (as compared to the present) with C3 grasses dominating and few C4 
grasses. There are also few reeds (mainly Arundo donax). From A3-4, dicotyledons found 
include Quercus sp., what appears to be oak (i.e., similar to Figure 4A), while date palm 
(Phoenix dactylifera; similar to Figure 4B) was also found. Date palm in southern Iraq is 
expected, although in the eighth millennium B.C. this is relatively early. What is particularly 
unexpected is the presence of oak this far south. These results also suggest likely more 
humid conditions in southern Iraq between the eighth and sixth millennia B.C. Oak 
disappears above A3-3, indicating that sometime after approximately 5750-5650 cal. B.C. oak 
is no longer present. 
 
The Nahrawan Samples 
In general, the Nahrawan samples show a similar pattern of channel and floodplain deposits 
as the Dalmaj samples and have similar characteristics in grain size, colour and composition. 
More specifically, samples A9-2 and A9-4 were both clay, indicating a low velocity 
depositional environment, such as a backswamp floodplain, located away from the main 
channel. A9-3 consisted of silty fine sands, indicating a slight increase in velocity and more 
characteristic of overbank channel deposits. This indicates some movement in the river 
channel. Sample A10-4 consisted of sandy silts and fine sand, which are indicative of channel 
deposits. Samples from A9-3 and A10-4 were used for heavy mineral analysis. The Nahrawan 
palaeochannel sands are quartzo-feldspatho-lithic like Dalmaj sands, but much richer in 
limestone and chert grains. Heavy mineral assemblages are similar but much poorer and 
contain kaersutite and oxy-hornblende but lack orthopyroxenes. Chert abundance indicates 
significant supply from the Diyala River, whereas low heavy mineral concentration and 
relative abundance of Cr-spinel indicates recycling of foreland- basin sediments accreted to 
the Zagros foothills (Garzanti et al. 2016). Quartz, serpentinite, medium/high-rank 
metamorphic rock fragments, and mica are lower than in Tigris sand; forward compositional 
modelling indicates contribution from the Tigris and Diyala in about a 2:1 ratio. In other 
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words, during the time these channels were active, between about 10,500-5200 cal. B.C., they 
were influenced by those two rivers, with a likelihood that the Nahrawan was a part of the 
ancient Tigris prior to it becoming a canal. This would substantiate claims by Hritz (2010) 
about the Nahrawan’s origin being linked to an ancient branch of the Tigris and the canal’s 
reuse of an older, relict channel. 
 

 
Fig. 5 Dalmaj: A) phytolith counts, B) proportion of monocotyledons to dicotyledons, C) types of plants, 

and D) other types of silica microfossils 
 
Figure 6A shows the phytolith counts per gramme for the Nahrawan. Single cells dominate, 
with very few multicells represented (Fig. 6B). Figure 6C shows the ratios of monocotyledons 
(grasses, wetland plants, palms) and dicotyledons (mostly trees and shrubs); monocotyledons 
dominate, but dicotyledons are significant. There is some fluctuation through time as 
indicated by borehole A9. Figure 6D compares proportions of dicotyledons, grasses (cereals 
and wild), wetland plants and date palms. We were also able to obtain two dates from A9: 
about 10,500-10,175 cal. B.C. (A9-4) and 5300-5200 cal. B.C. (A9-2), which also indicates that 
about two meters of sediment was deposited in about 5000 years and two meters was 
deposited in the subsequent 7000 years, not accounting for erosion and compaction. The 
sediments reflect a changing river course, shifting from clay (distal backswamp) to fine sands 
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(overbank deposits) and back to clay. In the first clay sample (A9-4), there are far more 
wetland plants, but in A9-2, the other clay sample, dicotyledons are much more dominant. 
The first sample dates to around 10,000 B.C., near the beginning of the Holocene, which was 
particularly wet and warm, so the results are not surprising.  

 
Fig. 6 Nahrawan: A) phytolith counts, B) proportion of single cell vs. multicell phytoliths, C) 

monocotyledons versus dicotyledons, and D) plant types 
 
In borehole A9, there is a trend of increasing numbers of dicotyledons and date palms; 
increases in date palms could reflect increased cultivation in the late sixth millennium B.C. or 
early Ubaid. In all of the samples, there is also a correspondence between dicotyledons and 
date palm (which is a monocotyledon). The presence of date palm (Phoenix dactylifera) in 
sample A9-4 is significant because it shows that the tree was present in Iraq at a very early 
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period. In fact, as far as we are aware, this is the earliest Holocene date for the presence of 
date palm in Iraq, indicating that it was likely a native species.  
 
Once again, C3 grasses dominate, with very few C4 grasses, indicating, as with the other 
samples, that a more temperate climate regime operated, as compared to the present. There 
were also other types of silica microfossils, including diatoms and sponge spicules, which 
indicate a wet environment, typical for an alluvial environment. 
 
Uruk Region Borehole  
Borehole M38 comes from an area near Uruk and Larsa. The samples analysed date from just 
after about 7750-7600 cal. B.C. (M38-12.5) and to before about 4900-4860 cal. B.C. (M38-7). 
Additional samples from this borehole (not analysed here) were previously assessed for 
microfossils including diatoms (Jotheri et al. 2017). The total number of phytoliths and other 
silica microfossils in this borehole is the highest of all samples analysed for off-site materials. 
They also fluctuate in a corresponding manner (Fig. 7A), which could be a result of 
preservation conditions, due to, for instance, sedimentation rates and soil processes; the 
numbers for both are highest from 10 to 11.5 m, which correspond to after about 7750 cal. 
B.C. and before 4900 cal. B.C. 
 
Figure 7B shows the proportions between monocotyledons and dicotyledons. The 
proportions fluctuate through time, starting near 60/40 at 12 m, shifting to 90/10 at 11.5 m 
and 11 m, 80/20 (10.5 m), then back to 90/10 and finally to 50/50 at 9 m. The proportions 
also vary for single cells versus multicells, with the highest numbers of multicells found at 12 
and 9 m depth. Figure 7C shows the varying proportions of grasses (cereals/wild grasses), 
wetland plants (sedges and reeds), dicotyledons and date palms. The results here are 
interesting in that they again reflect a changing environment. For example, at 12 m, the 
proportion of dicotyledons increases. This reflects a typical riparian environment, consisting 
of trees, shrubs, grasses and wetland plants. At 11 and 11.5 m, the number of dicotyledons 
decreases, while the numbers of grasses and wetland plants increase, reflecting a more 
marshy/wetlands type environment. At 10.5 m, dicotyledons increase again, indicating an 
increase in riparian type environment, one that is positioned more closely to the channel. This 
could be overbank or a crevasse splay deposit. In the 10m sample, once again, oak is present, 
but disappears from the later samples. Interestingly, barley is also evident, showing grain 
cultivation was happening nearby and was contemporary with the presence of oak. At 9.5 to 
9 m, we again have a marshy environment (channel likely moving away), as reflected by an 
increase in wetland plants and grasses, and finally at 9 m, we have an increase of 
dicotyledons. The sediment here is a reddish clay, interpreted as floodplain deposits. These 
would be distal deposits and likely were exposed to oxygen (i.e., drier conditions) for the 
majority of the time due to their colour. The lack of water could also explain the reduction in 
wetland plants. Date palm is evident in most samples. They appear early on (just after 7750 
cal. B.C.) and indicate firstly a fluctuating climate, followed by increasing seasonality towards 
the mid-Holocene. The numbers of sponge spicules are very high, especially at 11.5, 11 and 
10 m, with high numbers as well at 10.5 m. The sponges are most prevalent in the marshy 
sediments, indicating standing or flowing freshwater; the presence of diatoms also supports 
this. In fact, in Jotheri et al. (2017), the diatoms from the 12.5 m level indicate the area was a 
possible swamp. The previous results published from M38-12.5 (Jotheri et al. 2017) and the 
phytoliths analysed here indicate that the area of M38 remained a freshwater environment 
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between approximately 7750 cal. B.C. and 4900 cal. B.C. This supports conclusions that the 
region was conducive for settlement as early as the early eighth millennium B.C., with 
favourable freshwater conditions persisting afterwards. 
 
Nippur Samples 
Trench 2 showed limited stratification, with relatively homogeneous deposits ofmostly buff-
coloured clay and silt (Fig. 3). In several locations, there were concentrations ofsmall shell 
fragments that were originally attributed to desiccation ofmarshes and deposits ofhighly 
wind-eroded pottery fragments, probably washed from the mound of Nippur. Identifiable 
cultural material in the trench included fragments of Kassite goblets in several locations, 
mostly concentrating at or around the levels of samples 302 and 303. The earliest sample is 
300 and is at 5.5 m depth, and sample 311 was the last sample, near the surface; other 
samples come from 0.5 m intervals above 300. Sample 301, for instance, is at 5.0 m depth. 
Dates for samples are in Table 1. Interestingly, no abandonment of Nippur is evident in the 
sediments, but this could mean such evidence may have been eroded or even dug out. The 
dated levels suggest that the Shatt-en Nil existed for much of Nippur’s history. While the 
sediments appeared largely undifferentiated, clear differences in plant remains were 
evident from phytolith analysis. The numbers of phytoliths per gramme far exceeded those 
from the other samples and are dominated (at around 80%) by monocotyledons (mainly 
grasses; Fig. 8A–B). Wetland plants remain fairly consistent throughout the samples, but 
grasses and date palms fluctuate much more and seem to be negatively correlated (when 
there are more grasses, there are fewer palms and vice versa). There are fewer dicotyledons 
present in these samples than the other areas investigated, which could indicate a decline in 
trees/shrubs in the region (Fig. 8C). The overall high presence of date palms in the samples 
suggests these were grown very near Nippur’s main channel throughout much of its history.  
 
The negative correlation between date palm and grasses, which includes cereals, could 
indicate landscape management, whereby the main focus in this area switched between date 
palm and cereal cultivation. The presence of date palm is certainly more obvious in samples 
dating from the 26th century B.C. and onwards, where this represents extensive cultivation 
likely occurring near or within Nippur. Date cultivation seemed to intensify after the mid-third 
millennium B.C., as indicated by samples 302, 303, and especially 304 (Parthian). Based on the 
ceramics from the levels of 302 and 303, we can roughly assume that 302 and 303 date to the 
late second millennium B.C.  
 
The presence of the date palm and Arundo donax, reeds, as well as other C3 plants indicates 
the continuing presence of water and likely use of the channel for almost the entire recorded 
history of Nippur. There were also a few samples with large multicells (consisting of 10+ 
cells), which is an indicator of increased water availability according to Rosen and Weiner 
(1994). Additionally, Madella et al. (2009) showed that the ratio of fixed to sensitive forms of 
phytoliths can also be used to detect irrigation, while more recently Jenkins et al. (2016) 
showed similar results to Madella et al. Given that rainfall levels are generally low in this 
region at this point, we suggest the presence of multicells likely resulted from irrigation from 
the channel that leads to increasingly saturated soils. It should be noted that not all samples 
contained these larger multicells, so there is an indication of either changing agriculture 
management strategies (i.e., less reliance on irrigation). There is a sudden increase in large 
multicells from sample 305 to 306, sometime around the Sasanian period (Fig. 8D). 
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Fig. 7 M38 : A) phytolith counts, B) proportion of monocotyledons to dicotyledons, C) types of plants, 

and D) other evidence for freshwater microfossils 
 
Analysis of the Nippur samples indicates an environment where the climate regime was more 
set, although variable over time. The continued presence of C3 grasses and Arundo donax 
indicate a more temperate climate; however, it is likely that these are present due to 
irrigation/agriculture and the general dampness of the immediate vicinity, rather than 
reflecting regional climatic trends. The area was also much more intensively managed. 
Fluctuations in grains and date palm phytoliths seem to reflect agricultural strategies, rather 
than the result of natural environmental change from major shifts in climate. Date palms and 
grains appear to show a clear negative relationship, suggesting that land management and 
choice of cultivation of one affected the other. The increase in multicells during roughly the 
Sasanian period, or samples 305–306, is likely evidence for the intensification of the use of 
irrigation, at a rate likely more intense than earlier periods. In other words, this likely reflects 



Matthew J Jacobson Appendix B.2 

298 

irrigation expansion in the vicinity with more intense water flow. Overall, the results from 
Nippur are important because they span a long period (around three millennia) and illustrate 
the shifting agricultural strategies used at least in one area in and around the site. 
 
Speleothem Climate Results  
Our results for SHC-3, dated from about 8500 B.C. to today, are preliminary and require more 
work for accuracy, but a general assessment is made here. The SHC-3 recordwould appear to 
be the longest and most complete paleoclimate record for all ofMesopotamia during the 
Holocene. Figure 9 shows results from Shalaii’s speleothems as well as additional regional 
data; it is further discussed below. Like existing records, the δ18O variation values are thought 
to reflect changes in rainfall amount (Marsh et al. 2018) and, therefore, evidence of a wetter 
early-mid Holocene climate relative to today is evident, while the more recent sample shows 
drying conditions similar to today but with volatile climate conditions. δ18O trends show that 
after the end of the fourth millennium B.C., there could be a shift towards generally drier 
conditions. These conditions could have prevailed for much of the rest of the Holocene, 
although periods of enhanced rainfall exist during this time. By the mid-first millennium B.C., 
and particularly over the last two thousand years, dry conditions appear evident, but 
conditions were volatile as well, sometimes reflecting short, wetter periods. These results 
need to be analysed further to develop a more detailed understanding for different climate 
trends within key archaeological periods and palaeoclimate events (e.g., 4.2 kya event). 
 
Discussion and Conclusion  
 
North Iraq Climate Discussion 
This section summarises evidence for general changes in regional hydrological conditions 
using existing palaeoclimate records and other investigated records from northern Iraq. The 
Near East is still relatively neglected in terms of palaeoclimate investigations. High resolution 
palaeoclimate records that cover the Holocene are rare, and there exist large spatiotemporal 
gaps between those that do exist (Finné et al. 2011); this leaves a lot of uncertainty in our 
knowledge of hydrological conditions during the Holocene. 
 
The δ18O records from the region show significant shifts in climate during the Holocene and 
are generally coeval, which are also supported by other proxy evidence, although there were 
likely some fine-scale, regional variations. In fact, these variations necessitate local collection 
of palaeoclimate data. However, we can summarise a general picture of the region, which can 
then be compared to the records from southern Iraq. Following a short recovery after the 
Younger Dryas glacial reversal, the early Holocene ∼9,700 – ∼4,000 B.C. was characterised by 
relatively depleted δ18Oin speleothem and lake sediment records, an indication of wetter 
conditions; some of this depletion was caused by a change in source (Eastern Mediterranean) 
δ18O, that is rain deriving from the Mediterranean region (Cheng et al. 2015). A decrease in 
dust flux evident from a lake record in northern Iran (Sharifi et al. 2015), where abundance of 
titanium (Ti) generally reflects wind blown dust, supports evidence of increased rainfall for 
the early Holocene, similar to our results. During the end of the mid-Holocene to late 
Holocene, by around ∼3,000 B.C., there was a shift to more enriched δ18O values, similar to 
the present day. This is suggestive of drier conditions prevailing. Values remain similar for 
much of the rest of the Holocene, although there were periods of enhanced rainfall and 
prolonged drought, with a few records indicating that a wet phase prevailed between ∼2,000 



Matthew J Jacobson Appendix B.2 

299 

and ∼1,000 B.C. (Cheng et al. 2015; Roberts et al. 2011). δ18O values from lake sediments also 
support this trend (e.g., Roberts et al. 2011). 
 

 
Fig. 8 Nippur: A) phytolith counts, B) proportion of monocotyledons to dicotyledons, C) types of 

plants, and D) single and multicells 
 
The δ18O records from the region show significant shifts in climate during the Holocene and 
are generally coeval, which are also supported by other proxy evidence, although there were 
likely some fine-scale, regional variations. In fact, these variations necessitate local collection 
of palaeoclimate data. However, we can summarise a general picture of the region, which can 
then be compared to the records from southern Iraq. Following a short recovery after the 
Younger Dryas glacial reversal, the early Holocene ∼9,700 – ∼4,000 B.C. was characterised by 
relatively depleted δ18Oin speleothem and lake sediment records, an indication of wetter 
conditions; some of this depletion was caused by a change in source (Eastern Mediterranean) 
δ18O, that is rain deriving from the Mediterranean region (Cheng et al. 2015). A decrease in 
dust flux evident from a lake record in northern Iran (Sharifi et al. 2015), where abundance of 
titanium (Ti) generally reflects wind blown dust, supports evidence of increased rainfall for 
the early Holocene, similar to our results. During the end of the mid-Holocene to late 
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Holocene, by around ∼3,000 B.C., there was a shift to more enriched δ18O values, similar to 
the present day. This is suggestive of drier conditions prevailing. Values remain similar for 
much of the rest of the Holocene, although there were periods of enhanced rainfall and 
prolonged drought, with a few records indicating that a wet phase prevailed between ∼2,000 
and ∼1,000 B.C. (Cheng et al. 2015; Roberts et al. 2011). δ18O values from lake sediments also 
support this trend (e.g., Roberts et al. 2011). 
 
Previous analysis was conducted on speleothem samples from Shalaii cave, Kurdistan region 
of Iraq (Fig. 9). Two samples (SHC-1 and SHC-2; Marsh et al. 2018) cover different periods of 
the Holocene and allow for an insight into the change of δ18O and δ13C values between these 
periods in Northern Iraq. One sample, SHC-2, which was deposited between 8,025 B.P. (6,075 
B.C.) ± 38 and 6,977 B.P. (5,027 B.C.) ± 219, has a mean oxygen isotope value of −6.54‰ 
(VPDB). The younger sample, SHC-1, which grew between 1,012 B.P. (938) ± 42 and 494 B.P. 
(1456) ± 29 B.P., shows an average enrichment of ∼1.10% from SHC-02, correlating well with 
other speleothem records from the region, which show similar δ18O decreases of between 
0.6% (Jeita) – 1.10% (Soreq) during the same period. While these two samples are relatively 
short in time, the third (SHC-3) more detailed sample shows some similar trends to the 
regional picture, although evidence for regional variations affecting northern Iraq are also 
evident (Table 1). 
 
Southern Mesopotamia Environment  
Several noteworthy results relevant to the environmental history of southern Iraq are 
presented in this work. We see similar environmental patterns in the alluvial regions of the 
Nahrawan and Dalmaj. The general trend from phytolith and sedimentary results shows a 
more temperate (i.e., as compared to the present) climate regime was established early in the 
Holocene (c. 10,000 B.C.) in Iraq. The microfossils all indicate changes within alluvial and 
surrounding environments, changing from marsh/riverine, with mainly wetland plants and 
grasses, to floodplain and switching to river banks, with trees often composed of date palm. 
South of Baghdad and the region of Nahrawan are likely to already have been habitable by 
the eleventh millennium B.C. To the south around Uruk, the region was habitable for 
settlement at least by the early eighth millennium B.C. These results suggest early habitation 
prior to the earliest phases of the Ubaid was likely to be present south of Baghdad, even if 
material culture is lacking. A lack of evidence for the Persian Gulf in areas investigated and 
favourable settlement conditions from phytolith and diatom results suggest that by the early 
Holocene, and before the Ubaid, settlement was likely in many regions south of Baghdad and 
as far as the regions near Uruk. It is possible that earlier, pre-Ubaid cultures used less mud 
brick and, given the presence of more abundant wood and other building materials such as 
reeds, simply relied on these perishable resources more, thus making the detection of these 
cultures difficult using standard archaeological methods. The sediments suggest a very 
different Tigris-Euphrates system once existed. The Dalmaj region suggests the Tigris and 
Euphrates could have been joined near this area, sometime in the early to mid-Holocene, 
while the Nahrawan appears to have been a branch or part of the ancient Tigris prior to the 
development of the canal. 
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Fig. 9 Summary of palaeoclimate data from Shalaii cave reflecting trends from recovered speleothems 

and showing similarity to regional data (see Sharifi et al. 2015) 
 
Another novel result is that oak was also present in southern Iraq, both in the Dalmaj and 
Uruk regions, between the eighth and sixth millennia B.C. No previous archaeological or 
historical data have discussed oak this far south in Iraq. Moreover, oak disappeared from 
later samples, which could occur due to increased aridity and/or increased human activity in 
southern Mesopotamia. From our results, we note that oak disappeared in records by the 
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time of the earlier Ubaid and later Uruk expansions (Stein 2012; Algaze 2008). In other words, 
part of the motivation for expansion or even colonization/trade could have been the lack of 
quality wood materials in southern Iraq after the sixth millennium B.C. 
 
At Nippur, the Shatt en-Nil was a long-lived channel that existed as an active canal/river 
channel throughout much of the city’s history. The remains from Nippur suggest that during 
the late second millennium B.C. and Parthian period, date palms would have been 
substantially cultivated in parts of Nippur, with some date palm cultivation happening in the 
mid-third millennium B.C. Dates, in general, do not appear very frequently in textual sources 
from the third and second millennia B.C. Administrative texts from the third millennium B.C. 
indicate the use of date palm, via indirect citation in legal contexts such as transactions or 
agreements (Cocquerillat 1968; Landsberger 1967). Date palms were grown in irrigated 
orchards along with other fruit trees, such as figs, grapes, pomegranates, and apples in the 
late third millennium B.C. (Focke 2015; Greco 2015; Postgate 1987; Powell 1992). Given that 
most of the written records from the third and second millennia B.C. derive from public/state 
institutions, the lack of information on date cultivation is not entirely surprising. State and 
public institutions in the third and second millennia B.C. were heavily invested in cereal 
cultivation and to a much lesser degree in horticulture, as for example the cultivation of 
dates. There are some texts suggesting institutional involvement in date cultivation in the late 
third millennium B.C. (Focke 2015; Greco 2015), but it has been assumed that date cultivation 
was a more private/individual enterprise, as was true for example in pharaonic Egypt (Moreno 
Garcia, in press). However, until now, there were no empirical data that could provide a clue 
about the size of the non-institutional sector of early states’ economies that was based on 
date cultivation. Hence, one result of the presented study is a more nuanced and holistic 
understanding of these early state economies. Additionally, trees were grown for timber in 
irrigated lands in the third millennium B.C. (Selz 2011). Textual sources suggest that dates 
were part of the regular diet, but the volume of grain-related texts has generally minimized 
the importance of dates. Our results suggest dates were relatively important for the Bronze 
Age economy, although in the mid-third millennium B.C. they were not as prevalent as in the 
second millennium B.C. (Kassite) levels, and their importance continued well into the first 
millennium A.D. Overall, there appears to be a negative relationship between date palm and 
grain cultivation in the area sampled. 
 
The most detailed insight into the agricultural regime of the Nippur region is provided by the 
archive of the Murašu agricultural firm, which managed large amounts of arable land around 
Nippur in the fifth century B.C. on behalf of their owners. A major shift towards intensive 
horticulture of date palms at the expense of cereal cultivation took place during that period 
in other areas of the alluvial plain. From texts in the first millennium B.C., during the 
Achaemenid and Hellenistic periods, there is evidence of widespread date cultivation, in 
particular in more northern regions such as around Sippar, with even a cash crop economy 
revolving around the date palm (Jursa 2006). However, the Murašu archive deals primarily 
with cereal cultivation, with very little direct information on date cultivation (Jursa 2010: 407). 
References to the cultivation of dates are only found in debt notes, in which those to be paid 
by members of the Murašu agricultural firm were reckoned in large quantities of dates. Other 
references to date cultivation are rents collected in the form of quantities of dates for the 
leasing of garden plots (Jursa 2010: 410–411). Furthermore, Jursa (2010: 409, 413) suggests 
that date cultivation was not as prevalent in the Nippur region as elsewhere, consisting 
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probably of medium to modest sized gardens tended to by individual families. The large 
quantities of dates listed in debt notes are thus to be understood as the obligation of a 
collective of tenants or farmers.  
 
Although irrigation was present in Nippur in the earliest levels from the phytoliths analysed, it 
greatly expanded around the time of the Sasanian period, from the third century A.D. or later. 
This is supported by historical sources from the region that show expansion of irrigation 
during the Sasanian period (Campopiano 2017). Our results likely reflect the major irrigation 
works that began to be created by this period. Volatile climate could have been one problem 
faced in irrigation, as evident from climate data, where alternating periods of high rainfall and 
very dry years could have been frequent at least by the first millennium B.C., and into later 
periods. From a methodological view, phytolith analysis proved useful in differentiating the 
homogeneous remains from the Shatt en-Nil. 
 
What the results most clearly demonstrate is the potential use of these multidisciplinary 
approaches, applied here in southern Mesopotamia. Furthermore, linkages between rainfall 
patterns in northern Iraq, via speleothem data, can be made to events in southern Iraq, 
including changes in the hydrologic regime and changes to the environment and plant 
communities (e.g., the disappearance of oak in southern Iraq). Future work should certainly 
focus on validating the observations presented here, as we recognize that remains from a 
limited number of samples do not mean wide-scale trends across southern Mesopotamia. 
Nevertheless, we are now better able to reconstruct plant communities and the local 
environments and how they were affected/modified by human activity and natural climate 
variations. 
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Abstract 

The climatic controls on the stable carbon isotopic composition (δ13C) of speleothem carbonate are less often 
discussed in the scientific literature in contrast to the frequently used stable oxygen isotopes. Various local processes influence 
speleothem δ13C values and confident and detailed interpretations of this proxy are often complex. A better understanding of 
speleothem δ13C values is critical to improving the amount of information that can be gained from existing and future records. 
This contribution aims to disentangle the various processes governing speleothem δ13C values and assess their relative 
importance. Using a large data set of previously published records we examine the spatial imprint of climate-related processes 
in speleothem δ13C values deposited post-1900 CE, a period during which global temperature and climate data is readily 
available. Additionally, we investigate the causes for differences in average δ13C values and growth rate under identical climatic 
conditions by analysing pairs of contemporaneously deposited speleothems from the same caves. This approach allows to focus 
on carbonate dissolution and fractionation processes during carbonate precipitation, which we evaluate using existing 
geochemical models. Our analysis of a large global data set of records reveals evidence for a temperature control, likely driven 
by vegetation and soil processes, on δ13C values in recently deposited speleothems. Moreover, data-model intercomparison 
shows that calcite precipitation occurring along water flow paths prior to reaching the top of the speleothem can explain the 
wide δ13C range observed for concurrently deposited samples from the same cave. We demonstrate that using the combined 
information of contemporaneously growing speleothems is a powerful tool to decipher controls on δ13C values, which facilitates 
a more detailed discussion of speleothem δ13C values as a proxy for climate conditions and local soil-karst processes.  

Keywords: Stable carbon isotopes; Speleothems; SISAL; Vegetation; Temperature; Rayleigh modelling approach; Prior calcite 
precipitation 
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1. INTRODUCTION 

Speleothems, secondary cave carbonates, are valuable archives for reconstructing past 

climate conditions (e.g., Wong and Breecker, 2015). Of the various geochemical parameters they 

preserve, speleothem δ13C values can provide information on climate and vegetation conditions 

(e.g., McDermott, 2004; Ridley et al., 2015). However, it is often difficult to disentangle the various 

processes that influence speleothem δ13C values, especially as some may be interdependent (e.g., 

vegetation type/density and rainfall amount/moisture availability). This complexity poses a 

significant challenge for the accurate interpretation of speleothem δ13C values, and often limits its 

utility as a paleoclimate proxy to generalised discussions on overall conditions or broad vegetative 

transitions (e.g., Genty et al., 2003; Holmgren et al., 2003). However, in some cases δ13C time series 

proved to be easier to interpret than corresponding δ18O time series, in particular at sites where 

δ18O is affected by multiple and competing effects (e.g., Genty et al., 2003, 2006; Scholz et al., 2012; 

Ridley et al., 2015; Mischel et al., 2017).  

Although carbon transfer dynamics in cave systems have been extensively studied (e.g., 

Hendy, 1971; Genty et al., 1998; Oster et al., 2010; Fohlmeister et al., 2011; Rudzka et al., 2011; 

Lechleitner et al., 2016; Mattey et al., 2016; Bergel et al., 2017; Carlson et al., 2019), it is difficult to 

attribute individual processes as the driving force behind speleothem δ13C variations (Griffiths et al., 

2012; Spötl et al., 2016). The δ13C composition of soil gas CO2 is influenced by the type and density 

of vegetation above the cave, depending on the dominant photosynthetic pathway (C3, C4 or CAM 

plants), and by soil respiration rate (e.g., Cerling, 1984). The soil gas CO2 is dissolved in percolating 

meteoric water, introducing a temperature-dependent fractionation effect on δ13C. This acidic water 

dissolves the underlying host rock carbonate until the solution is in equilibrium with respect to Ca2+. 

The dissolution can occur under ‘‘open” conditions, where enough gaseous CO2 is available in the 

soil or karst to allow for complete carbon exchange with the dissolved inorganic carbon species, or 

under ‘‘closed” conditions, where no gaseous CO2 is present and carbon exchange is absent (Hendy, 

1971). Intermediate conditions generally prevail in natural systems as often only a limited amount of 

gaseous CO2 is available (e.g., Genty et al.,1998; Rudzka et al., 2011). Once the solution reaches the 

cave atmosphere with lower partial pressure of CO2 (pCO2), CO2 starts to degas from the solution, 
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triggering CaCO3 precipitation. This process is accompanied by temperature dependent carbon 

isotope fractionation processes, which have been largely investigated by modelling studies 

(Dreybrodt et al., 2016; Dreybrodt and Scholz, 2011; Hansen et al., 2017; Mühlinghaus et al., 2009; 

Scholz et al., 2009) and laboratory studies (e.g., Polag et al., 2010; Wiedner et al., 2008; Hansen et al., 

2019). Carbonate precipitation occurring before reaching the apex of the stalagmite is known as 

prior calcite precipitation (PCP) or, more rarely, prior aragonite precipitation. The degree of PCP 

usually depends on two parameters: (I) on the pCO2 gradient between the water and the gaseous 

phase and (II) on length of the period the water in contact with the cave air before dripping.  

There are several approaches to better constrain speleothem δ13C variability. First, applying a 

multi-proxy approach that considers other proxies than δ13C, such as δ18O, radiocarbon or trace 

elements, and mineralogy or petrography, can shed light on the dominant processes that influence 

δ13C variability in a given cave system (e.g., Oster et al., 2010; Rudzka et al., 2011; Griffiths et al., 

2012; Fohlmeister et al., 2017; Voarintsoa et al., 2017c). Often, interpreting speleothem δ13C values 

requires critical knowledge about the cave system, including potential anthropogenic impacts (e.g., 

Baldini et al., 2005; Mattey et al., 2008, 2010; Hartmann et al., 2013; Burns et al., 2016; Voarintsoa et 

al., 2017c). A second approach lies in the investigation of the acting processes through analysis of a 

large and spatially extensive network of speleothem records (Breecker, 2017). This has the potential 

to remove highly localised, site-specific variability, and allow detection of more general 

relationships between speleothem δ13C composition and climate or ecosystem conditions.  

Here, we use speleothem δ13C records compiled in the first version of the SISAL database 

(Atsawawaranunt et al., 2018a,b), henceforth denoted SISAL_v1. This database was compiled to 

provide a comprehensive understanding of speleothem δ18O and δ13C records for climate 

reconstruction and model evaluation (e.g., Comas-Bru et al., 2019). From this database, several 

papers have already been published that assess data coverage and investigate regional patterns in 

stalagmite δ18O records from specific regions and continents (e.g., Lechleitner et al., 2018; Oster et 

al., 2019; Braun et al., 2019; Burstyn et al., 2019; Appendix B.1). To constrain the governing processes 

influencing speleothem δ13C values in the SISAL records we focus on two subsets of the data of the 

SISAL_v1 database. First, we analyse globally distributed records that cover the period between 
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1900 and 2014 CE (hereafter denoted post- 1900 CE), to investigate the spatial relationship between 

δ13C and climate by comparing the speleothem records with available instrumental data. Second, we 

analyse records from contemporaneously growing speleothems from the same cave to shed light 

on karst and cave processes and to evaluate the utility of Rayleigh isotope fractionation models 

(e.g., Deininger et al., 2012; Deininger and Scholz, 2019) for understanding speleothem δ13C records. 

2. THE SISAL_V1 DATA 

2.1. Post- 1900 CE speleothem δ13C data 

We extracted δ13C data of all speleothems that grew after 1900 CE from SISAL_v1, resulting 

in 59 speleothem records from 50 individual caves (Table 1) and yielding about 3600 individual δ13C 

measurements. Three speleothems have only one data point in the according time window, but 

were nonetheless included in the analysis. The record with the highest number has 659 data points 

(stalagmite YOK-G, Ridley et al., 2015). 

2.2. Speleothem δ13C data from contemporaneous samples  

The second data sub-set extracted from SISAL_v1 com-prises speleothems which grew at 

the same time in the same cave for at least 20 consecutive years, without upper limitations on the 

time period of growth. In total, 94 speleothems from 32 caves fulfil this requirement (Table 2). Up to 

seven at least pairwise coevally growing speleothems from a single cave are available. With our 

search criteria we extracted approximately 57,000 individual δ13C data points. For each data point 

we also extracted its depth along the speleothem profile and its age.  

The shortest time period of overlap is about 100 years for Rukiessa Cave (Baker et al., 2007) 

and the longest period of overlap is for the Kesang Cave (Cheng et al., 2016), where stalagmites 

grew contemporaneously for about 50000 years. Most stalagmite pairs grew contemporaneously 

for 1000– 10000 years. The number of δ13C data points per stalagmite in coeval growth phases is 

between 7 (Paraiso Cave; Wang et al., 2017) and more than 3500 (Yok Balum Cave, Ridley et al., 

2015). Most stalagmites provide data between 100 to 300 data points for the coeval growth phases.
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Table 1 
Speleothem δ13C records growing after 1900 CE extracted from SISAL_v1. Speleothems marked by an (*) consist of aragonite. Column 
‘Comments on dating’: number of U-Th dating points in the post 1900 CE period/ actively dripping or layer counting (LC)/evidence through 
radiocarbon bomb peak detection (14C-BPD) or 210Pb dating. 
Cave  Speleothem number of 

data point 
δ13C MAT 

[°C] 
Precipitation 
[mm/a] 

Altitude 
[m asl] 

Comments on dating reference 

Anjohibe Cave AB3 12 3.38 27.2 1496 100 1/-/- Burns et al., 2016 
Anjohibe Cave AB2 191 3.49 27.2 1496 100 1/-/-  Scroxton et al., 2017 
Ascunsa Cave POM2 2 -10.37 8.2 600 1050 0/dripping/- Dragusin et al., 2014 
Bero Cave Bero-1 135 -4.61 18.9 1030 1363 0/LC/14C-BPD  Asrat et al., 2008 
Bir-Uja Cave Keklik1 58 -4.89 12.1 353 1325 0/-/14C-BPD  Fohlmeister et al., 2017 
Botuverá Cave BT-2 1 -6.16 19.5 1300 230 0/-/- Cruz et al., 2005 
Brown's Follymine Boss 17 -9.63 10 842 150 0/LC/- Baldini et al., 2005 

Brown's Follymine BFM-9 12 -9.31 10 842 150 0/LC/14C-BPD  Baldini et al., 2005 
Brown's Follymine F2 17 -8.83 10 842 150 0/LC/- Baldini et al., 2005 
Bunker Cave Bu4 8 -5.86 10.8 950 184 0/-/14C-BPD  Fohlmeister et al., 2012 
Cango Cave V3 2 -6.32 17.5 172 650 0/dripping/-  Talma and Vogel, 1992 
Ceremosnja Cave CC-1 3 -7.84 11.6 695 530 0/dripping/- Kacinski et al., 2001 
Cold Air Cave T8 13 -6.09 17.3 521 1420 0/-/- Holmgren et al., 2008 
Cold Air Cave T7_2013 106 -7.12 17.3 521 1420 1/LC/14C-BPD  Sundquist et al., 2013 
Crag Cave CC3 2 -7.41 10.5 1475 60 0/-/-  McDermott et al., 1999 
Dante Cave DP1_2016 31 -10.70 21 532  1300 2/-/- Voarintsoa et al., 2017 
Defore Cave S3 83 -10.16 25.7 500 150 0/LC/-  Burns, 2002 
DeSoto Caverns DSSG-4 33 -9.50 17.4 1406 170 0/-/-  Aharon et al., 2013 
Furong Cave FR-0510 9 -5.32 18.3 1086 260 0/-/-  Li et al., 2011 
Guillotine Cave GT05-5 9 -9.23 9.6 2400 740 0/-/- Whittaker, 2008 
Han-sur-Lesse 
Cave 

Han-stm5b 15 -9.37 8.9 787 180 0/LC/14C-BPD  Genty et al., 1998 

Heshang Cave HS4_2008 102 -12.08 18 1460 694 0/LC/14C-BPD  Hu et al., 2008 
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Ifoulki Cave IFK1 66 -7.93 17 400 1265 1/-/-  Ait Brahim et al., 2017 
Jhumar Cave JHU-1 70 -11.92 25.5 1503 600 1/-/-  Sinha et al., 2011 
Kesang Cave KS08-1-H 2 -6.20 4.5 500 2000 0/-/-  Cheng et al., 2016 
Kinderlinskaya 
Cave 

KC-3 2 -8.16 3 560 240 0/-/- Baker et al., 2017 

Klapferloch Cave PFU6 38 -2.54 4.8 600 1140 0/LC/-  Boch and Spötl, 2011 
Korallgrottan 
Cave 

K11 5 -6.25 1.4 866 600 0/-/-  Sundqvist et al., 2010 

Leviathan Cave LC-1 3 -4.18 8.3 106 2400 0/-/- Lachniet et al., 2015 
Liang Luar Cave LR06-

B1_2016 
58 -9.90 25 1200 550 1/-/14C-BPD  Griffiths et al., 2016 

Macal Chasm MC01 15 -11.02 21 2095 550 0/active/210Pb  Webster et al., 2007 
Modric Cave MOD-22 6 -7.25 16 960 32 0/dripping/-  Rudzka et al., 2012 
Munagamanu 
Cave 

Mun-stm2 44 -5.72 27.6 526 475 1/-/-  Genty et al., unpublished 

Munagamanu 
Cave 

Mun-stm1 21 -4.29 27.6 526 475 2/-/-  Genty et al., unpublished 

Natural Bridge 
Caverns 

NBJ 6 -7.71 21 740 315 0/-/- Wong et al., 2015 

New St Michael's 
Cave 

Gib04a 443 -11.04 18.3 767 426 0/LC/14C-BPD  Mattey et al., 2008 

Okshola Cave FM3 2 -6.56 3.2 1000 165 0/-/-  Linge et al., 2009 
Palestina Cave PAL3 10 -11.40 22.8 1570 870 0/-/-  Apaéstegui et al., 2014 
Paraiso Cave PAR03 19 -8.97 26 2400 60 2/-/- Wang et al., 2017 
Perdida Cave PDR-1 86 -5.53 27.3 1375 400 0/active/- Winter et al., 2011 
Postojna Cave POS-STM-4 10 -9.59 8 1500 529 0/event/14C-BPD Genty et al., 1998 
Rukiessa Cave Merc-1 84 -5.15 18.9 1030 1618 0/LC/14C-BPD Baker et al., 2007 
Rukiessa Cave Asfa-3 83 -6.44 18.9 1030 1618 0/LC/14C-BPD Baker et al., 2007 
Sahiya Cave SAH-AB 110 0.24 22 1600 1190 1/-/- Sinha et al., 2015 
Sofular Cave So-1 56 -9.57 13.8 1200 400 0/-/-  Fleitmann et al., 2009 
Soreq Cave Soreq- 20 -10.17 20 500 400 0/-/-  Grant et al., 2012 
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composite 
Soylegrotta Cave SG95 4 -3.60 3.5 1450 280 0/-/-  Linget al., 2001 
Tamboril Cave TM0 10 -11.09 22.5 1400 575 1/-/- Wortham et al., 2017 
Taurius Cave Taurius 293 -11.71 26 2735 230 4/-/210Pb  Partin et al., 2013 
Tonnelnaya Cave TON-2 2 1.38 3.1 355 3226 0/-/- Cheng et al., 2016 
Uamh an Tartair SU967 39 -11.16 7.1 1900 220 -/LC/-  Baker et al., 2012 
Uamh an Tartair SU032 101 -11.89 7.1 1900 220 -/LC/- Baker et al., 2011 
Ursilor Cave PU-2 1 -10.81 9.7 950 482 0/-/-  Onac et al., 2002 
Villars Cave Vil-stm6 1 -9.06 12.5 1005 175 0/-/- D. Genty, unpublished 
Villars Cave Vil-stm1 21 -8.56 12.5 1005 175 0/LC/14C-BPD Labuhn et al., 2015 
Wah Shikhar Cave WS-B 72 -2.59 17 2150 1290 0/-/- Sinha et al., 2011 
Xinya Cave XY07-8 75 -4.74 16.1 1130 1250 0/dripping/- Li et al., 2017 
Yok Balum Cave YOKI 174 -9.86 22.9 2950 366 3/-/14C-BPD Kennett et al., 2012 
Yok Balum Cave YOKG 659 -10.52 22.9 2950 366 6/-/14C-BPD Ridley et al., 2015 
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3. METHODS 

3.1. Climate influence on speleothem δ13C  

We analyse the SISAL_v1 δ13C dataset covering the period post-1900 CE and compare it to 

instrumental climate data to investigate the influence of temperature, rainfall amount, altitude or 

vegetation on speleothem δ13C values. We calculate the average δ13C value and its variance, to 

prevent over-interpretation of individual δ13C values that may contain temporally restricted outliers. 

As carbon isotope fractionation effects are different for aragonite and calcite, the δ13C values of 

aragonitic speleothems (Table 2) were corrected to the corresponding δ13C value of calcite by using 

the fractionation offset between both polymorphs established in a laboratory study (Romanek et al., 

1992). This fractionation offset was recently confirmed by a speleothem study, where calcite-

aragonite transitions occurred along individual growth layers (Fohlmeister et al., 2018).  

Climate data, i.e., present-day mean annual temperature, rainfall amount, and altitude (Table 

1), were obtained either directly from the original papers or - where necessary - from companion 

papers reporting on the same cave. Vegetation data is derived from SPOT-VEGETATION satellite 

imagery from the Global Land Cover 2000 Project (GLC2000), used in Aaron and Gibbs (2008). The 

data, available online from the Carbon Dioxide Information Analysis Center (http://cdias.ess-

dive.lbl.gov), were imported to ArcGIS 10.5 as shapefile, and plotted using the coordinate reference 

system WGS-84. To ease comparison with speleothem δ13C averages, we grouped each polygon 

based on vegetation cover categories (e.g., steppe, dry forest, shrub land, rainforest). The average 

speleothem δ13C values were binned into 1‰ increments, yielding ten categories, ranging from 

data lower than -11.00‰ VPDB (Vienna PeeDee Belemnite) to data higher than -3.00‰ VPDB.  

It is important to note that age uncertainties related to either U-Th dating uncertainties 

and/or interpolation techniques may complicate interpretation of the results from this study. To 

address this, however, we have tested how chronological uncertainty may influence δ13C values, by 

calculating the δ13C averages of the last 100 years (i.e., back to 1919 CE), in comparison with the 

interval back to 1900 CE (our initial boundary set for this study). This 19-year change in the applied 

time interval refers to a change in relative age uncertainty of 16% and thus well represents the 
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typical U-Th derived age uncertainty during this period. This simple test suggests that the average 

δ13C values did not change by more than 0.1‰ between the two intervals studied. Therefore, we 

presume that chronological uncertainty is insignificant at this temporal scale. 

3.2. Influence of local processes on speleothem δ13C values  

The investigation of karst and fractionation processes during CaCO3 dissolution and 

precipitation is more technical. Contemporaneously growing speleothems from the same cave were 

used on the assumption that temperature, rainfall amount and vegetation above the cave should 

influence their δ13C value in a similar way. In that case, any variability in δ13C values between 

individual speleothems must be related to the conditions under which carbonate is dissolved and 

precipitated.  

To explore this, we use the second dataset extracted from SISAL_v1, and calculate the 

average growth rate along with the average and standard deviation of δ13C of contemporaneous 

growth sections in the speleothems. For the growth rate, the standard deviation could not be 

calculated as unfortunately most SISAL_v1 records lack information on interpolated age 

uncertainties. Where speleothems from individual caves exist in calcitic and aragonitic form, we 

correct for calcite-aragonite fractionation effects using present-day cave temperatures, as all 

specimens that needed to be corrected are of late Holocene age. Those speleothems are marked by 

(**) in Table 2.If all speleothems from one cave consist entirely of aragonite (marked (*) in Table 2), 

we performed no correction for fractionation effects. Some isotope samples were referred to as 

consisting of a ‘mixed’ mineralogy in SISAL. Those samples were removed from the data set. 

3.2.1. Influence of carbonate dissolution conditions  

Different pathways of carbonate dissolution affect the carbon isotope composition of drip 

water (Hendy, 1971; Fohlmeister et al., 2010; Minami et al., 2015). Carbonate dissolution conditions 

can be similar in the same cave for the same time period, as deduced by radiocarbon reservoir 

effects of contemporaneously growing speleothems from the same cave (e.g., Fohlmeister et al., 

2012; Lechleitner et al., 2016; Cheng et al., 2018; Riechelmann et al., 2019). Furthermore, modelling 
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studies have shown that slight differences in carbonate dissolution conditions have only a small 

effect on δ13C values (Hendy, 1971; Fohlmeister et al., 2011; Griffiths et al., 2012). This was recently 

corroborated by a study on speleothems from Baradla Cave, Hungary (Demény et al., 2017b), where 

large differences in open to closed dissolution system conditions (10 pmC difference in 

radiocarbon) had nearly no appreciable effect on δ13C values.  

Here, we further test the influence of carbonate dissolution on δ13C composition using 

CaveCalc, a recently developed model for speleothem chemistry and isotopes (Owen et al., 2018). 

CaveCalc is a numerical model based on PHREEQC, and importantly allows direct quantitative 

modelling of semi-open dissolution conditions (Owen et al., 2018). Thus, we can test the sensitivity 

of drip water δ13C values to system ‘‘openness” by varying the volume of soil gas the aqueous 

solution is in contact with during dissolution (the larger the volume of air, the more open the 

system). 

 

Table 2 
δ13C records from speleothems growing contemporaneously in the same cave from SISAL_v1. The records 
are grouped by cave, and the number of overlapping samples is indicated 
Cave Stalagmites Number of 

overlap (#) 
Reference 

Abaco Island 
Cave 

AB-DC-01, AB-DC-03, AB-DC-09 2 Arienzo et al., 2017 

Abaliget Cave ABA_1, ABA_2 1 Koltai et al., 2017 
Anjohibe Cave AB3, AB2, MA3, ANJB-2 6 Scroxton et al., 2017; Voarintsoa 

et al., 2017b,c; Burns et al., 2016 
Antro del 
Corchia 

CC-1_2009, CC-5_2009, CC-7 2 Drysdale et al., 2009 

Baradla Cave BAR-IIL,BAR-IIB 1 Demény et al., 2017 
Bittoo Cave BT-1, BT-2.1, BT-2.2 2 Kathayat et al., 2016 
Botuverá Cave BTV21a, BT-2 1 Bernal et al., 2016; Cruz et al., 

2005 
Brown's 
Follymine 

Boss, F2, BFM-9 3 Baldini et al., 2005 

Buckeye Creek BCC-8, BCC-10 1 Springer et al., 2014 
Bunker Cave Bu1, Bu2, Bu4, Bu6 3 Fohlmeister et al., 2012 
Devils Hole DH2, DH2-D, DH2-ETerminal1, DH2-

ETerminal2 
3 Moseley et al., 2016 

Dim Cave Dim-E2, Dim-E3, Dim-E4 3 Ünal-İmer et al., 2015 
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Gueldaman 
Cave 

stm2, stm4 1 Ruan et al., 2016 

Katerloch 
Cave 

K1, K3 1 Boch et al., 2009 

Kesang Cave KS06-A-H, KS08-2-H, KS06-A, KS06-B, 
KS08-1, KS08-2,  

5 Cheng et al., 2016 

Kinderlinskaya 
Cave 

KC-1, KC-3 1 Baker et al., 2017 

Lancaster 
Hole 

LH-70s-1, LH-70s-2, LH-70s-3 3 Atkinson and Hopley, 2013; 
Atkinson and Hoffmann, unpubl. 

Liang Luar 
Cave 

LR07-A8, LR07-A9, LR07-E11, LR06-
B1_2016, LR06-B3_2016 

4 Griffiths et al., 2013; 2016 

Mairs Cave MC-S1, MC-S2 1 Treble et al., 2017 
Milchbach 
Cave 

MB-2, MB-3, MB-5 3 Luetscher et al., 2011 

Molinos Cave Mo-1, Mo-7 1 Moreno et al., 2017 
Munagamanu 
Cave 

Mun-stm1, Mun-stm2 1 Genty et al., unpubl. 

Okshola Cave FM3, Oks82 1 Linge et al., 2009 
Palestina Cave PAL3, PAL4 1 Apaéstegui et al., 2014 
Paraiso Cave PAR01, PAR03, PAR06, PAR07, PAR08, 

PAR16,  PAR24 
7 Wang et al., 2017 

Rukiessa Cave Merc-1, Asfa-3 1 Baker et al., 2007 
Tamboril Cave TM0, TM2 1 Worthham et al., 2017 
Tonnel'naya 
Cave 

TON-1, TON-2 1 Cheng et al., 2016 

Uamh an 
Tartair 

SU967, SU032 1 Baker et al., 2011; 2012 

Villars Cave Vil-stm1, Vil-stm6, Vil-stm9, Vil-
stm11, Vil-stm14, Vil-stm27,  Vil-car1 

11 Labuhn et al., 2015; Wainer et al., 
2011; Genty et al., 2003; 2006; 
2013; Genty, unpubl.;  

Yok Balum 
Cave 

YOK-I, YOK-G 1 Kennett et al., 2012; Ridley et al., 
2015 

Zhuliuping 
Cave 

ZLP1, ZLP2 1 Huang et al., 2016 
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3.2.2. Influence of CaCO3 precipitation processes on δ13C values 

Fractionation effects during degassing of CO2 and carbonate precipitation (including 

PCP) can lead to substantial variability in speleothem δ13C values. We assume that 

temperature, vegetation cover and carbonate dissolution conditions are sufficiently similar 

for drip sites feeding two or more speleothems from the same cave as long as the cave 

system is not too large. Thus, we expect the pCO2 in equilibrium with initial drip water to be 

similar for individual drip locations. Here, initial drip water refers to water that has just 

achieved Ca2+ saturation following dissolution of the carbonate host rock, but where no CO2 

has degassed and no carbonate has yet been precipitated. As most stalagmites in our dataset 

grew in the deep interior of the cave (>100 m distance from any entrance) or close to each 

other (>5 m distance), when nearer to the entrance, it is also reasonable to assume that the 

pCO2 level of air is sufficiently constant within the cave. Keeping these assumptions in mind, 

the only sources of variability in δ13C data of coevally growing speleothems should be the 

drip interval and the presence/extent of PCP, the latter defining the degree of 

supersaturation of [Ca2+] in the solution reaching the top of the speleothem. These two 

factors also strongly affect growth rate (e.g., Kaufmann, 2003; Mühlinghaus et al., 2007; and 

Romanov et al., 2008). Once drip water is in equilibrium with cave air CO2 levels, which takes 

only a few seconds (Dreybrodt and Scholz, 2011; Day and Henderson, 2011), a faster 

speeothem growth rate requires a shorter drip interval. Furthermore, speleothems with a 

higher growth rate should have lower δ13C values as the time for isotopic enrichment of the 

dissolved inorganic carbon (DIC) and the precipitating CaCO3 is reduced. Thus, we expect a 

δ13C offset in contemporaneously growing speleothems with different growth rates. We can 

quantify this offset by calculating the slope between δ13C average and average growth rate 

for two contemporaneously growing speleothems from the same cave. According to the 

above argument the slope is expected to be negative, given that the initial conditions are 

similar.  

The growth rate– δ13C offsets obtained from speleothem data were evaluated by first 

principles of carbonate precipitation and carbon isotope fractionation. We applied a Rayleigh 

distillation model for δ13C and an exponential approach for carbonate precipitation, closely 

following the ISOLUTION modelling approach (Deininger et al., 2012; Deininger and Scholz, 

2019). The Ca2+ concentration at time t, [Ca2+](t), after the solution is in contact with CO2, 
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decreases progressively and can be approximated by an exponential decay (e.g., Dreybrodt, 

1980). 

 

Fig. 1. Evolution of δ13C and [Ca2+] in drip water and the respective δ13C composition of precipitated 
CaCO3 at 20 °C. Between t0 and t1, the water evolves before the droplet reaches the stalagmite top 
(PCP). Between t1 and t2 (dashed grey lines) carbonate precipitation at the top of the speleothem 

occurs. After t2, carbonate precipitation takes place along the slopes of the stalagmite, when the drop 
has been replaced by a new one. The horizontal solid grey lines indicate the average δ13C isotopic 

composition of CaCO3 at those three stages. 
 

 

where [Ca2+](t0) is the initial Ca2+ concentration before any carbon is lost from the 

solution (t = t0 = 0). [Ca2+]app is the Ca2+ concentration in equilibrium with cave air pCO2, 

modulated by inhibiting effects (Dreybrodt et al., 1997; Kaufmann, 2003). The time constant, 

s, refers to calcite precipitation rate.  

The role of PCP on Eq. (1) is important. While in earlier approaches (Dreybrodt 2008; 

Mühlinghaus et al., 2009; Scholz et al., 2009; Deininger et al., 2012) carbonate precipitation at 

the top of a speleothem was considered to be important from t0 to a time point t1, we here 

use a different approach in order to account for PCP, which is an important process in most 

caves (e.g., Fairchild et al., 2000; Johnson et al., 2006; Sherwin and Baldini, 2011). In our 

approach, we define PCP to be acting from t = t0 to t= t1. At t = t1 the droplet is falling onto 

the stalagmite top and is replaced by the next one at time t = t2 (Fig. 1). Thus, for growth rate 

calculation purposes, we are only interested in the amount of calcite precipitating between t1 
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and t2. The amount of precipitated Ca2+ (F), between the two time points, t1 and t2, can be 

calculated by: 

 

The growth rate (GR) of a stalagmite can be determined by F, the typical thickness of 

the water film layer, R, which is in the order of 10-2 cm (e.g., Dreybrodt, 1980; Baker et al., 

1998), the time interval of precipitation, t2– t1, the density of precipitating calcite, rho (for 

calcite q = 2.689 g/cm3) and the molecular weight, M, of CaCO3 (100.09 g/mol). To express 

GR in cm/a we have to account for conversion factors (1a is 3.15*107s and 1 m3 =106 cm3; 

Dreybrodt, 1980). 

 

The temporal evolution of the δ13C of DIC in drip water (δ13C (t)) is determined by: 

 

where δ13C (t0) is the initial δ13C of DIC in the drip water and e is the combined 

fractionation factor for 13C, composed from carbon fractionation factors for the transition 

between HCO3-  and gaseous CO2 as well as between HCO3- and CaCO3 (e.g., Mühlinghaus et 

al., 2009; Deininger et al., 2012). In order to account for PCP, we do not integrate the δ13C 

values of precipitated CaCO3 from t = t0 (the initial drip water) to t = t1 but allow the solution 

to lose some carbon through degassing and precipitation before the drip impinges on the 

stalagmite top (Fig. 1). As for the CaCO3 growth rate we focus on the δ13C value of 

precipitating CaCO3 at the top of the stalagmite between t = t1 and t = t2 and Eq. (4) is 

transferred to: 

 

Therefore, the δ13C composition of CaCO3 precipitating at the stalagmite top 

(between t1 and t2, Fig. 1) is the weighted mean of the δ13C of precipitating CaCO3 and the 

amount of precipitated CaCO3: 
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where t0i =[ t1, t1 +1, t1 +2, ..., t2]. 

4. RESULTS 

4.1. Post-1900 CE speleothem δ13C data  

The speleothems in our dataset are from cave sites with an annual average air 

temperature ranging from 1 to 27 °C, average annual precipitation between 100 and 3000 

mm, and altitude between 60 and 3100 m above sea level.  

The average δ13C values of speleothems vary between -12.1 and +3.5‰ VPDB. The 

minimum standard deviation of the average δ13C is 0.11‰, and the maximum standard 

deviation is 2.5‰. To check for systematic trends towards lighter or heavier δ13C values, 

which would complicate our analysis, we calculated the slope of δ13C with time for each 

stalagmite record (Fig. 2A). While the mean of all records is slightly shifted towards a 

negative slope (-0.0035‰/a), the ensemble is nearly Gaussian distributed (Fig. 2B) with a 

standard deviation of 0.0177. This indicates that applying an ensemble approach can level 

out various local processes in individual cave environments. 

4.2. Speleothem δ13C values from contemporaneously growing speleothems 

The average speleothem δ13C values from this subset vary between ~-13‰ and ~+3, 

and average growth rates vary between ~2*10-5 and 1 mm/a (Fig. 3A). The slopes vary 

between average δ13C values and average growth rate of two contemporaneously growing 

speleothems reveal a bimodal distribution (Fig. 3B). This bimodal distribution is an artefact of 

the logarithmic scale, which however is necessary to show all data adequately. With the 94 

speleothems extracted from the SISAL_v1 database we were able to calculate 76 δ13C -growth 

rate slopes between coeval speleothems. 52 out of 76 slopes were negative, i.e., faster 

growing speleothems have lower δ13C values, while 24 slopes were positive (Fig. 3A). The 

positive slopes can vary between 0.2 and 6200‰/(mm/a), while negative slopes span a range 

between -33000 and -0.1‰/(mm/a). The frequency maximum of the slopes is between 10 

and 100‰/ (mm/a) for both positive and negative slopes (Fig. 3B).  
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In the next step, we defined a maximum duration of overlap. If the analysed interval 

of contemporaneous growth is too long, various environmental and cave parameters may 

have changed (even if in a similar manner for both speleothems) potentially complicating the 

interpretation. Thus, we split periods of contemporaneous growth of speleothems into 

periods of 1000 years. For example, when the duration of contemporaneous growth between 

two stalagmites is 10000 years, we divided this interval into ten phases and calculated the 

δ13C -growth rate lines for each of the 10 phases instead of one slope for the entire 10000 

year interval. This modification greatly increased the number of calculated slopes (δ13C vs. 

growth rate, Fig. 3C). Encouragingly, the general δ13C -growth rate relationship (i.e., the slope) 

is well reproduced even when using this larger dataset (Fig. 3C and D), and suggests that 

these relationships are robust at different timescales. 

 

Fig. 2. (A) Slope (δ13C /time) of speleothem δ13C values for the post-1900 CE records in comparison to 
their average δ13C composition. (B) Histogram showing the frequency distribution of the slope for 

individual speleothems. 
 

5. DISCUSSION  

5.1. Controls on modern speleothem δ13C values 

As speleothem δ13C values can have a large biogenic component originating from 

vegetation and/or soil activity above the cave, we compare the average δ13C values of 

modern speleothems (post-1900 CE) with instrumental climate and vegetation data. 

Although it is possible to convert each category of vegetation from the colour code on the 

map into numbers, defining the correlation factors or other statistical quantification of the 
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relationship between vegetation cover and speleothem δ13C values is less reliable. The map 

resolution is too coarse to provide accurate correlation with the local vegetation at the cave 

site, and although some sites have better description of the local type of vegetation cover, 

the interpretation may be biased due to the limited information from the other sites where 

complete vegetation description of the cave surrounding is lacking. Hence, we use general 

observations by comparing the vegetation zones and speleothem δ13C values, which were 

also colour coded for every per mil change (Fig. 4). This qualitative observation suggests that 

higher speleothem δ13C values tend to be associated with vegetation zones that are generally 

characterized by less vegetation, and vice versa, and it could be used as a general framework 

to set the baseline and range of δ13C values for modern speleothems. Nevertheless, caution 

should be taken when interpreting δ13C in regions where vegetation cover is more 

heterogeneous. 

 

Fig. 3. (A) Average δ13C values and average growth rates for periods of contemporaneous speleothem 
growth. Speleothem pairs from the same cave are connected by a straight line. Error estimates for 
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growth rate are about 10 % for those records with large age errors. (B) Histogram showing the 
frequency distribution for the slopes (δ13C – growth rate). Please note the logarithmic scale on the x-
axes. A stability analysis with using at maximum 1000 year periods (see text for details) suggests that 

this pattern is robust (C as in A, D as in B only with analysing 1000 year long windows). 
 

Because vegetation type and density strongly depend on the amount of precipitation, 

site altitude and local air temperature, we also assess the relationships between speleothem 

δ13C averages and these three variables. First we focus on altitude and annual precipitation 

(Fig. 5).  

With respect to altitude, there appears to be no significant relationship with 

speleothem δ13C data. When using the Spearman rank correlation, which better assesses 

monotonic relationships in general and is thus less sensitive to outliers, a correlation 

coefficient of 0.2 with p = 0.13 is obtained. Nevertheless, the marked absence of low δ13C 

values at high-altitude sites is interesting (Fig. 5A). These results agree with findings from a 

locally confined set of caves, monitored above an altitude gradient in the southern European 

Alps (Johnston et al., 2013). In that study, lower speleothem δ13C values are not found in 

high-altitude caves, while at lower altitudes, the entire range of δ13C values is present. This 

speleothem δ13C behaviour with respect to altitude may be related to vegetation cover 

and/or soil thickness, which becomes sparser at higher altitudes. Other cave site specific 

aspects like drip interval or cave ventilation are viewed as having minimal influence within 

such a large set of data. A relationship between δ13C and altitude is also suggested by a 

principal component analysis (PCA, Fig. S1), where the δ13C values and altitude vectors point 

approximately to the same direction.  

We found a weak but significant negative relationship between speleothem δ13C 

values and the amount of precipitation (q = ?0.27, p = 0.04, Fig. 5B). This is also consistent 

with the PCA results where δ13C and precipitation show contrasting behaviour on PC1 (Fig. 

S1). The full range of speleothem δ13C values is observed for caves located in regions with 

annual precipitation below 1500 mm. Another remarkable feature is that high δ13C values 

(>?8‰) are not found in regions receiving more than ~1500 mm of precipitation per year. 

From this observation, we deduce that high amounts of precipitation favour the development 

of high-density vegetation, which promotes lower speleothem δ13C values. The only 

exception is Wah Shikhar Cave with a mean δ13C value of ~-2.6 and an average annual 

precipitation of ~2150 mm/a (Sinha et al., 2011). Although the area above Wah Shikhar Cave 
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is also densely vegetated (Sinha et al., 2011), processes in the cave and karst must have 

strong influence on speleothem δ13C values, favouring the transition from the light isotopic 

soil CO2 values towards heavy isotopic values in the speleothem. 

 

Fig. 4. Global map showing the relationship between vegetation cover and average speleothem δ13C 
data post-1900 CE. Vegetation map is from Global Land Cover 2000 Project (GLC2000) based on SPOT-

VEGETATION satellite imagery (Aaron and Gibbs, 2008). 
 
 

 

Fig. 5. Average speleothem δ13C data post-1900 CE vs altitude of the cave (A) and vs amount of 
precipitation (B). 
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5.2. Temperature and speleothem δ13C  

The most interesting and complex pattern evolves when we compare the δ13C 

averages of speleothems in the post 1900 CE era with the present day mean annual 

temperature.  

Although there is no clear relationship in the data (p = -0.07, p = 0.62), as also 

confirmed by the PCA (Fig. S1), temperature has the potential to be responsible for the 

overall sensitivity of speleothem δ13C to vegetation and climate conditions. As photosynthesis 

and respiration depend on temperature, we expect differences in the δ13C values of 

speleothems from cold and warm/hot sites (indicated as tracks A and B in Fig. 6). From this 

general pattern several cave specific processes can contribute to a deviation from this 

relationship and might be summarised by three categories in our dataset (labelled #1, #2, #3 

in Fig. 6). Four out of these five general clusters are also well identified (Fig. S3) by an 

unsupervised machine learning algorithm (DBSCAN; Ester et al., 1996), suggesting that our 

grouping is objective. Details and results of this algorithm are provided in the supplement. 

For the cold temperature branch (labelled A in Fig. 6), one possible explanation could 

be the production of soil gas CO2. The soil gas δ13C composition is very sensitive to diffusion 

of CO2 into soils when soil respiration rates are small and the atmospheric component 

becomes more important (Cerling, 1984). Soil respiration rates between ~0 and 1 

mmoles/m2/hr can easily explain δ13C variations of about 12‰ in soil gas CO2 (between -21 

and -9‰ for soil respiration rates between 0 and 1 mmoles/m2/hr). At low temperatures, soil 

respiration rates are generally lower than under warmer temperatures for similar vegetation 

cover (Raich and Schlesinger, 1992; Raich and Potter, 1995; Kätterer et al., 1998). For 

comparison, soil respiration rates for grassland soils during the growing season can reach 

values between 6 and 9 mmoles/m2/hr, while during the dry or cool non-growing season 

they are typically about 1 mmoles/m2/hr (Singh and Gupta, 1977; Schlesinger, 1977; Parker et 

al., 1983). At freezing conditions, soil respiration rates can drop close to 0 mmoles/m2/hr 

(Kucera and Kirkham, 1971). 

Thus, it appears likely that diffusion of atmospheric CO2 into soils at low soil 

respiration rate sites can explain the large spread of δ13C data we observe for low 

temperature sites (below 5 °C MAT; Fig. 6). Speleothems from these caves show a wide δ13C 
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range, varying from -8to+2‰, despite the small sample size (i.e., only seven speleothems 

were available for evaluation). This group has no significant correlation to temperature, but 

roughly follows the expected trend. The average speleothem δ13C values at these cold sites 

are higher than those at slightly warmer caves (around 7–10 °C).  

 

Fig. 6. Clustering pattern between δ13C averages and mean annual temperature (diamonds), 
highlighting the highly non-linear relationship between both parameters. Grey-tone and size of the 

diamonds refer to the amount of annual precipitation at the cave location. The two near-linear 
branches (A and B), discussed in the text, for low and high temperatures are indicated by the grey lines 
(labelled A and B). The three marked clusters (#1, #2 and #3) highlight special characteristics of those 

speleothem δ13C values. See section 5.2 for details. 
 

Speleothems following the warm temperature branch (~7 to 27 °C, Fig. 6), also show a 

wide range in δ13C values temperatures, δ13C values also increase, following an (between ~-

12 and +3‰). With increasing mean annual approximately linear relationship. Optimal 

conditions for where most speleothems cluster, with low δ13C values speleothem growth 

appear to be between ~7 and 15 °C, (-12 to -8‰) that suggest a large imprint from soil 

respired CO2. One possible mechanism to explain the high δ13C values (-2 to +4‰) at high 

temperatures is increasing heat and drought stress on vegetation. As opposed to soils from 
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cold regions, those from higher temperature regions (>15 °C) can be affected by enhanced 

evaporation, which can quickly reduce the water stored in soils, which in turn is responsible 

for changing fractionation strength during photosynthesis (Bowling et al., 2002; Hartman and 

Danin, 2010; Buchmann et al., 1996). Temperature can thus be responsible for reduced 

vegetation density and soil respiration rates, even when the overall amount of precipitation is 

high. This in turn affects the soil gas δ13C via the earlier discussed fractionation effects during 

CO2 diffusion out of the soil into the free atmosphere. Another reason for increased 

speleothem δ13C values might be that C4 type plants become more likely at higher 

temperatures as seen at Anjohibe Cave (Madagascar), which is nearly completely covered by 

C4 plants (average δ13C of stalagmites AB2 and AB3 = +3.4 and +3.5‰; MAT = 27.2 °C; Burns 

et al., 2016; Scroxton et al., 2017; Voarintsoa et al., 2017c). As the C4 metabolic pathway 

fractionates the carbon isotopes less strongly, a higher proportion of C4 plants can also 

explain the trend towards higher speleothem δ13C values at high temperatures.  

We observe significant deviations in speleothem δ13C values from the warm 

temperature branch. One category of data (region ‘#10) forms a cluster with very negative 

δ13C values (around –12‰) at high temperature sites (Fig. 6). These samples are from 

climates experiencing strong precipitation seasonality, e.g., monsoonal, and high amounts of 

annual precipitation as in Jhumar Cave, India (Sinha et al., 2011), Liang Luar Cave, Indonesia 

(Griffiths et al., 2016) or Taurius Cave, Vanuatu (Partin et al., 2013). In this case, it is likely that 

despite the high temperatures reigning at the sites, enough water is available to maintain a 

dense vegetation, which translates to high soil respiration rates, and low δ13C values in soil 

gas and speleothems.  

Of special interest are the five speleothem δ13C data points in region ‘#2’ (Fig. 6), 

which largely overlap with region #1. These samples have low δ13C values (-7.5 to -11‰) and 

high temperatures, but are affected by a much more arid climate than the samples in region 

‘#1’. Two of the five samples are from St. Michaels Cave, Gibraltar (Mattey et al., 2008) and 

Natural Bridge Caverns, Texas (Wong et al., 2015). These two sites are well monitored and 

their dominant cave processes and carbon fluxes are well understood (Mattey et al., 2016; 

Breecker et al., 2012, Meyer et al., 2014; Bergel et al., 2017). For both caves, it has been 

recognised that a deep, 13C depleted carbon source in the karst must exist in addition to the 

surface soil CO2. This would explain the relatively low speleothem δ13C values at these sites, 
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despite the warm and arid local conditions and relatively sparse vegetation at present. The 

other three data points are from Dante Cave, Namibia (Voarintsoa et al., 2017a), Soreq Cave, 

Israel (Bar-Matthews et al., 2003) and Defore Cave, Oman (Burns et al., 2002). Unfortunately, 

no detailed monitoring data of carbon transfer dynamics is hitherto available for these three 

caves, and therefore we cannot test whether they are also affected by the presence of deep 

carbon reservoirs. This proves how important cave monitoring is for understanding individual 

proxy time series but also to understand data in a more general context like this compilation.  

Finally, the cluster in region ‘#3’ (Fig. 6) is composed of three speleothems 

characterised by unusually high δ13C values compared to other speleothems in the same 

temperature range. These three speleothems are from Bunker Cave, Germany (Fohlmeister et 

al., 2012), Bir-Uja Cave, Kyrgyzstan (Fohlmeister et al., 2017), and Leviathan Cave, Nevada 

(Lachniet et al., 2014). Bunker Cave was artificially opened after its discovery in 1860 CE, 

which likely lead to stronger ventilation and an increase in δ13C values (Riechelmann et al., 

2011; Fohlmeister et al., 2012). Speleothem values prior to 1860 CE average around -9‰ 

(instead of -5.9‰ in the period after 1860 CE), which better matches predictions based on 

vegetation cover (Fig. 4) and temperature (Fig. 6). A similar explanation is provided for the 

Bir-Uja Cave stalagmite, where fractionation processes within a small cave with a large 

opening are dominant (Fohlmeister et al., 2017). Such strong fractionation effects are often 

reported for well ventilated caves (Spötl et al., 2005; Frisia et al., 2011; Tremaine et al., 2011). 

Little information about fractionation processes is available for Leviathan Cave, therefore we 

cannot make final statements about the reason for its relatively high δ13C values. However, 

site descriptions suggest that vegetation cover at this site is sparse and dominated by 

grasses, as expected for the very arid conditions in the Great Basin (Lachniet et al., 2014). This 

suggests that again, the low soil respiration rate at this high elevation site (2400 m above sea 

level) might be contributing to the high average δ13C values. 

5.3. Governing processes in karst and speleothem δ13C values 

In the previous subsections we analysed the influence of vegetation, temperature, 

precipitation and altitude on carbonate δ13C values. In order to eliminate these site-specific 

external factors from our analysis, we compare δ13C values of contemporaneously grown 

speleothems from the same cave. Thus, any differences in the average δ13C values of 
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contemporaneously grown speleothems can be attributed to changes in the type of host 

rock dissolution and fractionation processes during PCP or CO2 degassing. 

In this section and in section 5.4 we will focus on the direction and steepness of the 

slope between the average δ13C value and the average growth rate of two 

contemporaneously growing speleothems (Fig. 3A). The detected bimodal distribution in the 

frequency of the slopes (Fig. 3B) is surprising under the given boundary conditions of similar 

drip water and cave air characteristics. More than 2/3 of all analysed speleothem pairs show a 

negative slope between δ13C and growth rate (as expected from previous modelling studies, 

e.g., Mühlinghaus et al., 2007; Romanov et al., 2008; Dreybrodt and Scholz 2011 and the 

description in Section 3.2.2), while the remaining show a positive slope. This is an interesting 

result and raises the question for the driving mechanism behind these relationships. 

First, we evaluate the possibility that carbonate dissolution processes can explain the 

observed behaviour in the slopes of δ13C values vs. growth rates. For this purpose, we use the 

forward model CaveCalc (Owen et al., 2018) to model the evolution of δ13C during carbonate 

dissolution processes in the karst. In this model the degree of open to closed carbonate 

dissolution conditions is represented by an adjustable amount of soil gas, which is able to 

supply CO2 during the dissolution of carbonate bed rock and contribute CO2 for the 

exchange of carbon between the dissolved carbon species and the specified gas volume. The 

larger the specified gas volume, the more open the carbonate dissolution conditions.  

For the modelling, we assumed soil gas δ13C values of -25‰ with a concentration of 

10,000 ppm, which are typical values for soils (e.g., Spötl et al., 2005, Frisia et al., 2011, Mattey 

et al., 2016). We specify a calcitic bedrock and a temperature of 10 °C. While the previous 

parameters were kept constant, we varied the amount of gas volume (between 1 and 500 L) 

that is in contact with the acidic solution during the dissolution of the host rock (Fig. 7), to 

simulate changes in the carbonate dissolution system (open vs closed conditions). 

Under more open carbonate dissolution systems, e.g. when the gas volume is larger, 

δ13C values decrease and [Ca2+] increases. This is because more soil CO2 is available for 

bedrock dissolution, leading to more CaCO3 dissolution (increase in [Ca2+]), while providing a 

large reservoir of low- δ13C air with which the solution can re-equilibrate. The relationship 

between δ13C values and [Ca2+] is non- linear with a stronger increase in [Ca2+] than a 
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decrease in δ13C values for small gas volumes (near completely closed system). For large gas 

volumes, [Ca2+] increases more slowly than for small gas volumes, while δ13C decreases more 

rapidly. This behaviour can be explained by the highly nonlinear dissolution of CaCO3 with 

respect to the available gaseous CO2 (Dreybrodt, 1988). The [Ca2+]- δ13C relationship found by 

CaveCalc is in agreement with an alternative carbon isotope enabled karst dissolution model 

(Fohlmeister et al., 2011).  

 

Fig. 7. Carbonate dissolution under various degrees of open/closed conditions using CaveCalc (Owen 
et al., 2018). Numbers refer to the volume of gas (in l) in contact with the water during dissolution. The 
more open the carbonate dissolution system (larger gas volume), the higher [Ca2+] and the lower the 

δ13C of DIC of the [Ca2+] saturated drip water. The resulting range of slopes (δ13C vs growth rate) is 
between -6 and -61‰/(mm/a). 

 
Higher [Ca2+] in the solution entering the cave favours higher growth rates. If we 

assume for simplicity that both drip sites have similar drip intervals, which is also an 

important factor for growth rate and δ13C evolution (see Section 5.4), a negative slope 

between δ13C values and growth rate is established by a variation in dissolution conditions, 

i.e., a more open system dissolution leads to lower δ13C values and higher [Ca2+] and thus 
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higher growth rates, and vice versa for more closed system conditions. This is in line with the 

majority of the δ13C -growth rate slopes found in contemporaneously growing speleothems 

from the same cave (ca. two thirds of datasets have negative slope, Fig. 3B). To test our 

assumption, we use the relationship between δ13C values and [Ca2+] to calculate the slope 

expected from the simulated dissolution regimes. The concentration of Ca2+ can be 

transferred to growth rates by applying equation (3). If we assume a typical cave air pCO2 of 

500 ppm, the equilibrium [Ca2+] is about 0.77*10-3 moles/l. Furthermore, we assume there is 

one drip per second for both sites. We choose this short interval in order to only focus on the 

effect of CaCO3 dissolution. The effect of carbonate precipitation under different drip 

intervals is discussed later (Sections 5.4 and 5.5). This allows us to calculate the precipitation 

rate. The extreme values for the slope are -6‰/(mm/a) for near closed dissolution conditions 

(gas volume = 1 and 2 l) and -63‰/(mm/ a) for close to completely open dissolution 

conditions (gas volume = 200 and 500 l). Those values fall very closely to the frequency 

maximum of the observed frequency distribution for the branch with the negative slope (Fig. 

3B). Thus, the steepest negative slopes (-200 to -1000‰/(mm/a), Fig. 3B) calculated from the 

SISAL_v1 dataset cannot be explained by carbonate dissolution systematics. Furthermore, 

variations in dissolution systematics can also not explain the positive slopes obtained in 

about one third of cases in our dataset. Thus, the positive slope must be related to processes 

occurring during degassing of CO2 and CaCO3 precipitation in the cave after the dissolution 

of CaCO3 is completed. 

5.4. Governing processes on speleothem δ13C values during CO2 degassing and CaCO3 

precipitation 

Studies focusing on radiocarbon analysis of contemporaneously growing 

speleothems have shown that variations in the open/closed ratio are often small between 

speleothems from the same cave (Lechleitner et al., 2016, Demeny et al., 2017a,b, 

Riechelmann et al., 2019; Markowska et al., 2019). This requires that initial δ13C values and 

[Ca2+] are approximately equal for two drip sites when the water just reaches Ca2+-saturation. 

Where there are small differences in the open-closed carbonate dissolution system for two 

drip sites, we have shown that δ13C and [Ca2+] of the Ca-saturated solution is not expected to 

change significantly (Fig. 7).  
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When considering the effects of CO2 degassing and CaCO3 precipitation, the only 

variable parameters are the time interval during which the water is in contact with cave air 

before reaching the top of the speleothem and the time interval during which the drop is on 

the top of the speleothem before it is replaced by the next incoming drop. The first time 

period essentially falls within the time the drip water solution is affected by PCP. Its duration 

will influence the isotopic composition and growth rate of the speleothem. For our analysis, 

we first assume that no PCP occurs, e.g., water is not in contact with air prior to reaching the 

top of the stalagmite (Fig. 8). To model the resulting slopes in two contemporaneously 

growing speleothems with different drip intervals, we simulate the chemical evolution of two 

drip sites, by systematically changing cave temperature (T = 5, 10 and 20 °C), [Ca2+] in drip 

water (equivalent to a cave air pCO2 = 500 and 1000 ppm) in the same way for both 

speleothems. Additionally, we change the drip interval difference between the two 

speleothems, and calculate how these factors will affect the slope between two 

contemporaneously growing speleothems using a Rayleigh model (Section 3.2.2). 

The Rayleigh model predicts that the greater the drip interval difference between the 

two speleothems, the less negative the slope (Fig. 8). If both drip intervals are long (i.e., both 

are above 1000 s), the slope also becomes less negative. Both observations can be explained 

by the different rate of change for δ13C values and [Ca2+] during CaCO3 precipitation. The 

used parameters for calcite precipitation rate, s (Eq. (1)) and for fractionation factors, e (Eq. 

(4)) require that δ13C values of DIC reaches equilibrium faster than [Ca2+](Fig. 1). This 

behaviour is even more pronounced in the δ13C evolution of precipitated CaCO3 and growth 

rate (supplementary Fig. S4). Thus, under the scenario of a large difference in drip intervals 

between two speleothems, the difference between DIC δ13C values at different time steps 

increases more slowly than that of [Ca2+] (and therefore growth rate), resulting in a smaller 

absolute value of the slope. When the oversaturation of the [Ca2+] saturated solution is larger 

(i.e., cave air CO2 is 500 instead of 1000 ppm) the slope will only be slightly more negative. 

The largest effect on slope magnitude results from temperature variations. Increasing 

temperatures lead to less negative slopes, and the effect is stronger at lower T. An 

explanation for this behaviour is provided by the temperature-dependent parameters s and 

e, which lead to a more pronounced difference in the rate of change for δ13C values in DIC 

and [Ca2+] during degassing of CO2 and precipitation of CaCO3. As for the carbonate 
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dissolution conditions (Section 5.3), the slope is always negative and fits well to the majority 

of the slopes analysed for the speleothems extracted from SISAL (between -1 to -

100‰/(mm/a) – see Fig. 3B).  

 

 

Fig. 8. The slope of δ13C over growth rate for two contemporaneously growing speleothems over drip 
interval variations of the second speleothem. When not explicitly modelled, T is set to 5 °C, cave air 

pCO2 to 1000 ppm and drip interval of the first speleothem to 1s. Initial drip water δ13C composition is 
-10‰ and [Ca2+]is 2 moles/m3, which corresponds to a solution in equilibrium with approximately 

5000 ppm of CO2. 
 

However, this process fails to provide a mechanism for the observed positive slopes in 

about one third of the data set on contemporaneously growing speleothems, suggesting that 

another factor must be at play to generate this behaviour. Thus, we allow for a variable 

period of PCP in our model experiments but keep the duration of PCP at equal length for 

both speleothems. In addition, temperature and cave air pCO2 were kept constant (Fig. 9). 
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The main features of the slope with respect to drip intervals (Fig. 8) remain valid even 

when accounting for PCP. We observe that the slope in δ13C values vs growth rate becomes 

more negative with increasing time for PCP. It is likely that the different rate of change in the 

evolution of cave drip water with respect to δ13C and [Ca2+] is again responsible for this 

behaviour. While this analysis also reveals slopes that are in agreement with most of our 

analysed δ13C data, it remains impossible to produce the observed positive slopes.  

Therefore, in the next step we applied a more comprehensive approach, which likely 

reflects more general conditions in a cave system, by allowing individual variability in the 

duration for PCP at the two drip sites. First, we investigate the slopes when the time for PCP 

is longer for drip site 2 compared to drip site 1 and when drip site 2 also has a longer drip 

interval than drip site 1. This approach produces similar relationships as compared to results 

from an equal time for PCP for both drip locations, and thus cannot explain positive slopes 

(Figs. 8 and 9). We then prescribed longer duration for PCP for drip site 1 than for drip site 2, 

but still leaving the drip interval of site 1 shorter than for site 2 (Fig. 10). These conditions 

could reflect a drip site 1 where water is in contact with cave air pCO2 for a prolonged period 

of time, e.g. water running down a cascade of cave-roof carbonates, and a drip site 2 where a 

slowly dripping soda straw would result in only a short exposure of drip water to cave air 

CO2. 

When drip site 1 experiences a longer period of PCP and a longer drip interval than 

drip site 2, a complex hyperbola-like behaviour of the slope is observed (Fig. 10). The 

asymptotes, which are parallel to the x-axis, have a range in the slope as observed earlier in 

the modelling approach (Figs. 8 and 9) and as most of the analysed pairs of speleothems. 

However, with longer drip intervals the slope rapidly decreases and reaches very large values, 

which are also found, albeit rarely, in our dataset, e.g., Abaco Island Cave, Bahamas (-

2163‰/(mm/a); Arienzo et al., 2017) or Kesang Cave, China (-7462‰/(mm/a); Cheng et al., 

2016). At even longer drip intervals, strongly positive slopes appear and rapidly decreases to 

either an asymptote with a slightly negative (-14‰/(mm/a); grey, Fig. 10) or slightly positive 

value for the slope (4‰/(mm/a); black, Fig. 10). Similar to those two examples, there are 

many further cases possible, where the same behaviour is observed. Similar as explained for 

the examples calculated without accounting for PCP or an equal PCP for the two drip sites, 
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this behaviour is a result of the interplay between the rate of changes for δ13C values and 

[Ca2+] during CO2 degassing and CaCO3 precipitation. 

 

Fig. 9. The slope of δ13C over growth rate for two contemporaneously growing speleothems over drip 
interval variations of the second speleothem. In contrast to Fig. 8, PCP is enabled and the time for PCP 

is varied (but both speleothems experience equal PCP duration). Temperature is set to 5 °C, cave air 
pCO2 to 1000 ppm and when not explicitly modelled drip interval of the first speleothem to 1 s. Initial 

drip water δ13C composition is ?10‰ and [Ca2+] is 2 moles/m3, which corresponds to a solution in 
equilibrium with approximately 5 000 ppm of CO2. 

 
This result provides a possible mechanism for the positive slopes observed in the 

SISAL extracted δ13C data for contemporaneously growing speleothems from the same cave. 

In addition to this, our model experiments with different time periods of PCP and drip 

interval can also explain the large positive and negative slopes observed in some of the 

speleothem data (Fig. 3B). As the range of combinations of time periods for PCP and drip 

intervals, where such large positive or negative values are observed, is relatively small (only a 

few 100 seconds for drip interval 2), this might also provide an explanation why only few 

speleothem pairs show such large slopes.  
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Fig. 10. The slope of δ13C over growth rate for two contemporaneously growing speleothems over drip 
interval variations of the second speleothem for two examples. Example 1 (grey): ‘‘short PCP – short 

drip interval” describes the situation where the time for PCP was fixed at drip site 1 to 100 s and at drip 
site 2 to 0 s, while drip interval 1 was set to 1 s (drip interval 2 varies). Example 2 (black): ‘‘long PCP – 

long drip interval” describes the situation where the time for PCP is 1000 s for drip site 1 and 500 s for 
drip site 2, while keeping the drip interval of site 1 at 500 s. Temperature is 5 °C and cave air pCO2 is 
1000 ppm. Furthermore, initial drip water δ13C composition is ?10‰ and [Ca2+] is 2 moles/m3, which 

corresponds to a solution in equilibrium with approximately 5 000 ppm of CO2. The δ13C vs growth rate 
slope vary over a large range and changes the sign. 

 
From our modelling results we can now more confidently interpret the processes 

driving the slope between δ13C data and growth rate. The slope is a measure of differences in 

the amount of fractionation between two contemporaneously growing speleothems, with 

which we can quantify the influence of cave processes on individual δ13C time series. 

Analysing the slope in reproduced δ13C time series of speleothems will give additional 

information on drip site characteristics. We found that the slope is sensitive to temperature, 

pCO2, drip interval and the duration of PCP, but together with other proxies and the 

individual δ13C time series, a more thorough evaluation of climatic conditions can be drawn. 

5.5. Combination of CaCO3 dissolution and re-precipitation  
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Another possibility to obtain positive slopes between δ13C values and growth rates of 

two contemporaneously growing speleothems is through the combined effect of carbonate 

dissolution under different open-closed conditions and Rayleigh fractionation during PCP or 

CaCO3 precipitation on the stalagmite top. Let us assume that the host rock is dissolved in 

nearly completely closed carbonate conditions with only slightly different degrees of 

openness between two speleothem drip sites (e.g., gas volume = 1 and 2 l; Fig. 7). For a drip 

interval of 1 s for those two sites we obtained negative slopes (Section 5.3). Here, we want to 

investigate the effects on the slope, if drip intervals are considerably longer.  

For different gas volumes of 1 and 2 l and a drip interval of 1 s for both stalagmite 

sites, the slope was about -6‰/ (mm/a). When drip interval was about 100 s the slope 

increased to -5‰/(mm/a) and to +16‰/(mm/a) if one drip is falling each 2000 s. Thus, the 

combined effect of different carbonate dissolution conditions near the completely closed 

system and fractionation effects is also able to provide positive slopes. 

When doing the same exercise for a nearly completely open carbonate dissolution 

system (gas volume = 200 and 500 l; Fig. 7) for drip intervals of 1, 100 and 2000 s, the slopes 

for δ13C vs growth rates are -63, -67 and -170‰/(mm/a). Thus, positive slopes cannot be 

obtained by the combined effect of dissolution and re-precipitation under nearly completely 

open dissolution conditions.  

In a last case, we do the calculations for two speleothems, where the carbonate 

dissolution occurred during nearly completely open and completely closed conditions (gas 

volume = 1 and 500 l; Fig. 7). For drip intervals of 1, 100 and 2000 seconds the slope remains 

always negative (-19, -20, -36‰/(mm/a)). However, as those extreme dissolution conditions 

were never observed, we render this calculation only as a hypothetical example. Further, very 

different carbonate dissolution conditions have not been observed within the same cave. In 

addition, in most caves carbonate dissolution conditions occur mostly under more open 

conditions (e.g., Genty et al., 1998; Griffiths et al., 2012; Lechleitner et al., 2016), where it is not 

possible to obtain positive slopes for δ13C values and growth rates, when combined with 

Rayleigh fractionation effects. Only in the rare cases where dissolution occurs under near- 

completely closed conditions, the combined effects of dissolution and Rayleigh effects can 

produce positive slopes. Radiocarbon measurements on each of the two stalagmites can 
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reveal the carbonate dissolution conditions and thus can help to guide through the choice of 

which effect is responsible for a positive slope (dissolution and Rayleigh fractionation or the 

effect of decoupled length of PCP and drip intervals). 

6. CONCLUSIONS  

We have discussed the main factors influencing speleothem δ13C values. With the δ13C 

records extracted from the SISAL_v1 database and modelling results we were able to 

disentangle and quantify various processes affecting speleothem δ13C values from a large 

number of speleothems from globally distributed caves. First, we focused on average δ13C 

values of recently grown speleothems, accounting only for material deposited post-1900 CE. 

We found that δ13C values are mainly affected by vegetation cover and temperature, but both 

relationships are subject to noise introduced by competing additional effects. The δ13C - 

temperature relationship can be explained by temperature- vegetation and temperature-soil 

respiration rate dependencies, with additional modulation by the amount of precipitation for 

monsoonal areas. Although we applied a comprehensive approach, we nevertheless found 

extreme cases, which deviate from the main relationships. This is especially conspicuous for 

caves which are shown to have deep carbon sources or extreme ventilation that drives 

fractionation processes. 

In the second part of our analysis, we focused on contemporaneously growing 

speleothems from individual caves. We observed a bimodal distribution of positive and 

negative slopes of δ13C values vs growth rates. While negative slopes are expected, based on 

previously published incave fractionation model studies, positive slopes were more difficult 

to explain. By considering CO2 degassing and CaCO3 precipitation effects also for PCP and 

accounting for drip interval, we extended the Rayleigh fractionation approach of earlier in-

cave fractionation models and we demonstrated that positive slopes between δ13C values and 

growth rate can be explained by decoupling the time available for PCP and the drip interval 

for the individual drip sites or by the combined effect of nearly closed carbonate dissolution 

systems and long drip intervals.  

Our data-model intercomparison highlights the various influences of in-situ processes 

and external climate conditions on speleothem δ13C values. Not surprisingly, vegetation cover 

is an important driver of speleothem δ13C values, but temperature emerges as a second 
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factor that has a large effect, likely via its influence on the soil respiration rate. Soil respiration 

rate however, is also affected by the amount of precipitation, which was shown to be an 

important factor in warm regions. Furthermore, we showed that fractionation effects, 

especially via PCP, are important to explain the results of δ13C differences in 

contemporaneously growing speleothems from the same cave. We propose that PCP should 

be implemented in next-generation CaCO3 precipitation models, as this process can explain 

much of the variations observed in our analysed dataset. Also, for climate reconstruction this 

process should be discussed in more detail, especially in combination with Mg/Ca or Sr/Ca 

ratio - δ13C variations are a powerful tool to evaluate the strength of this process. 

7. DATA AVAILABILITY  

The used speleothem data were extracted from the SISAL_v1 data base obtained from 

their repository (https://doi.org/10.17864/1947.147). The code for extraction can be 

downloaded from the supplemental material. The extended Rayleigh-model for in-cave 

fractionation models are provided as an excel file in the supplement to this contribution or 

on request to the corresponding author. Eight free parameters can be used to fit the model 

to the cave conditions - temperature, initial and equilibrium [Ca2+] as well as initial δ13C 

composition. In addition, the time for PCP and drip interval for the two drip sites can be 

adjusted. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in this paper. 

ACKNOWLEDGEMENTS  

The authors acknowledge the speleothem community effort to establish the SISAL 

database, without which this contribution would not be possible. SISAL is an international 

working group of the Past Global Changes (PAGES) programme, and the authors gratefully 

acknowledge their support of this activity. JF is supported by DFG grant FO 809/4-1. NRGV is 

currently supported by EU-HORIZON Marie Curie Fellowship no. 796707. FAL gratefully 

acknowledges support from the Swiss National Science Foundation (SNSF) grant 

P400P2_180789. This project is TiPES contribution #9: This project has received funding from 



Matthew J Jacobson Appendix B.3 

344 

the European Union’s Horizon 2020 research and innovation programme under grant 

agreement No 820970. 

APPENDIX A. SUPPLEMENTARY MATERIAL 

Supplementary data to this article can be found online at 

https://doi.org/10.1016/j.gca.2020.03.042. 

REFERENCES 

Aaron, R., Gibbs, H. K. (2008) New IPCC Tier-1 Global Biomass Carbon Map for the Year 2000. Available 
online from the Carbon Dioxide Information Analysis Center [http://cdiac.ess- dive.lbl.gov], 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

Aharon P., Aldridge D. and Hellstrom J. (2013) Rainfall Variability and the Rise and Collapse of the 
Mississippian Chiefdoms: Evidence from a Desoto Caverns Stalagmite, in Climates, Landscapes, 
and Civilizations. American Geophysical Union, pp. 35–42. 

Ait Brahim Y., Cheng H., Sifeddine A., Wassenburg J. A., Cruz F. W., Khodri M., Sha L., Pe´rez-Zano´n N., 
Beraaouz E. H., Apaéstegui J., Guyot J.-L., Jochum K. P. and Bouchaou L. (2017) Speleothem 
records decadal to multidecadal hydroclimate variations in southwestern Morocco during the 
last millennium, Earth Planet. Sci. Lett. 476, 1–10. 

Apae´stegui J., Cruz F. W., Sifeddine A., Vuille M., Espinoza J. C., Guyot J. L., Khodri M., Strikis N., Santos 
R. V., Cheng H., Edwards L., Carvalho E. and Santini W. (2014) Hydroclimate variability of the 
northwestern Amazon Basin near the Andean foothills of Peru related to the South American 
Monsoon System during the last 1600 years. Climate ofthe Past 10, 1967– 1981. 

Arienzo M. M., Swart P. K., Broad K., Clement A. C., Pourmand A. and Kakuk B. (2017) Multi-proxy 
evidence of millennial climate variability from multiple Bahamian speleothems. Quat. Sci. Rev. 
161, 18–29. 

Asrat A., Baker A., Leng M., Gunn J. and Umer M. (2008) Environmental monitoring in the Mechara 
caves, Southeastern Ethiopia: implications for speleothem palaeoclimate studies. Int. J. Speleol. 
37, 207–220. 

Atkinson T. C. and Hopley P. J. (2013) Speleothems and Palaeoclimates. In Caves and Karst of the 
Yorkshire Dales. Wiley-Blackwell, Buxton, pp. 181–186. 

Atsawawaranunt, K., Harrison, S. and Comas Bru, L. (2018a) SISAL (Speleothem Isotopes Synthesis and 
AnaLysis Working Group) database Version 1.0. University of Reading. Dataset. 
http://dx.doi.org/10.17864/1947.139. 

Atsawawaranunt K., Comas-Bru L., Amirnezhad Mozhdehi S., Deininger M., Harrison S. P. and Baker A., 
et al. (2018b) The SISAL database: A global resource to document oxygen and carbon isotope 
records from speleothems. Earth Syst. Sci. Data 10, 1687–1713. 

Baker A., Asrat A., Fairchild I. J., Leng M. J., Wynn P. M., Bryant C., Genty D. and Umer M. (2007) Analysis 
of the climate signal contained within δ18O and growth rate parameters in two Ethiopian 
stalagmites. Geochim. Cosmochim. Acta 71, 2975– 2988. 

Baker A., Bradley C., Phipps S. J., Fischer M., Fairchild I. J., Fuller L., Spötl C. and Azcurra C. (2012) 
Millennial-length forward models and pseudoproxies of stalagmite δ18O: an example from NW 
Scotland. Climate of the Past 8, 1153–1167. 



Matthew J Jacobson Appendix B.3 

345 

Baker A., Genty D., Dreybrodt W., Barnes W. L., Mockler N. J. and Grapes J. (1998) Testing theoretically 
predicted stalagmite growth rate with recent annually laminated samples: Implications for past 
stalagmite deposition. Geochim. Cosmochim. Acta 62, 393–404. 

Baker A., Wilson R., Fairchild I. J., Franke J., Spötl C., Mattey D., Trouet V. and Fuller L. (2011) High 
resolution δ18O and δ13C records from an annually laminated Scottish stalagmite and 
relationship with last millennium climate. Glob. Planet. Change 79(3–4), 303–311. 

Baker J. L., Lachniet M. S., Chervyatsova O., Asmerom Y. and Polyak V. J. (2017) Holocene warming in 
western continental Eurasia driven by glacial retreat and greenhouse forcing. Nat. Geosci. 10, 
430–435. 

Baldini J., McDermott F., Baker A., Baldini L., Mattey D. and Railsback L. (2005) Biomass effects on 
stalagmite growth and isotope ratios: A 20th century analogue from Wiltshire, England, Earth 
Planet. Sci. Lett. 240, 486–494. 

Bar-Matthews M., Ayalon A., Gilmour M., Matthews A. and Hawkesworth C. J. (2003) Sea–land oxygen 
isotopic relationships from planktonic foraminifera and speleothems in the Eastern 
Mediterranean region and their implication for paleorainfall during interglacial intervals. 
Geochim. Cosmochim. Acta 67, 3181–3199. 

Bergel S. J., Carlson P. E., Larson T. E., Wood C. T., Johnson K. R., Banner J. L. and Breecker D. O. (2017) 
Constraining the subsoil carbon source to cave-air CO2 and speleothem calcite in central 
Texas. Geochim. Cosmochim. Acta 217, 112–127. 

Bernal J. P., Cruz F. W., Strikis N. M., Wang X., Deininger M., Catunda M. C. A., Ortega-Obregon C., 
Cheng H., Edwards R. L. and Auler A. S. (2016) High-resolution Holocene South American 
monsoon history recorded by a speleothem from Botuvera Cave, Brazil, Earth Planet. Sci. Lett. 
450, 186–196. 

Boch R. and Spötl C. (2011) Reconstructing palaeoprecipitation from an active cave flowstone. J. Quat. 
Sci. 26, 675–687. 

Boch R., Spötl C. and Kramers J. (2009) High-resolution isotope records of early Holocene rapid climate 
change from two coeval stalagmites of Katerloch Cave, Austria. Quat. Sci. Rev. 28, 2527–2538. 

Bowling D. R., McDowell N. G., Bond B. J., Law B. E. and Ehleringer J. R. (2002) 13C content of 
ecosystem respiration is linked to precipitation and vapor pressure deficit. Oecologia 131, 
113–124. 

Braun K., Nehme C., Pickering R., Rogerson M. and Scroxton N. (2019) A window into Africa’s past 
hydroclimates: the SISAL_V1 database contribution. Quaternary 2, 4. 

Breecker D. O. (2017) Atmospheric pCO2 control on speleothem stable carbon isotope compositions. 
Earth Planet. Sci. Lett. 458, 58–68. 

Breecker D. O., Payne A. E., Quade J., Banner J. L., Ball C. E., Meyer K. W. and Cowan B. D. (2012) The 
sources and sinks of CO2 in caves under mixed woodland and grassland vegetation. Geochim. 
Cosmochim. Acta 96, 230–246. 

Buchmann N., Brooks J. R., Rapp K. D. and Ehleringer J. R. (1996) Carbon isotope composition of C4 
grasses is influenced by light and water supply. Plant, Cell Environ. 19, 392–402. 

Burns S. J., Fleitmann D., Mudelsee M., Neff U., Matter A. and Mangini A. (2002) A 780-year annually 
resolved record of Indian Ocean monsoon precipitation from a speleothem from south Oman. 
J. Geophys. Res. 107. 

Burns S. J., Godfrey L. R., Faina P., McGee D., Hardt B., Ranivoharimanana L. and Randrianasy J. (2016) 
Rapid human-induced landscape transformation in Madagascar at the end of the first 
millennium of the Common Era. Quat. Sci. Rev. 134, 92–99. 



Matthew J Jacobson Appendix B.3 

346 

Burstyn Y., Martrat B., Lopez J. F., Iriarte E., Jacobson M. J., Lone M. A. and Deininger M. (2019) 
Speleothems from the Middle East: an example of water limited environments in the SISAL 
database. Quaternary 2, 16. 

Carlson P. E., Banner J. L., Johnson K. R., Casteel R. C. and Breecker D. O. (2019) Carbon cycling of 
subsurface organic matter recorded in speleothem 14C records: Maximizing bomb- peak 
model fidelity. Geochim. Cosmochim. Acta 246, 436–449. 

Cerling T. E. (1984) The stable isotopic composition of modern soil carbonate and its relationship to 
climate. Earth Planet. Sci. Lett. 71, 229–240. 

Cheng H., Edwards R. L., Southon J., Matsumoto K., Feinberg J. M., Sinha A., Zhou W. J., Li H., Li X., Xu 
Y., Chen S., Tan M., Wang Y. and Ning Y. (2018) Atmospheric 14C/12C changes during the last 
glacial period from Hulu Cave. Science 362, 1293–1297. 

Cheng H., Spötl C., Breitenbach S. F. M., Sinha A., Wassenburg J. A., Jochum K. P., Scholz D., Li X., Yi L., 
Peng Y., Lv Y., Zhang P., Votintseva A., Loginov V., Ning Y., Kathayat G. and Edwards R. L. (2016) 
Climate variations of Central Asia on orbital to millennial timescales. Sci. Rep. 6, 36975. 

Cruz F. W., Burns S. J., Karmann I., Sharp W. D., Vuille M., Cardoso A. O., Ferrari J. A., Dias P. L. S. and 
Viana O. (2005) Insolation-driven changes in atmospheric circulation over the past 116,000 
years in subtropical Brazil. Nature 434, 63–66. 

Comas-Bru L., Harrison S. P., Werner M., Rehfeld K., Scroxton N., Veiga-Pires C. and SISAL working 
group members (2019) Evaluating model outputs using integrated global speleothem records 
of climate change since the last glacial. Clim Past 15, 1557–1579. 

Deininger M., Fohlmeister J., Scholz D. and Mangini A. (2012) The influence of evaporation effects on 
the carbon and oxygen isotope composition of speleothems — a model approach. Geochim. 
Cosmochim. Acta 96, 57–79. 

Deininger M. and Scholz D. (2019) ISOLUTION 1.0: an ISOtope evoLUTION model describing the stable 
oxygen (δ18O) and carbon (δ13C) isotope values of speleothems. Int. J. Speleology 48,3. 

Demény A., Kern Z., Czuppon G., Németh A., Leél- Össy S., Siklosy Z., Lin K., Hu H.-M., Shen C.-C., 
Vennemann T. W. and Haszpra L. (2017a) Stable isotope compositions of speleothems from 
the last interglacial – Spatial patterns of climate fluctuations in Europe. Quat. Sci. Rev. 161, 68–
80. 

Demény A., Németh A., Kern Z., Czuppon G., Molnar M., Leél- Össy S.,  Ovari M. and Stieber J. (2017b) 
Recently forming stalagmites from the Baradla Cave and their suitability assessment for 
climate–proxy relationships. Central Eur. Geol. 60, 1–34. 

Dragusin V., Staubwasser M., Hoffmann D. L., Ersek V., Onac B. P. and Veres D. (2014) Constraining 
Holocene hydrological changes in the Carpathian-Balkan region using speleothem δ18O and 
pollen-based temperature reconstructions. Clim. Past 10, 1363–1380. 

Day C. C. and Henderson G. M. (2011) Oxygen isotopes in calcite grown under cave-analogue 
conditions. Geochim. Cosmochim. Acta 75, 3956–3972. 

Dreybrodt W. (1980) Deposition of calcite from thin films of natural calcareous solutions and the 
growth of speleothems. Chem. Geol. 29, 89–105. 

Dreybrodt W. (1988) Processes in Karst Systems. Springer, Berlin, p. 288. 

Dreybrodt W. (2008) Evolution of the isotopic composition of carbon and oxygen in a calcite 
precipitating H2O– CO2– CaCO3 solution and the related isotopic composition of calcite in 
stalagmites. Geochim. Cosmochim. Acta 72, 4712–4724. 



Matthew J Jacobson Appendix B.3 

347 

Dreybrodt W., Eisenlohr L., Madry B. and Ringer S. (1997) Precipitation kinetics of calcite in the system 
CaCO3 -H2O- CO2: The conversion to CO2 by the slow process H+ + HCO3- -> CO2 +H2O as a 
rate limiting step. Geochim. Cosmochim. Acta 61, 3897–3904. 

Dreybrodt W., Hansen M. and Scholz D. (2016) Processes affecting the stable isotope composition of 
calcite during precipitation on the surface of stalagmites: Laboratory experiments investigating 
the isotope exchange between DIC in the solution layer on top of a speleothem and the CO2 
of the cave atmosphere. Geochim. Cosmochim. Acta 174, 247–262. 

Dreybrodt W. and Scholz D. (2011) Climatic dependence of stable carbon and oxygen isotope signals 
recorded in speleothems: From soil water to speleothem calcite. Geochim. Cosmochim. Acta 
75, 734–752. 

Drysdale R. N., Hellstrom J. C., Zanchetta G., Fallick A. E., Sanchez Goni M. F., Couchoud I., McDonald J., 
Maas R., Lohmann G. and Isola I. (2009) Evidence for obliquity forcing of glacial termination II. 
Science 325, 1527–1531. 

Ester M., Kriegel H. P., Sander J. and Xu X. (1996) A density based algorithm for discovering clusters in 
large spatial databases with noise. Kdd-Proceedings 96, 226–231. 

Fairchild I. J., Borsato A., Tooth A. F., Frisia S., Hawkesworth C. J., Huang Y., McDermott F. and Spiro B. 
(2000) Controls on trace element (Sr–Mg) compositions of carbonate cave waters: implications 
for speleothem climatic records. Chem. Geol. 166, 255–269. 

Fleitmann D., Cheng H., Badertscher S., Edwards R. L., Mudelsee M., Gokturk O. M., Fankhauser A., 
Pickering R., Raible C. C., Matter A., Kramers J. and Tuysuz O. (2009) Timing and climatic impact 
of Greenland interstadials recorded in stalagmites from northern Turkey. Geophys. Res. Lett., 
36.  

Fohlmeister J., Arps J., Spötl C., Schröder-Ritzrau A., Plessen B., Günter C., Frank N. and Trüssel M. 
(2018) Carbon and oxygen isotope fractionation in the water-calcite-aragonite system. 
Geochim. Cosmochim. Acta 235, 127–139.  

Fohlmeister J., Plessen B., Dudashvili A. S., Tjallingii R., Wolff C., Gafurov A. and Cheng H. (2017) Winter 
precipitation changes during the medieval climate anomaly and the little ice age in arid 
Central Asia. Quaternary Sci. Rev. 178, 24–36.  

Fohlmeister J., Scholz D., Kromer B. and Mangini A. (2011) Modelling carbon isotopes of carbonates in 
cave drip water. Geochim. Cosmochim. Acta 75, 5219–5228.  

Fohlmeister J., Schröder-Ritzrau A., Scholz D., Spötl C., Riechelmann D. F. C., Mudelsee M., Wackerbarth 
A., Gerdes A., Riechelmann S., Immenhauser A., Richter D. K. and Mangini A. (2012) Bunker 
Cave stalagmites: an archive for central European Holocene climate variability. Climate of the 
Past 8, 1751–1764.  

Fohlmeister J., Schro¨der-Ritzrau A., Spötl C., Frisia S., Miorandi R., Kromer B. and Mangini A. (2010) 
The influences of hydrology on the radiogenic and stable carbon isotope composition of cave 
drip water, Grotta die Ernesto (Italy). Radiocarbon 52, 1529–1544. 

Frisia S., Fairchild I., Fohlmeister J., Miorandi R., Spo¨ tl C. and Borsato A. (2011) Carbon mass balance 
modelling and carbon isotope exchange processes in dynamic caves. Geochim. Cosmochim. 
Acta 75, 380–400. 

Genty D., Blamart D., Ghaleb B., Plagnes V., Causse C., Bakalowicz M., Zouari K., Chkir N., Hellstrom J. 
and Wainer K. (2006) Timing and dynamics of the last deglaciation from European and North 
African δ13C stalagmite profiles—comparison with Chinese and South Hemisphere stalagmites. 
Quat. Sci. Rev. 25, 2118–2142. 



Matthew J Jacobson Appendix B.3 

348 

Genty D., Blamart D., Ouahdi R., Gilmour M., Baker A., Jouzel J. and Van-Exter S. (2003) Precise dating 
of Dansgaard-Oeschger climate oscillations in western Europe from stalagmite data. Nature 
421, 833–837. 

Genty D., Combourieu-Nebout N., Peyron O., Blamart D., Wainer K., Mansuri F., Ghaleb B., Isabello L., 
Dormoy I. and von Grafenstein U. (2010) Isotopic characterization of rapid climatic events 
during OIS3 and OIS4 in Villars Cave stalagmites (SW-France) and correlation with Atlantic and 
Mediterranean pollen records. Quat. Sci. Rev. 29, 2799–2820. 

Genty D., Vokal B., Obelic B. and Massault M. (1998) Bomb 14C time history recorded in two modern 
stalagmites — importance for soil organic matter dynamics and bomb 14C distribution over 
continents, Earth Planet. Sci. Lett. 160, 795–809. 

Grant K. M., Rohling E. J., Bar-Matthews M., Ayalon A., Medina-Elizalde M., Ramsey C. B., Satow C. and 
Roberts A. P. (2012) Rapid coupling between ice volume and polar temperature over the past 
150,000 years. Nature 491, 744–747. 

Griffiths M. L., Drysdale R. N., Gagan M. K., Hellstrom J. C., Couchoud I., Ayliffe L. K., Vonhof H. B. and 
Hantoro W. S. (2013) Australasian monsoon response to Dansgaard-Oeschger event 21 and 
teleconnections to higher latitudes. Earth Planet. Sci. Lett. 369–370, 294–304. 

Griffiths M. L., Fohlmeister J., Drysdale R. N., Hua Q., Johnson K. R., Hellstrom J. C., Gagan M. K. and 
Zhao J.-X. (2012) Hydrological control on the dead-carbon content of a Holocene tropical 
speleothem. Quaternary Geochronology 14, 81–93. 

Griffiths M. L., Kimbrough A. K., Gagan M. K., Drysdale R. N., Cole J. E., Johnson K. R., Zhao J.-X., Cook B. 
I., Hellstrom J. C. and Hantoro W. S. (2016) Western Pacific hydroclimate linked to global 
climate variability over the past two millennia. Nat. Commun. 7, 11719. 

Hansen M., Scholz D., Froeschmann M.-L., Schöne B. R. and Spötl C. (2017) Carbon isotope exchange 
between gaseous CO2 and thin solution films: Artificial cave experiments and a complete 
diffusion-reaction model. Geochim. Cosmochim. Acta 211, 28–47. 

Hansen M., Scholz D., Schöne B. R. and Spötl C. (2019) Simulating speleothem growth in the 
laboratory: Determination of the stable isotope fractionation (δ13C and δ18O) between H2O, 
DIC and CaCO3. Chem. Geol. 509, 20–44. 

Hartman G. and Danin A. (2010) Isotopic values of plants in relation to water availability in the Eastern 
Mediterranean region. Oecologia 162, 837–852. 

Hartmann A., Eiche E., Neumann T., Fohlmeister J., Schröder-Ritzrau A., Mangini A. and Haryono E. 
(2013) Multi-proxy evidence for human-induced deforestation and cultivation from a Late-
Holocene stalagmite from middle Java, Indonesia. Chem. Geol. 357, 8–17. 

Hendy C. H. (1971) The isotopic geochemistry of speleothems – I. the calculation of the effects of 
different modes of formation on the isotopic composition of speleothems and their 
applicability as palaeoclimatic indicators. Geochim. Cosmochim. Acta 35, 801–824. 

Holmgren K., Lee-Thorp J. A., Cooper G. R. J., Lundblad K., Partridge T. C., Scott L., Sithaldeen R., Talma 
A. S. and Tyson P. D. (2003) Persistent millennial-scale climatic variability over the past 25,000 
years in Southern Africa. Quaternary Sci. Rev. 22, 2311–2326. 

Hu C., Henderson G. M., Huang J., Xie S., Sun Y. and Johnson K. R. (2008) Quantification of Holocene 
Asian monsoon rainfall from spatially separated cave records. Earth Planet Sci. Lett. 266, 221–
232. 

Huang W., Wang Y., Cheng H., Edwards R. L., Shen C.-C., Liu D., Shao Q., Deng C., Zhang Z. and Wang 
Q. (2016) Multiscale Holocene Asian monsoon variability deduced from a twin-stalagmite 
record in southwestern China. Quat. Res. 86, 34–44. 



Matthew J Jacobson Appendix B.3 

349 

Johnson K. R., Hu C., Belshaw N. S. and Henderson G. M. (2006) Seasonal trace-element and stable-
isotope variations in a Chinese speleothem: The potential for high-resolution paleomonsoon 
reconstruction. Earth Planetary Sci. Lett. 244, 394– 407. 

Johnston V. E., Borsato A., Spo¨ tl C., Frisia S. and Miorandi R. (2013) Stable isotopes in caves over 
altitudinal gradients: fractionation behaviour and inferences for speleothem sensitivity to 
climate change. Climate of the Past 9, 99–118. 

Kacanski A., Carmi I., Shemesh A., Kronfeld J., Yam R. and Flexer A. (2001) Late holocene climatic 
change in the balkans: speleothem isotopic data from serbia. Radiocarbon 43, 647–658. 

Kathayat G., Cheng H., Sinha A., Spötl C., Edwards R. L., Zhang H., Li X., Yi L., Ning Y., Cai Y., Lui W. L. 
and Breitenbach S. F. M. (2016) Indian monsoon variability on millennial-orbital timescales. Sci. 
Rep. 6, 24374. 

Kätterer T., Reichstein M., Andre´n O. and Lomander A. (1998) Temperature dependence of organic 
matter decomposition: a critical review using literature data analyzed with different models. 
Biol. Fertility Soils 27, 258–262. 

Kaufmann G. (2003) Stalagmite growth and palaeo-climate: the numerical perspective. Earth Planetary 
Sci. Lett. 214, 251–266. 

Kennett D. J., Breitenbach S. F. M., Aquino V. V., Asmerom Y., Awe J., Baldini J. U. L., Bartlein P., Culleton 
B. J., Ebert C., Jazwa C., Macri M. J., Marwan N., Polyak V., Prufer K. M., Ridley, Sodemann H., 
Winterhalder B. and Haug G. H. (2012) Development and disintegration of maya political 
systems in response to climate change. Science 338, 788–791. 

Koltai G., Spötl C., Shen C.-C., Wu C.-C., Rao Z., Palcsu L., Kele S., Suranyi G. and Barany-Kevei I. (2017) 
A penultimate glacial climate record from southern Hungary. J. Quat. Sci. 32, 946– 956. 

Kucera C. L. and Kirkham D. L. (1971) Soil respiration studies in tallgrass prairie in Missouri. Ecology 52, 
912–915. 

Labuhn I., Genty D., Vonhof H., Bourdin C., Blamart D., Douville E., Ruan J., Cheng H., Edwards R. L., 
Pons-Branchu E. and Pierre M. (2015) A high-resolution fluid inclusion δ18O record from a 
stalagmite in SW France: modern calibration and comparison with multiple proxies. Quat. Sci. 
Rev. 110, 152–165. 

Lachniet M. S., Denniston R. F., Asmerom Y. and Polyak V. J. (2014) Orbital control of western North 
America atmospheric circulation and climate over two glacial cycles. Nat. Commun., 5. 

Lechleitner F. A., Amirnezhad-Mozhdehi S., Columbu A., Comas-Bru L., Labuhn I., Pe´rez-Mejı´as C. and 
Rehfeld K. (2018) The potential of speleothems from Western Europe as recorders of regional 
climate: a critical assessment of the SISAL database. Quaternary 1, 30. 

Lechleitner F. A., Baldini J. U. L., Breitenbach S. F. M., Fohlmeister J., McIntyre C., Goswami B., Jamieson 
R. A., van der Voort T. S., Prufer K., Marwan N., Culleton B. J., Kennett D. J., Asmerom Y., Polyak 
V. and Eglinton T. I. (2016) Hydrological and climatological controls on radiocarbon 
concentrations in a tropical stalagmite. Geochim. Cosmochim. Acta 194, 233–252. 

Li H.-C., Lee Z.-H., Wan N.-J., Shen C.-C., Li T.-Y., Yuan D.-X. and Chen Y.-H. (2011) The δ18O and δ13C 
records in an aragonite stalagmite from Furong Cave, Chongqing, China: A2000-year record of 
monsoonal climate. J. Asian Earth Sci. 40, 1121–1130. 

Li J.-Y., Li H.-C., Li T.-Y., Mii H.-S., Yu T.-L., Shen C.-C. and Xu X. (2017) High-resolution δ18O and δ13C 
records of an AMS 14C and 230Th/U dated stalagmite from Xinya Cave in Chongqing: Climate 
and vegetation change during the late Holocene. Quat. Int. 447, 75–88. 

Linge H., Lauritzen S.-E., Andersson C., Hansen J. K., Skoglund R. Ø. and Sundqvist H. S. (2009) Stable 
isotope records for the last 10 000 years from Okshola cave (Fauske, northern Norway) and 
regional comparisons. Clim. Past 5, 667–682. 



Matthew J Jacobson Appendix B.3 

350 

Linge H., Lauritzen S.-E., Lundberg J. and Berstad I. M. (2001) Stable isotope stratigraphy of Holocene 
speleothems: examples from a cave system in Rana, northern Norway. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 167, 209–224. 

Luetscher M., Hoffmann D. L., Frisia S. and Spötl C. (2011) Holocene glacier history from alpine 
speleothems, Milchbach cave, Switzerland, Earth Planet. Sci. Lett. 302, 95–106. Markowska M., 
Fohlmeister J., Treble P., Baker A., Andersen M. S. and Hua Q. (2019) Modelling the 14C bomb-
pulse in young speleothems using a soil carbon continuum model. Geochim. Cosmochem. 
Acta 261, 342–367. 

Mattey D. P., Atkinson T. C., Barker J. A., Fisher R., Latin J. P., Durrell R. and Ainsworth M. (2016) Carbon 
dioxide, ground air and carbon cycling in Gibraltar karst. Geochim. Cosmochim. Acta 184, 88–
113. 

Mattey, D., Fairchild, I. J., Atkinson, T. (2010) Seasonal microclimate control on calcite fabrics, stable 
isotopes and trace elements in modern speleothem from St. Michaels Cave, Gibraltar: 
Geological Society, London, Special Publications 336, 323–344. 

Mattey D., Lowry D., Duffet J., Fisher R., Hodge E. and Frisia S. (2008) A 53~year seasonally resolved 
oxygen and carbon isotope record from a modern Gibraltar speleothem: Reconstructed drip 
water and relationship to local precipitation. Earth Planet. Sci. Lett. 269, 80–95. 

McDermott F. (2004) Palaeo-climate reconstruction from stable isotope variations in speleothems: a 
review. Quaternary Sci. Rev. 23, 901–918. 

McDermott F., Frisia S., Huang Y., Longinelli A., Spiro B., Heaton T. H. E., Hawkesworth C. J., Borsato A., 
Keppens E., Fairchild I. J., van der Borg K., Verheyden S. and Selmo E. (1999) Holocene climate 
variability in Europe: Evidence from δ18O, textural and extension-rate variations in three 
speleothems. Quat. Sci. Rev. 18, 1021–1038. 

Meyer K. W., Feng W., Breecker D. O., Banner J. L. and Guilfoyle A. (2014) Interpretation of speleothem 
calcite δ13C variations: Evidence from monitoring soil CO2, drip water, and modern speleothem 
calcite in central Texas. Geochim. Cosmochim. Acta 142, 281–298. 

Minami M., Kato T., Horikawa K. and Nakamura T. (2015) Seasonal variations of 14C and δ13C for cave 
drip waters in Ryugashi Cave, Shizuoka Prefecture, central Japan. Nucl. Instrum. Methods Phys. 
Res. Section B: Beam Interactions Mater. Atoms 362, 202–209. 

Mischel S. A., Scholz D., Spötl C., Jochum K. P., Schro¨der-Ritzrau A. and Fiedler S. (2017) Holocene 
climate variability in Central Germany and a potential link to the polar North Atlantic: A 
replicated record from three coeval speleothems. The Holocene 27, 509–525. 

Moreno A., Perez-Mejıas C., Bartolome M., Sancho C., Cacho I., Stoll H., Delgado-Huertas A., Hellstrom 
J., Edwards R. L. and Cheng H. (2017) New speleothem data from Molinos and Ejulve caves 
reveal Holocene hydrological variability in northeast Iberia. Quat. Res. 88, 223–233. 

Moseley G. E., Edwards R. L., Wendt K. A., Cheng H., Dublyansky Y., Lu Y., Boch R. and Spötl C. (2016) 
Reconciliation of the Devils Hole climate record with orbital forcing. Science 351, 165–168. 

Mühlinghaus C., Scholz D. and Mangini A. (2007) Modelling stalagmite growth and δ13C as a function 
of drip interval and temperature. Geochim. Cosmochim. Acta 71, 2780–2790. 

Mühlinghaus C., Scholz D. and Mangini A. (2009) Modelling fractionation of stable isotopes in 
stalagmites. Geochim. Cosmochim. Acta 73, 7275–7289. 

Onac B. P., Constantin S., Lundberg J. and Lauritzen S.-E. (2002) Isotopic climate record in a Holocene 
stalagmite from Ursilor Cave (Romania). J. Quat. Sci. 17, 319–327. 

Oster J. L., Montanez I. P., Guilderson T. P., Sharp W. D. and Banner J. L. (2010) Modeling speleothem 
δ13C variability in a central Sierra Nevada cave using 14C and 87Sr/86Sr. Geochim. Cosmochim. 
Acta 74, 5228–5242. 



Matthew J Jacobson Appendix B.3 

351 

Oster J. L., Warken S. F., Sekhon N., Arienzo M. M. and Lachniet M. (2019) Speleothem 
paleoclimatology for the Caribbean, Central America, and North America. Quaternary 2,5. 

Owen R., Day C. C. and Henderson G. M. (2018) CaveCalc: A new model for speleothem chemistry & 
isotopes. Comput. Geosci. 119, 115–122. 

Parker L. W., Miller J., Steinberger Y. and Whitford W. G. (1983) Soil respiration in a Chihuahuan desert 
rangeland. Soil Biol. Biochem. 15, 303–309. 

Polag D., Scholz D., Mühlinghaus C., Spötl C., Schröder-Ritzrau A., Segl M. and Mangini A. (2010) Stable 
isotope fractionation in speleothems: Laboratory experiments. Chem. Geol. 279, 31– 39. 

Partin J. W., Quinn T. M., Shen C.-C., Emile-Geay J., Taylor F. W., Maupin C. R., Lin K., Jackson C. S., 
Banner J. L., Sinclair D. J. and Huh C.-A. (2013) Multidecadal rainfall variability in South Pacific 
Convergence Zone as revealed by stalagmite geochemistry. Geology 41, 1143–1146. 

Raich J. W. and Potter C. S. (1995) Global patterns of carbon dioxide emissions from soils. Global 
Biogeochem. Cycles 9, 23– 36. 

Raich J. W. and Schlesinger W. H. (1992) The global carbon dioxide flux in soil respiration and its 
relationship to vegetation and climate. Tellus B 44, 81–99. 

Ridley H. E., Asmerom Y., Baldini J. U. L., Breitenbach S. F. M., Aquino V. V., Prufer K. M., Culleton B. J., 
Polyak V., Lechleitner F. A., Kennett D. J., Zhang M., Marwan N., Macpherson C. G., Baldini L. M., 
Xiao T., Peterkin J. L., Awe J. and Haug G. H. (2015) Aerosol forcing of the position of the 
intertropical convergence zone since ad 1550. Nat. Geosci. 8, 195–200. 

Riechelmann D. F., Fohlmeister J., Kluge T., Jochum K. P., Richter D. K., Deininger M., Friedrich R., Frank 
N. and Scholz D. (2019) Evaluating the potential of tree-ring methodology for cross-dating of 
three annually laminated stalagmites from Zoolithencave (SE Germany). Quaternary 
Geochronology 52, 37–50. Riechelmann D. F. C., Schröder-Ritzrau A., Scholz D., Fohlmeister J., 
Spötl C., Richter D. K. and Mangini A. (2011) Monitoring Bunker Cave (NW Germany): A 
prerequisite to interpret geochemical proxy data of speleothems from this site. J. Hydrology 
409, 682–695. 

Romanek C. S., Grossman E. L. and Morse J. W. (1992) Carbon isotopic fractionation in synthetic 
aragonite and calcite: effects of temperature and precipitation rate. Geochim. Cosmochim. 
Acta 56, 419–430. 

Romanov D., Kaufmann G. and Dreybrodt W. (2008) δ13C profiles along growth layers of stalagmites: 
Comparing theoretical and experimental results. Geochim. Cosmochim. Acta 72, 438–448. 

Ruan J., Kherbouche F., Genty D., Blamart D., Cheng H., Dewilde F., Hachi S., Edwards R. L., Re´gnier E. 
and Michelot J.-L. (2016) Evidence of a prolonged drought ca. 4200 yr BP correlated with 
prehistoric settlement abandonment from the Gueldaman GLD1 Cave, Northern Algeria. Clim. 
Past 12, 1–14. 

Rudzka D., McDermott F., Baldini L. M., Fleitmann D., Moreno A. and Stoll H. (2011) The coupled δ13C -
radiocarbon systematics of three Late Glacial/early Holocene speleothems; insights into soil 
and cave processes at climatic transitions. Geochim. Cosmochim. Acta 75, 4321–4339. 

Rudzka D., McDermott F. and Suric M. (2012) A late Holocene climate record in stalagmites from 
Modric Cave (Croatia). J. Quat. Sci. 27, 585–596. 

Schlesinger W. H. (1977) Carbon balance in terrestrial detritus. Annu. Rev. Ecol. Syst. 8, 51–81. 

Scholz D., Frisia S., Borsato A., Spötl C., Fohlmeister J., Mudelsee M., Miorandi R. and Mangini A. (2012) 
Holocene climate variability in north-eastern Italy: potential influence of the NAO and solar 
activity recorded by speleothem data. Climate of the Past 8, 1367–1383. 



Matthew J Jacobson Appendix B.3 

352 

Scholz D., Mühlinghaus C. and Mangini A. (2009) Modelling δ13C and δ18O in the solution layer on 
stalagmite surfaces. Geochim. Cosmochim. Acta 73, 2592–2602. 

Scroxton N., Burns S. J., McGee D., Hardt B., Godfrey L. R., Ranivoharimanana L. and Faina P. (2017) 
Hemispherically in-phase precipitation variability over the last 1700 years in a Madagascar 
speleothem record. Quat. Sci. Rev. 164, 25–36. 

Sherwin C. M. and Baldini J. U. L. (2011) Cave air and hydrological controls on prior calcite precipitation 
and stalagmite growth rates: Implications for palaeoclimate reconstructions using 
speleothems. Geochim. Cosmochim. Acta 75, 3915– 3929. 

Singh J. S. and Gupta S. R. (1977) Plant decomposition and soil respiration in terrestrial ecosystems. 
Bot. Rev. 43, 449–528. 

Sinha A., Berkelhammer M., Stott L., Mudelsee M., Cheng H. and Biswas J. (2011) The leading mode of 
Indian Summer Monsoon precipitation variability during the last millennium. Geophys. Res. 
Lett. 38, L15703. 

Sinha A., Kathayat G., Cheng H., Breitenbach S. F. M., Berkelhammer M., Mudelsee M., Biswas J. and 
Edwards R. L. (2015) Trends and oscillations in the Indian summer monsoon rainfall over the 
last two millennia. Nat. Commun. 6, 6309. 

Spötl C., Fairchild I. J. and Tooth A. F. (2005) Speleothem deposition in a dynamically ventilated cave, 
Obir Caves (Austrian Alps). Evidence from modern cave air and drip water monitoring. 
Geochim. Cosmochim. Acta 69, 2451–2468. 

Spötl C., Fohlmeister J., Cheng H. and Boch R. (2016) Modern aragonite formation at near-freezing 
conditions in an alpine cave, Carnic Alps, Austria. Chem. Geol. 435, 60–70. 

Springer G. S., Rowe H. D., Hardt B., Cheng H. and Edwards R. L. (2014) East central North America 
climates during marine isotope stages 3–5. Geophys. Res. Lett. 41, 3233–3237. 

Sundqvist H. S., Holmgren K., Fohlmeister J., Zhang Q., Matthews M. B., Spötl C. and Körnich H. (2013) 
Evidence of a large cooling between 1690 and 1740 AD in southern Africa. Sci. Rep. 3, 1767. 

Sundqvist H. S., Holmgren K., Moberg A., Spo¨ tl C. and Mangini A. (2010) Stable isotopes in a 
stalagmite from NW Sweden document environmental changes over the past 4000 years. 
Boreas 39, 77–86. 

Talma A. S. and Vogel J. C. (1992) Late Quaternary Paleotemperatures Derived from a Speleothem from 
Cango Caves, Cape Province, South Africa. Quat. Res. 37, 203–213. 

Treble P. C., Baker A., Ayliffe L. K., Cohen T. J., Hellstrom J. C., Gagan M. K., Frisia S., Drysdale R. N., 
Griffiths A. D. and Borsato A. (2017) Hydroclimate of the Last Glacial Maximum and 
deglaciation in southern Australia’s arid margin interpreted from speleothem records (23–15 
ka). Clim. Past 13, 667–687. 

Tremaine D. M., Froelich P. N. and Wang Y. (2011) Speleothem calcite farmed in situ: modern 
calibration of δ18O and δ13C paleoclimate proxies in a continuously-monitored natural cave 
system. Geochim. Cosmochim. Acta 75, 4929–4950. 

Unal-_Imer E., Shulmeister J., Zhao J.-X., Tonguc¸ Uysal I., Feng Y.-X., Duc Nguyen A. and Yuce G. (2015) 
An 80 kyr-long continuous speleothem record from Dim Cave, SW Turkey with paleoclimatic 
implications for the Eastern Mediterranean. Sci. Rep. 5, 13560. 

Voarintsoa N. R. G., Brook G. A., Liang F., Marais E., Hardt B., Cheng H., Edwards R. L. and Railsback L. B. 
(2017a) Stalagmite multi-proxy evidence of wet and dry intervals in northeastern Namibia: 
Linkage to latitudinal shifts of the Inter-Tropical Convergence Zone and changing solar activity 
from AD 1400 to 1950. The Holocene 27, 384–396. 



Matthew J Jacobson Appendix B.3 

353 

Voarintsoa N. R. G., Railsback L. B., Brook G. A., Wang L., Kathayat G., Cheng H., Li X., Edwards R. L., 
Rakotondrazafy A. F. M. and Madison Razanatseheno M. O. (2017b) Three distinct Holocene 
intervals of stalagmite deposition and non-deposition revealed in NW Madagascar, and their 
paleoclimate implications. Clim. Past 13, 1771–1790. 

Voarintsoa N. R. G., Wang L., Railsback L. B., Brook G. A., Liang F., Cheng H. and Edwards R. L. (2017c) 
Multiple proxy analyses of a U/Th-dated stalagmite to reconstruct paleoenvironmental 
changes in northwestern Madagascar between 370CE and 1300CE. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 469, 138–155. 

Wainer K., Genty D., Blamart D., Daeron M., Bar-Matthews M., Vonhof H., Dublyansky Y., Pons-Branchu 
E., Thomas L., van Calsteren P., Quinif Y. and Caillon N. (2011) Speleothem record of the last 
180 ka in Villars cave (SW France): Investigation of a large δ18O shift between MIS6 and MIS5. 
Quat. Sci. Rev. 30, 130–146. 

Wang X., Edwards R. L., Auler A. S., Cheng H., Kong X., Wang Y., Cruz F. W., Dorale J. A. and Chiang H.-
W. (2017) Hydroclimate changes across the Amazon lowlands over the past 45,000 years. 
Nature 541, 204–207. 

Webster J. W., Brook G. A., Railsback L. B., Cheng H., Edwards R. L., Alexander C. and Reeder P. P. (2007) 
Stalagmite evidence from Belize indicating significant droughts at the time of Preclassic 
Abandonment, the Maya Hiatus, and the Classic Maya collapse. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 250, 1–17. 

Whittaker T. E. (2008) High-resolution speleothem-based palaeoclimate records from. Zealand reveal 
robust teleconnection to North Atlantic during MIS 1–4, Ph.D. thesis, The. University of 
Waikato, New. 

Wiedner E., Scholz D., Mangini A., Polag D., Mühlinghaus C. and Segl M. (2008) Investigation of the 
stable isotope fractionation in speleothems with laboratory experiments. Quaternary Int. 187, 
15–24. 

Winter A., Miller T., Kushnir Y., Sinha A., Timmermann A., Jury M. R., Gallup C., Cheng H. and Edwards R. 
L. (2011) Evidence for 800 years of North Atlantic multi-decadal variability from a Puerto Rican 
speleothem, Earth Planet. Sci. Lett. 308, 23–28. 

Wong C. I., Banner J. L. and Musgrove M. (2015) Holocene climate variability in Texas, USA: An 
integration of existing paleoclimate data and modeling with a new, high-resolution 
speleothem record. Quat. Sci. Rev. 127, 155–173. 

Wong C. I. and Breecker D. O. (2015) Advancements in the use of speleothems as climate archives. 
Quat. Sci. Rev. 127, 1–18. 

Wortham B. E., Wong C. I., Silva L. C. R., McGee D., Montanez I. P., Troy Rasbury E., Cooper K. M., Sharp 
W. D., Glessner J. J. G. and Santos R. V. (2017) Assessing response of local moisture conditions 
in central Brazil to variability in regional monsoon intensity using speleothem 87Sr/86Sr 
values. Earth Planet. Sci. Lett. 463, 310–322. 

 

Associate editor: Miryam Bar-Matthews



Matthew J Jacobson Appendix B.4 

354 

B.4. The stalagmite record of southern Arabia: climatic extremes, human evolution, and 

societal development 

Nicholson, S.L., Jacobson, M.J., Hosfield, R. & Fleitmann, D. 2021. The stalagmite record of 

southern Arabia: climatic extremes, human evolution, and societal development.  

Submitted to: Frontiers in Earth Science. Extreme Events in Human Evolution: From the 

Pliocene to the Anthropocene 

  



Matthew J Jacobson Appendix B.4 

355 

 

The stalagmite record of Southern Arabia: climatic extremes, human 
evolution, and societal development 

 

Samuel Luke Nicholson1, Matthew J. Jacobson2, Rob Hosfield2, Dominik Fleitmann3 

1Ecology and Evolutionary Biology, University of Reading, Reading, United Kingdom 

2School of Archaeology, Geography and Environmental Science, University of Reading, United 

Kingdom 
3Quaternary Geology, Department of Environmental Sciences, University of Basel, Switzerland 

 

* Correspondence: Samuel Luke Nicholson (sam.nicholson@reading.ac.uk) 

 

Abstract 

The fluctuating climatic conditions of the Saharo-Arabian deserts are increasingly 

linked to human evolutionary events and societal developments. On orbital timescales, the 

African and Indian Summer Monsoons were displaced northward and increased precipitation 

to the Arabian Peninsula which led to favourable periods for human occupation in the now 

arid interior. At least 4 periods of climatic optima occurred within the last 130,000 years, 

related to Marine Isotope Stages (MIS) 5e (128-121 ka BP), 5c (104-97 ka BP), 5a (81-74 ka 

BP) and 1 (10.5-6.2 ka BP), and potentially early MIS 3 (60-50 ka BP). Stalagmites from 

Southern Arabia have been key to understanding climatic fluctuations and human-

environmental interactions; their precise and high-resolution chronologies can be linked to 

evidence for changes in human distribution and climate/environment induced societal 

developments. Here, we review the most recent advances in the Southern Arabian Late 

Pleistocene and Early Holocene stalagmite records. We compare and contrast MIS 5e and 

Early Holocene climates to understand how these differed, benchmark the extremes of 

climatic variability and summarise the impacts on human societal development. We suggest 
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that, while the extreme of MIS 5e was important for H. sapiens dispersal, subsequent, less 

intense, wet phases mitigate against a simplistic narrative. We highlight that while climate 

can be a limiting and important factor, there is also the potential of human adaptability and 

resilience. Further studies will be needed to understand spatio-temporal difference in human-

environment interactions in a climatically variable region.  

 

1. Introduction 

The fluctuating palaeoclimate conditions of Southern Arabia are frequently related to 

broad changes in hominin distribution as well as regional societal developments. 

Intensifications and expansions of the monsoon domain increased precipitation across 

Southern Arabia during periods of increased solar insolation, following orbitally-paced cycles 

(Burns et al., 1998, 2001; Fleitmann et al., 2003b, 2011; Jennings et al., 2015; Parton et al., 

2015b; Nicholson et al., 2020). During the last 130 kyrs, at least four prolonged periods of 

increased precipitation have been identified and dated to MIS 5e (128-121 ka BP), MIS 5c 

(104-97 ka BP), MIS 5a (81-74 ka BP) and the Early Holocene (10.5-6.2 ka BP), and perhaps 

early MIS 3 (60-50 ka BP), each lasting for a few millennia (Burns et al., 2001; Fleitmann et al., 

2011; Parton et al., 2013; Nicholson et al., 2020). These extreme increases in rainfall permitted 

the formation of large, deep and perennial lakes and other waterbodies in the now arid 

interiors (Rosenberg et al., 2011, 2012, 2013; Petraglia et al., 2012; Parton et al., 2013, 2015a). 

As well as increased surface water availability and refilling of aquifers, increased rainfall led to 

‘greening’ events of Arabia, in which grassland environments expanded into the now arid 

desert interiors and supported the spread of large mammals and human settlement (Rose et 

al., 2011; Petraglia et al., 2012; Groucutt et al., 2015, 2018, 2021; Stimpson et al., 2016; Stewart 

et al., 2020a, 2020b; Scerri et al., 2021). 

Speleothems (stalagmites, stalactite and flowstones) have been key sources of 

terrestrial palaeoclimatic information in Southern Arabia. Unlike other terrestrial archives 

(e.g., lacustrine and alluvial records), their subterranean location protects them from desert 

weathering conditions (Burns et al., 1998; Vaks et al., 2010; El-Shenawy et al., 2018; Burstyn et 

al., 2019; Henselowsky et al., 2021). Additionally, speleothem growth requires a positive 

precipitation-evaporation balance, and can thus inform the timing of prolonged soil humidity 



Matthew J Jacobson Appendix B.4 

357 

above the cave. Stalagmites are particularly useful for palaeoclimate reconstructions; their 

laminated growth permits the development of precise climatic records through U-Th dating 

and analyses of calcite oxygen (δ18Oca) and carbon (δ13Cca) stable-isotopes, which can be 

linked to archaeological (and historical) records. Since 1998, a series of publications have 

provided a unique insight into the palaeoclimate of Southern Arabia using stalagmites 

collected from Hoti (23.08 N, 57.35 E), Mukallah (14.91 N, 48.59 E), and Qunf (17.16 N, 54.3 E) 

caves (Fig. 1A). Specific site descriptions of the caves have been made available elsewhere 

(Burns et al., 1998; Fleitmann et al., 2003b, 2003a, 2007, 2011). Here, we summarise these 

works and provide a comparison between two of these climatically extreme periods: MIS 5e 

and the Early Holocene. 

 

2. Timing of increased rainfall during the last 130 kyrs 

At least four South Arabian Humid Periods (SAHPs) occurred during the Late 

Pleistocene and Early Holocene. At Mukallah Cave, stalagmite deposition was recorded 

during MIS 5e (~128-121 ka BP; SAHP 4), 5c (~104-97 ka BP; SAHP 3), and the Early Holocene 

(~10-6 ka BP; SAHP 1). At Hoti cave, stalagmite deposition occurred during MIS 5e, 5a (~85-

74 ka BP; SAHP 2) and the Holocene (10 to 5.2 ka BP and 2.6 ka BP to present) (Fleitmann et 

al., 2007). Stalagmite growth is also recorded at Qunf Cave (Q5), Defore Cave (S3, S4, S6, S9) 

and Dimarshim (D1). An almost continuous climatic record (~10.6 ka to 0.3 ka) is provided by 

Q5, whereas S3 and S4 are only active before and after SAHP 1 and D1 grows from ~4.2 to 0 

ka. Determination of stalagmite fluid inclusion water δ18O and δD values from Mukallah and 

Hoti caves have shown that increased precipitation during MIS 5e and the Holocene were 

delivered by the African Summer Monsoon (ASM) and the Indian Summer Monsoon (ISM) 

(Fleitmann et al., 2003b; Nicholson et al., 2020). This is in good coherence with other records 

of ASM and ISM intensity, particularly sapropel layers S5 (128.3-121.5 ka), S4 (107.8-101.8 ka), 

S3 (85.8-80.8 ka) and S1 (10.5-6.1 ka) from Mediterranean Sea core ODP 967 (Rohling et al., 

2015; Grant et al., 2017). 

Stalagmite distribution, size and shape can reveal changes in precipitation amounts in 

arid environments. An estimated annual precipitation >300 mm/yr-1 for SAHPs was 

established using the distribution of active stalagmite growth in the Negev desert (Vaks et al., 
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2006, 2010, 2013), suggesting palaeo-precipitation doubled current amounts at Mukallah and 

Hoti Caves (Fleitmann et al., 2011; Nicholson et al., 2020; Fig. 1A). MIS 5e stalagmites (Y99 

and H13) are large (width >30 cm; and height >1 m), suggesting annual rainfall was 

considerably higher than 300 mm/yr-1. This is supported by deposition of a large MIS 5e 

flowstone at Hoti Cave, which indicates flowing water on the cave floor, activation of large 

lakes (Rosenberg et al., 2011, 2012), the deposition of sapropel S5 caused by ~8 times higher 

Nile outflow (Amies et al., 2019) and modelled rainfall amounts of 300-600 mm/yr-1 during 

MIS 5e (Otto-Bliesner, 2006; Jennings et al., 2015; Fig. 1A). Stalagmites from later growth 

periods, such as Y97-4 and Y97-5 and H4, are comparatively smaller (Fleitmann et al., 2011), 

suggesting that annual rainfall was less than during SAHP 4. This is consistent with modelled 

Early Holocene rainfall of 200-300 mm/yr-1 over Mukallah Cave (Fordham et al., 2017; Brown 

et al., 2018). 

Differing rainfall amounts between SAHPs are confirmed by stalagmite δ18Oca values, 

which are influenced by the intensity of ASM (Mukallah) and ISM (Hoti) rainfall (Fleitmann et 

al., 2011; Nicholson et al., 2020). SAHP 4 (MIS 5e) has the most negative δ18Oca values 

(increased rainfall), whereas SAHP 1 (Holocene) has the most positive δ18Oca values (drier 

conditions) (Nicholson et al., 2020). The competing effects of high-latitude glacial-boundary 

conditions and low-latitude insolation are both considered to control the expansion, 

contraction and intensity of the monsoon domain (Burns et al., 2003; Cheng et al., 2009a; 

Beck et al., 2018) and are key differentiating factors of SAHPs (Nicholson et al., 2020). While 

precipitation intensities of SAHP 4, 3 and 2 follow the declining intensity of glacial-boundary 

minima, SAHP 1 contradicts this trend, as positive δ18O occurred during an interglacial 

maximum. Instead, SAHP δ18O values consistently follow the pattern of declining low-latitude 

summer Northern Hemisphere Insolation (NHI) maxima, which are regulated on orbital 

eccentricity (100 kyr) and precession (21 kyr) cycles (Fig. 1B). Low-latitude insolation is a key 

control on the interhemispheric pressure gradient, whereby greater solar heating of the 

Tibetan Plateau and northern Indian Ocean results in enhanced low pressure and 

intensification of northern hemisphere cyclones (Burns et al., 2003; Fleitmann et al., 2007; 

Parton et al., 2015b; Beck et al., 2018). Thus, comparatively low insolation values during SAHP 

1 are matched by a weaker response of monsoon intensity compared to preceding SAHPs. 



Matthew J Jacobson Appendix B.4 

359 

Importantly, SAHPs had differing climatic conditions and likely brought unique environmental 

responses and challenges for human populations. 

 

 

Fig. 1. A) simulated average annual precipitation maps of the Arabian Peninsula for modern (Fick and 
Hijmans, 2017), Early Holocene (Fick and Hijmans, 2017; Fordham et al., 2017; Brown et al., 2018) and 
MIS 5e (Otto-Bliesner, 2006; WorldClim, 2015) periods. Speleothem cave sites (white circles) show 
distribution of fossil stalagmites (modern) and their respective growth periods (Early Holocene and 
MIS 5e). B) box-whisker plots of stalagmite δ18Oca values from Hoti (top) and Mukallah (bottom) caves 
vs. the Soreq Cave δ18Oca  curve (Bar-Matthews et al., 2003; Grant et al., 2012, 2016), ODP 967 PC2 
wet/dry index and sapropel layers (Grant et al., 2017), low latitude (30oN; Berger and Loutre, 1991) and 
global ice-volume (LR04; Lisiecki and Raymo, 2005). Black circles denote statistically extreme values. 
Sample counts and stalagmite specimens are given above and below boxes, respectively. See 
supplementary files for results of ANOVA and Wilcoxon rank sum test. The yellow bar denotes the 
range of modern stalagmite δ18Oca values from Hoti Cave. 230Th ages and age uncertainties for 
Mukallah (blue) and Hoti (red) cave speleothems are given above their respective boxplots. Relevant 
Marine Isotope Stages are provided using the taxonomy of Railsback et al. (2015). 
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3. Rainfall trends during MIS 5e and the Holocene 

3.1. MIS 5e 

Precise 230Th ages of stalagmites combined with δ18Oca values have provided records 

of MIS 5e and Holocene climatic variability. The Y99 (Mukallah) δ18Oca and δ13Cca (Y99) covers 

SAHP 4 in Yemen, with onset and termination of stalagmite growth at 127.8 and 121.1 ka BP. 

There are four distinct features of the Y99 δ18Oca curve: 1) onset of enhanced rainfall is 

characterised by negative δ18Oca values, suggesting this was abrupt, perhaps within <500 

years as suggested by other ASM records (e.g., Bar-Matthews et al., 2003). 2) There is a clear 

relationship to the July 30oN isolation curve, demonstrating rainfall intensity was modulated 

by low-latitude insolation (Fig. 1B and 2B). 3) While there is considerable variability, δ18Oca 

values are consistently more negative (wetter conditions) than succeeding wet phases. 4) 

There is an abrupt increase in δ18Oca and δ13Cca (drier conditions) at the termination of the 

wet period as the tropical rain-belt retreated southwards and annual rainfall fell below the 

threshold for large stalagmite formation (Nicholson et al., 2020). Additionally, sub-annually 

resolved H13 (Hoti) δ18Oca and δ13Cca records shows MIS 5e was characterised by increased 

seasonality (wetter summers and drier winters) dominated by a monsoon-driven precipitation 

regime (Nicholson et al., 2020). This was likely echoed by a seasonal vegetation response, as 

indicated by the presence of C4 plants (Bretzke et al., 2013; Nicholson et al., 2020), with 

potentially significant implications for animals and human hunter-gatherers. 

 

3.2. The Holocene 

The Early Holocene is characterised by another period of increased rainfall in Arabia, 

known as the Holocene Humid Period (HHP), or SAHP 1 in Southern Arabia (Burns et al., 

1998, 2001; Fleitmann et al., 2003a, 2007; Fleitmann and Matter, 2009; Lézine, 2009; 

Rosenberg et al., 2011, 2013; Engel et al., 2012). Stalagmite records from Hoti (H5 and H12), 

Qunf (Q5) and Defore (S3 and S4) caves provide information of rainfall variability throughout 

the Holocene. At Hoti Cave δ18Oca values show shifting dominances of winter (derived from 

the Mediterranean Sea) vs. summer (derived from the Indian Ocean) precipitation, whereas 

Qunf Cave δ18Oca values record ISM precipitation intensity. Whereas Hoti Cave δ18Oca values 

indicate that winter precipitation has been dominant over the last ~6 ka, the Early Holocene 
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is marked by more negative δ18Oca values reflecting increased summer precipitation (Neff et 

al., 2001; Burns et al., 2003; Fleitmann et al., 2007; Shakun et al., 2007). This is coeval to more 

negative δ18Oca values at Qunf Cave which indicate an intensification of the ISM. At both 

caves δ18Oca values show: 

1) Intensification of summer precipitation between 10.6 to 9.4 ka BP, which slightly 

lags low-latitude insolation due to comparatively high glacial-boundary forcing (Fleitmann et 

al., 2007). 

2) Considerable multi-decadal variability within both H5 and Q5, displaying clear 

relationships with GRIP, NGRIP and DYE-3 ice-core δ18O records (Johnsen et al., 2001; Neff et 

al., 2001; Fleitmann et al., 2003a, 2007; Fleitmann and Matter, 2009). More negative ice-core 

δ18O (colder northern-hemisphere conditions) were reflected by more positive (drier 

conditions) stalagmite δ18Oca values.  

3) A distinct increase of δ18Oca values (drier conditions) is observed between ~8.2-8.0 

ka BP and is related to the so-called “8.2-kyr event”; a global climatic event caused by the 

collapse of Atlantic Overturning Meridional Circulation (AMOC) due to draining of Hudson 

Bay glacial lakes and freshwater influx into the Atlantic (Barber et al., 1999; Kobashi et al., 

2007). δ18Oca values of H14 and H5 (Hoti Cave) show this period was characterised by a 

weakening of rainfall and led to a hiatus of H14 growth (Cheng et al., 2009b). 

4) Summer precipitation declines at ~6.2 ka BP. At Qunf Cave, this decline is gradual 

and closely follows the 30oN isolation-curve (for an extended discussion, see Fleitmann et al., 

2007). At Hoti Cave, this precipitation decline is more abrupt (identifiable by change point 

analysis; Fig. 2) and related to winter rainfall becoming the dominant source of precipitation 

in northern Oman (Fleitmann et al., 2007). As Hoti Cave provides solid timing on the shifting 

dominance of winter vs. summer precipitation, the H5 record has been used to define the 

duration of SAHP 1 and is consistent with the 230Th ages of Holocene stalagmites from 

Mukallah Cave (Fleitmann et al., 2011; Nicholson et al., 2020). Whereas the Y99 record 

indicates SAHP 4 (during MIS 5e) persisted for ~6.5 kyrs, the Hoti Cave composite record 

indicates SAHP 1 lasted for a shorter period of ~4 kyrs.  
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These patterns follow established conditions during SAHP 1, which in Southern Arabia 

are also evidenced by vegetation expansion (Fuchs and Buerkert, 2008), vegetation that 

requires adequate precipitation (Parker et al., 2004), and palaeolake and river formation 

(Farraj and Harvey, 2004; Preston, 2011; Berger et al., 2012). Across Arabia, these changes are 

asynchronous (Preston and Parker, 2013; Preston et al., 2015), with northern Arabia 

experiencing a truncated period of increased rainfall compared to the south. 

 

4. Discussion 

4.1. MIS 5e 

What do the varied conditions between SAHPs mean for discussions of human 

populations and climatic extremes? There is a growing body of evidence which relates 

Pleistocene human movements between Arabia and Africa to periods of enhanced 

precipitation. Archaeological remains at Jebel Faya were dated to MIS 5e and may evidence 

the earliest instance of H. sapiens in the region (Armitage et al., 2011). Outside of Arabia, MIS 

5 H. sapiens fossils uncovered at Skhul, Qafzeh (Israel, Millard, 2008) and Fuyan Cave (≥80 ka 

BP, China; Liu et al., 2015) represent some of the earliest instances of Late Pleistocene 

humans outside of Africa. MIS 5e saw the most intense enhancement of precipitation, 

highlighting that this period may have been particularly favourable for hominin occupation 

and dispersal across the Saharo-Arabian deserts (Larrasoaña et al., 2013; Nicholson et al., 

2021). Such a large increase of precipitation was likely echoed by a greater vegetation 

response than later SAHPs, as evidenced by Mukallah Cave δ13Cca values (Nicholson et al., 

2020) and the Jebel Faya phytolith record (Bretzke et al., 2013). It is thus likely that the 

carrying capacity of the Arabian Peninsula was greater during SAHP 4 compared to 

subsequent SAHPs, meaning population expansions and/or dispersals could have been rapid 

(Nicholson et al., 2021). Additionally, the longer duration of SAHP 4 indicates that ‘green’ 

environments were longer-lived than in SAHP 1, offering potentially longer-term occupation 

of the now arid interior. In this sense, climatic conditions during MIS 5e were at one extreme 

of Southern Arabia climatic variability and should not be understated as an optimal period 

for human dispersal. 
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Fig. 2. A) High-resolution δ18Oca stalagmite values for the Holocene (H5, H12, H14 and Q5) Blue lines 
for H5 and H12 represent means before and after the change-point at ~6.2 ka BP. The change-point 
was identified using the changepoint package for R (Killick et al., 2016). 230Th ages (circles) and 
uncertainty bars are given above their respective curves. B) High-resolution δ18Oca stalagmite values for 
MIS 5e (Y99). 230Th ages from Fleitmann et al. (2011) are represented by triangles; these been 
superseded by measurements from Nicholson et al. (2020) (circles) used to create the StalAge (Scholz 
and Hoffmann, 2011) age-depth model. 
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However, it must be noted that archaeological finds are also dated to MIS 5c, 5a and 

3 (Petraglia et al., 2011; Rose et al., 2011; Delagnes et al., 2012; Groucutt et al., 2018). While 

MIS 5e may therefore be the most extreme period of increased rainfall, other periods were 

still able to support human populations despite being ’less favourable’. Do these climatic 

differences suggest that strategies of survival differed between SAHPs (e.g., Bretzke and 

Conard, 2017)? Were subsequent dispersals more limited in terms of numbers of people and 

other animals? What do statistically significant differences in δ18Oca values translate to in 

terms of annual rainfall differences, as well as spatio-temporal variance on long (e.g., 

millennial) and short (e.g., annual) timescales? Or were the additional benefits of SAHP 4 

compared to other SAHPs simply not that important for human occupation (i.e., humans 

could make do with less)? Additionally, the presence of H. sapiens in Arabia within MIS 3 

suggests either occupation throughout the MIS 4 glacial or re-entry despite a ‘drier’ climate 

(Armitage et al., 2011; Delagnes et al., 2012; Nicholson et al., 2020). One message we may 

take from this is resilience/adaptation despite climatic differences, and that while the 

stalagmite record provides useful information on the timing of major climatic changes and 

major H. sapiens biogeographic shifts, providing a climatic ‘bench-mark’ for Late Pleistocene 

occupations from the stalagmite record is too deterministic and overlooks uncertainties 

within the archaeological record.  

One thing that is perhaps clearer is that the termination of these wet periods saw a 

substantial change in environmental conditions. The termination of SAHP 4 likely meant 

annual rainfall declined to <300 mm/yr-1 and was echoed by a decline in vegetation 

resources. In terms of the “lived” experiences of humans, such a decline would have likely 

required a shift in survival strategies. This may have included increased home-range foraging 

size and mobility patterns, retraction to high-resource retaining areas (such as the Yemeni 

Highlands; Delagnes et al., 2012, 2013) or in some cases dispersal out of Arabia (Nicholson et 

al., 2021). Such responses to declining precipitation were also likely variable and not 

simplistic. Recent archaeological finds in Northern Arabia hint at techno-cultural continuity 

between Mid-Pleistocene wetter phases (Scerri et al., 2021), perhaps suggesting human 

resilience in spite of declining climatic conditions. 
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4.2. Early Holocene 

The key precipitation changes during the HHP/SAHP 1 of gradual intensification of 

summer precipitation (~10.6-9.4 ka BP) that only declines following ~6.2 ka BP, and 

temporarily during the 9.2 and 8.2ka events (Fleitmann et al., 2008), influenced humans and 

communities living in Arabia (for full summaries, see Parker et al., 2006; Goudie and Parker, 

2010; Groucutt et al., 2020; Petraglia et al., 2020). 

When compared to MIS 5e however, precipitation increases and associated 

vegetation response were less intense (Fleitmann et al., 2011; Bretzke et al., 2013; Nicholson 

et al., 2020). Despite this, and similar to MIS 5c, 5a and 3 (see above), there remains 

archaeological evidence for human occupation. Mustatils appear in northern Arabia from 9.2 

ka BP (Kennedy, 2017; Guagnin et al., 2020; Thomas et al., 2021), and desert kites are 

evidenced in Jordan from 10 ka BP (al Khasawneh et al., 2019). In southern Arabia, occupation 

of the Jebel Qara took place ~10.5-9.5 ka BP (Cremaschi et al., 2015), pastoralism is 

evidenced by 8.0 ka BP (Drechsler, 2007, 2009; Martin et al., 2009), graves are attested 7.2-6.0 

ka BP (Kiesewetter, 2006) and monumental stone platforms are evidenced 6.4 ka BP 

(McCorriston et al., 2012; Magee, 2014). 

Reduced rainfall following ~6.2 ka BP led to a temporary end of Neolithic herding in 

the desert interiors, shrinking population numbers, and migration to areas with greater 

ecological diversity, perhaps suggesting a minimum amount of precipitation is required for 

human occupation in these marginal environments (Uerpmann, 1992, 2002; Vogt, 1994; Potts 

et al., 2003; Goudie and Parker, 2010). However, human communities returned to the interior 

of Southern Arabia from ~5.2 ka BP without amelioration of climate, which even aridified 

further; varied occupation continues until the modern day (Magee, 2014; Petraglia et al., 

2020).Therefore, it seems likely that drier climates create challenges for human populations, 

but these can be overcome by technological (e.g. mustatils, pottery, water management; 

camels domestication) and strategic (e.g. mobility, pastoralism) adaptations (Petraglia et al., 

2020).  

Finally, stability and variance of precipitation (which can be hard to detect in 

palaeoclimate records) may have been more influential to humans than long-term changes in 

amounts (Thornton et al., 2014). A temporary transition to herding practices occurred in 
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some parts of Arabia during the 8.2ka BP event (Drechsler, 2009; Crassard and Drechsler, 

2013) whilst more positive δ18Oca values are observed at Hoti cave, indicating drier conditions 

(Fig. 2A). Conversely, (Cremaschi et al., 2015) suggested that overly ‘wet’ landscapes at Jebel 

Qara led to a preference for ameliorated coastal settings during the HHP, hinting at the 

varied human responses to fluctuating climatic conditions during the Holocene. 

 

5. Conclusion 

Overall, when compared to other periods, stalagmite climate records indicate that the 

African and Indian Summer Monsoons were most intense during MIS 5e and was one 

extreme of climatic variability in the last 130 kyrs. This was likely an important period for the 

dispersal of H. sapiens from Africa, as well as the occupation in the now desert interiors of 

Arabia, and the subsequent decline back to more arid conditions likely impacted survival 

strategies in Southern Arabia. We emphasise that evidence for human occupation during all 

periods of insolation maxima, and the varying climates of these drier periods, highlights 

human resilience/adaptation despite climatic differences and mitigates against a simplistic 

narrative. Future research will benefit from the addition of climate/environmental proxies 

(trace-element, n-alkanes, biomarkers and perhaps aDNA), increased surveys to advance the 

spatial-temporal coverage of the speleothem record and development of continuous climate 

records for SAHP 3 and 2. Understanding the shifting survival strategies in context of 

declining rainfall and aridification, as Arabia transitioned from one extreme to another, will be 

of key importance to future debates of H. sapiens biogeography, behavioural flexibility, and 

both past and future climate-induced socio-political change. 
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Appendix C – List of Conference Presentations 

 

Apr 2019 

Department of Geology and Department of Classics, University of Georgia, USA 

“Archaeology and Climate in Roman and Byzantine Lycia”  

(With Dr Jordan Pickett) 

 

Jan 2019 

Science & Humanities Interdisciplinary Dialogues (SAHID) conference, University of 

Reading, UK 

“The Late Holocene record of climatic variability at Kocain Cave, southwest Anatolia, and links 

to local settlements” 

 

Nov 2018  

Climate Science and Ancient History Colloquium: Decoding Archives, University of 

Basel, Switzerland 

“Did droughts lead to the collapse of Himyar and pave-the-way for Islam?“ 

 

May 2018  

Society, Environment and Change Colloquium, Princeton University, USA  

“A collapse of Himyar? Correlative Causality and S Arabia in the 6th century”  

(With Professor John Haldon) 
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“Did climate change assist the emergence and rapid expansion of Islam in the 7th century 
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