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ABSTRACT 

 

This thesis attempts to reconcile questions of human adaptations and interactions with changing 

climate events in the past, by using archaeological and environmental evidence from the submerged pile-

dwelling in Zambratija Bay, Northwest Adriatic Sea. Discovered in 2008, Zambratija revealed stratified 

evidence of human activities in a paleo-landscape that was once terrestrial but is now submerged three 

metres under water. Due to the findings of wooden piles protruding out of the seabed alongside a platform 

of freshwater peat, all located on the outer edges of a submerged karstic sinkhole filled with sediments, the 

site was preliminary determined as a lacustrine pile-dwelling. Wooden piles and peat were accompanied by 

pottery typologically appropriated to local prehistory, which was later supported with radiocarbon dates 

implying the Late Neolithic period, around 4200 BC. The piles indicated an architectural resemblance to a 

building tradition known as the prehistoric pile-dwellings around the Alps, a UNESCO-protected network of 

111 archaeological sites located across the glacier lakes in today’s Austria, France, Germany, Italy, Slovenia 

and Switzerland, which was in almost continuous use for more than 3000 years from the Late Neolithic to 

the Iron Age. Due to the specific anaerobic conditions which allowed for the preservation of organic material, 

these now submerged lacustrine settlements represent some of the most significant and well-researched 

archaeological sites in European prehistory. In addition to the submerged material culture found in 

Zambratija, the proximity of the site to the current Adriatic shoreline provided an indication of former sea-

levels and a means to assess the local environmental history. The radiocarbon dates implied that the site was 

in use during the most recent global geological period, also known as the Holocene. The Holocene started 

around 9650 BC, when interdisciplinary records start showing a considerable increase of human impact to 

the environment, an interaction that is still ongoing and present in most contemporary climate change 

debates. 

Considering the assumptions and issues drawn from the preliminary research, Zambratija Bay located 

submerged under the Adriatic Sea some 100 kilometres south of the Alpine lakes, represented an unexpected 

and unique challenge to the archaeological discipline and was therefore chosen to be the case study for the 

research presented in this thesis. The interdisciplinary PhD fieldwork was organised and performed on site 

in 2017, followed by further laboratory and desk-based work. The presented results, derived from 3 seabed 

sediment cores and 11 wooden pile samples from Zambratija Bay, answered relevant questions with not only 

local, but also broader implications regarding submerged archaeological research, European and World 

prehistory and modern-day climate change issues. As an addition to the original results, the thesis also 

suggests a methodological concept provisionally called Archaeology of the Core, which is based on applying 

basic archaeological excavation and post-excavation methods to seabed core samples. 



 

xiv 

DECLARATION 

 

I certify that this thesis does not incorporate without acknowledgment any material previously 

submitted for a degree or diploma in any university; and that to the best of my knowledge and belief it does 

not contain any material previously published or written by another person except where due reference is 

made in the text. 

Signed....................................................   

Date 23 September 2019 

  



 

xv 

ACKNOWLEDGEMENTS 

 

This thesis would not have been made possible without the doctoral scholarship generously provided 

by the Honor Frost Foundation and Flinders University, the institutions whose name I proudly represented 

during my candidature and will continue to do so throughout my professional and personal life. 

To my supervisors, Dr Jonathan Benjamin, A/Prof. Wendy van Duivenvoorde and Prof. Roland 

Gehrels: Thank you for your guidance, support and patience throughout my candidature and especially for 

being present at times of hardships and doubts. Your reassurance and trust have humbled me more times 

than I have expressed it.  

The research for this PhD could not have started or finished without the hard work, help and 

friendship of collaborators and colleagues from these institutions: Archaeological Museum of Istria in Pula; 

Dr Ida Koncani Uhač, Maja Čuka and Darko Komšo. Croatian Geological Survey; Dr Slobodan Miko, Dr Ozren 

Hasan, Dr Nikolina Ilijanić, Dr Dea Brunović, Dr Ivan Razum, Hrvoje Burić, Dragana Šolaja and Ivona Ivkić. 

Department of Environment and Geography at the University of York, UK; Dr Maria Gehrels, Sophie Williams, 

Graham Rush, Dr Geoff Richards and Luke Andrews. Aix-Marseille University, France; Alba Ferreira Gomez, 

Dr Lisa Shindo and Prof. Giulia Boetto. 

There are not enough words to express my gratitude for the unconditional help and kindness of the 

Zambratija local fisherman, SCUBA diver, our diving fieldwork coxswain and most importantly, the person 

responsible for the finding and care of the submerged archaeological sites in Zambratija Bay, Mr Christian 

Petretich. 

For their generous contributions towards this PhD research, I would like to thank: The Australian 

Federation of University Women-South Australia (AFUW-SA) for the 2017 Trish Ryan Bursary Award. The 

Flinders University Student Association (FUSA) for awarding me with their Development Grant in 2018 and 

2019. The Department of Archaeology at the University of Sheffield, UK, for awarding me with the 2018 

Andrew Sherratt Foundation Grant. 

For their help and suggestions with my chapters, I would like to thank Prof. Geoff Bailey and the 

Flinders University Archaeology Colloquium postgraduate student group. 

To the friends that I have met in Australia: Enrique Aragon Nuñez, Kurt Bennett, Irene Vigiola Toña, 

Rachel Hagan, Ross, Graham and Grace Hastings and Phoebe the Frenchie. Thank you for everything. 



 

xvi 

To the people that helped and asked nothing in return: Asja Tonc, Maja Grgurić, Hrvoje Zubčić, 

Klaudia Bartolić Sirotić, Elvin Zejnilhodžić, Hrvoje Potrebica, Matija Črešnar, Davor Milošević, Andrej Janeš, 

Jana Anvari, Chelsea Wiseman, Robin Koch, Adeena Fawke, Erin Sebo, David and Lana Orton and all other 

unnamed that contributed to making this thesis – thank you. 

Thank you, George Thearle, for taking care of me during the final critical months of writing and 

editing. 

One of the most important life lessons I have learned throughout the three years of doing a PhD in 

submerged archaeology, is that many things from the past can survive being buried and submerged under 

six thousand years of sedimentation and sea-level fluctuations, except for people. That is why I dedicate this 

thesis to the most important people in my life, the past and present members of my family, with a very special 

thank you to my father, tata Boris.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xvii 

 

 

 

 

 

 

 

Mojoj obitelji. 

To my family.



 

1 

CHAPTER 1: INTRODUCTION 

 

 

This thesis is an interdisciplinary analysis of the climatic and socio-economic changes that occurred 

after, and were influenced by, the most recent rapid melting of the Earth’s polar ice sheets. Based on new 

environmental and archaeological evidence collected from a submerged Early Copper Age pile-dwelling on 

the North-eastern Adriatic Sea, the thesis adds new and original knowledge to the disciplines regarding past 

and present adaptations to climate change. The case study is located in Zambratija Bay, Croatia (Figure 1) 

and today lies three metres under water, providing valuable archaeological and environmental evidence not 

only of the marine transgression caused by the ice melt, but also a significant new insight into the social 

networking and cultural interactions between the prehistoric populations of the Northern Adriatic and Alpine 

regions. 

 

Figure 1 The location of Zambratija Bay (marked with a yellow star) in the Adriatic Basin. 
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 Due to a combination of cultural and natural factors, which will be discussed in Chapter 3 and Chapter 

4 in the thesis, the submerged site in Zambratija Bay represents a case study with overlapping environmental 

and socio-economic circumstances briefly described above. It is located on the most northern peak of the 

Istria Peninsula, approaching the end of the Adriatic Sea and the Gulf of Venice and Trieste. This makes the 

locale both part of the Alpine and Adriatic regions geographically. It provides an interesting study area 

suitable for the investigation of prehistoric contact and trade between the two (Verdonkschot 2014:40). 

Underwater archaeological investigations in the bay between 2008 and 2015 (Benjamin et al. 2011a; Koncani 

Uhač 2008, 2009; Koncani Uhač and Čuka 2015) revealed a unique instance of a prehistoric pile-dwelling 

originally constructed over a freshwater or marshland environment that is today submerged three metres 

under water. According to the archaeological, environmental and geophysical evidence collected prior to this 

thesis research and one radiocarbon date range between 4230–3980 Cal BC (Koncani Uhač and Čuka 2015:28) 

human activity in the pile-dwelling occurred either continuously or with occupational hiatuses at some point 

between the Late Neolithic and Early Bronze Age (Koncani Uhač and Čuka 2015:44). The mentioned evidence 

consisted of hundreds of wooden piles protruding out of the seabed situated around organic peat, all in the 

near vicinity of a submerged karstic sinkhole filled with sediments (Benjamin et al. 2011a; Koncani Uhač 2008, 

2009; Koncani Uhač and Čuka 2015). Furthermore, large amounts of pottery, lithics and other types of 

archaeological remains were scattered around the piles and the peat. Some of the found pottery showed a 

typological resemblance to the Eastern Adriatic Early Copper Age Nakovana Culture (Koncani Uhač and Čuka 

2015:36), and the preserved organic remains indicated an architectural resemblance to prehistoric building 

traditions common around the glacier lakes in the Alps (Koncani Uhač and Čuka 2015:43), both contemporary 

to the 4230–3980 Cal BC timeframe (Menotti 2004c). Taking all the collected information into account, it is 

evident that the significance of the Zambratija Bay site is reaching much further than North-eastern Adriatic 

boundaries. The chain of events leading to the development of the paleo-landscape, the building of the pile-

dwelling and its final abandonment is relevant not only to submerged but also continental European and 

world prehistory and, as presented in this thesis, to contemporary climate change debates. 

 

Research questions, aims and objectives 

 

The three underwater sites in Zambratija Bay (discussed below) indicate a chronological timescale of 

local sea-level change from around 4000 BC–100 AD, with one radiocarbon dated wooden architectural 

element found in situ in a submerged freshwater landscape, show a prehistoric cultural and environmental 

connection to the Alps. Zambratija Bay therefore represents an ideal case study for providing interdisciplinary 

empirical evidence showing the interconnected nature of the relationships between natural and cultural 

complex systems, seen worldwide as triggers for some of the most significant events in human history, such 
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as first hominid migrations out of Africa (Flemming et al. 2003), neolithisation which is also sometimes known 

as the ‘Neolithic revolution’ (Forenbaher and Miracle 2005), or the first population of Australia (Ward and 

Veth 2017). In the Northern Adriatic, it seems to have been significantly related to sea-level change, which 

will be tested in Zambratija by examining the resilience of the population that occupied the pile-dwelling. 

By using the data provided by 2008–2015 investigations, the thesis incorporates the results from a 

series of environmental and archaeological fieldwork activities undertaken in 2017. The fieldwork research 

resulted in the collection of seven seabed sediment cores and 20 waterlogged wood samples, supported with 

nine new radiocarbon dates. The following research questions were therefore designed to explore these 

topics as well as the known issues relevant to the disciplines of Submerged Prehistoric Archaeology of the 

Continental Shelves and Wetland Archaeology. The questions will be addressed in the thesis by using 

research methods adopted from environmental sciences, applied to underwater archaeology and discussed 

through the theoretical lens of Climate Change Archaeology. 

1. How did the physical environment evolve at Zambratija Bay during the Early and Middle Holocene, 

with special reference to sea-level changes? 

2. What affect did the environmental changes have on the people living at the prehistoric pile-

dwelling in Zambratija Bay and on the taphonomy and preservation of the archaeological site left 

behind? 

3. With consideration for the site’s chronology, spanning the Late Neolithic to the Bronze Age, what 

socio-economic developments are observable at the Zambratija Bay site relative to the broader 

Alpine Adriatic archaeological record(s)?  

In order to answer these questions, a series of aims and objectives were devised into physical 

environmental and cultural/archaeological themes. Considering a broad range of topics related to 

chronological ordering, as well as cultural migration and occupational patterns in regional archaeology, the 

thesis focuses on significantly enhancing and connecting previous and new prehistoric archaeological and 

environmental records with new original data. 

 

Environmental aim and objectives 

The first aim of this project was to calculate local sea level at the time of settlement with 

consideration for possibilities for the rapid climate and sea-level change to have impacted on local prehistoric 

populations. This aim was achieved by completing two objectives: 1) to undertake a retrospective 

reconstruction of past sea levels by analysing the existing sea-level data for the Northern Adriatic Sea. This 

data is based on publications with radiocarbon dates from sediment core layers with different environmental 

and geological proxies, as well as from coastal archaeological remains that serve as past sea-level markers 
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(Antonioli et al. 2007; Antonioli et al. 2009; Benjamin et al. 2017; Furlani et al. 2014; Lambeck et al. 2004a; 

Šegota and Filipčić 1991). 2) To reconstruct the local sea-level and environmental changes in Zambratija 

through the analysis of environmental and cultural proxies from core sediments collected during original 

fieldwork in 2017. Selected layers with sea-level proxies were then radiocarbon dated, thereby rendering 

environmental changes apparent in real time. The results, seen in the form of a local sea-level curve and 

transgression model, provided an environmental background for an archaeological interpretation of the site, 

which is rationalised with the cultural aims and objectives. 

 

Cultural aim and objectives 

The second aim was to determine the cultural connections to known prehistoric cultural complexes 

in the Eastern Adriatic and Alpine glacier lake regions, during the time of the Zambratija Bay settlement 

occupation. This aim was achieved by completing three objectives (3–5) concerning the material culture from 

the settlement. Objective 3) was therefore to create a comparative analysis between the previously 

published pottery found in Zambratija Bay (Benjamin et al. 2011a; Koncani Uhač 2009; Koncani Uhač and 

Čuka 2015), and the sites in the Northern Adriatic with comparable pottery styles found in contexts with 

similar radiocarbon date ranges. Objective 4) focused on the results of the underwater archaeological surveys 

conducted during the fieldwork in 2017 and the dendrochronological and xylological analysis of the collected 

piles. The underwater survey was performed on a selected area of the site with more than 20 piles, making 

it possible to discuss potential patterns of pile placement. The piles themselves became comparable objects, 

forming a baseline for the architectural features to be the focus of further study. The dendrochronological 

results also reinforced the results from the radiocarbon determinations. The results of this part of the 

research are visible in the form of a georeferenced photomosaic of the bay including the survey area layered 

over the results from previous preliminary investigations of the site. 

Bringing together the physical environmental and cultural components of Zambratija Bay, a focus is 

then placed on mapping the peak periods of cultural occupation with the evolving coast to better understand 

the human-environmental interactions and relationships. Therefore, the final objective 5) was to integrate 

the 4000 BC Alpine Adriatic reconstructed shoreline and landscape, showing the then-contemporary 

Northern Adriatic sites with Nakovana style pottery and Alpine pile-dwellings. This objective was achieved by 

creating a series of maps of the Northern Adriatic Sea and Alpine glacier lakes region. The maps illustrate 

how the prehistoric sites with identified relevant material culture were contemporary to the Zambratija Bay 

pile-dwelling in its environmental context. This was done by GIS software and the result led to examination 

of the different relationships and prehistoric cultural connections to the Zambratija settlement from around 

Alpine and Adriatic Europe. 
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Objectives 1 and 3 were addressed through a review of published literature. Objectives 2 and 4 

included an interdisciplinary component, where methods traditionally employed by environmental sciences 

(i.e. using sensitive sea-level proxies from radiocarbon dated cultural layers and wood analysis) were used to 

answer archaeological research questions. Objective 5 included results from all previous four objectives by 

combining old and new data into a synthesised visual representation of cultural connections during times of 

rapid climate change, thus providing the study with a map and baseline for archaeological discussion. 

 

Research background 

 

Underwater archaeological research of the 20th century Northern Adriatic Sea, specifically 

concerning the Istrian Peninsula, has primarily focused on shipwrecks and architectural remains from Roman 

antiquity and later periods. This trend started to change at the beginning of the 21st century with the rise of 

global interest in submerged landscapes and prehistory. Benjamin and Bonsall (2009) conducted one of the 

first archaeological studies on the submerged Slovenian coast, which is geographically part of the northern 

Istrian Peninsula, in 2005 (Figure 2) (Benjamin and Bonsall 2009). They were interested in the early and 

middle Holocene sea-level changes and submerged shorelines of the area and performed a diver-based 

survey that resulted in the discovery of archaeological features and artefacts ranging in age from prehistory 

to the nineteenth century. Combining empirical data with local paleo-environmental and sea-level 

reconstructions, they argued that the 6500–5000 BC coastline around Piran Point, which is located seven 

kilometres north of Zambratija Bay lies submerged 10–20 metres below the modern-day sea-level (Benjamin 

and Bonsall 2009:171). 

 

Image removed due to copyright. 

Figure 2 The location of Zambratija Bay (marked with a black star) in relation to Piran Point (Modified after 
Benjamin and Bonsall (2009)). 

 

In 2008, the Croatian Ministry of Culture requested an archaeological prospection of the Zambratija 

Bay and its immediate shore. Archaeologists from the Archaeological Museum of Istria in Pula, Croatia, 

conducted a preliminary survey of the seabed (Koncani Uhač 2008), their task to investigate whether the 

construction works on the elongation of an existing embankment endangered a nearby ancient Roman Villa 

(Bolšec-Ferri 2007:418). The archaeologists then performed an underwater excavation around the existing 

embankment and surveyed the entire bay. During that survey, they found three new underwater 

archaeological sites: a submerged Roman road, the remains of a laced boat from the Bronze Age, and an area 
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with a dense concentration of with wooden piles protruding out of the surrounding seabed (Figure 3) 

(Koncani Uhač 2009; Koncani Uhač and Čuka 2015; Koncani Uhač and Uhač 2012). Due to several factors 

briefly presented in the next few paragraphs (and more thoroughly in Chapters 2, 3 and 4), the site was 

identified as a submerged prehistoric pile-dwelling (Benjamin et al. 2011a; Koncani Uhač 2009; Koncani Uhač 

and Čuka 2015). 

 

Image removed due to copyright. 

Figure 3 A photograph of Unit 1 during the initial 2008 excavation campaign. Image source: Koncani Uhač and Čuka 
(2015). 

 

The site was found at an average depth of 3 m below mean sea-level (MSL). It was initially recognised 

as 34 vertically placed wooden piles which surrounded an area covered with peat approximately 30 x 67 m 

in size (Koncani Uhač 2009:265; Koncani Uhač and Čuka 2015:27). Three underwater archaeological 

campaigns occurred on the presumed settlement between 2008 and 2015, which resulted in the excavation 

of five 1 x 1 m test units. From these units, archaeologists collected samples of ceramic fragments, lithics and 

other stone artefacts, botanical and faunal remains, and wood for identification analysis. Based on the 

typology of the pottery, they came to the conclusion that the fragments belonged to the Terminal Neolithic 

and early Copper Age, a period which roughly covers a timespan between 4000–3000 BC (Benjamin et al. 

2011a:197; Koncani Uhač 2009:266; Koncani Uhač and Čuka 2015:42). 

Preliminary surveys show that the site lies on the outskirts of a natural depression, and that the 

number of marked piles in situ is growing with each survey (currently exceeding 100). A radiocarbon date 

from one of the wooden piles revealed a calibrated age of 4230–4200 and 4170–3980 Cal BC (95% probability, 

2 Sigma, Beta-296187) (Figure 4) connecting the relative chronology of the pottery with its known absolute 

dates (Koncani Uhač and Čuka 2015). 

 

Image removed due to copyright. 

Figure 4 Radiocarbon age report by Beta Analytic Radiocarbon Dating Laboratory of a wooden sample taken from a 
pile in Unit 1 (Koncani Uhač and Čuka 2015). 

 

The presence of peat, wooden piles, and prehistoric pottery indicated an unexpected connection to 

the UNESCO World Heritage listed prehistoric pile-dwellings near Alpine glacier lakes in Austria, France, 

Germany, Italy, Switzerland and Slovenia (Menotti 2015b). This combination of cultural and environmental 

historical circumstance makes Zambratija Bay a significant site for central European and Mediterranean 
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prehistoric archaeology, as well as world heritage. The results presented in this study will impact and provide 

new, interdisciplinary and empirical perspectives to the disciplines of Prehistoric Archaeology of the 

Continental Shelves, Wetland Archaeology and the Climate Change Archaeology. 

 

Geomorphological setting 

Zambratija Bay is located in the Adriatic Sea, which is a small semi-closed sea with a total of 1246 

islands along its eastern (Croatian) border (Duplančić Leder et al. 2004:5) and a large number of shallow 

basins between them (Šegota and Filipčić 1991:150). The most prominent characteristic of the Northern 

Adriatic Sea is its relatively shallow bathymetry, which is influenced by a gently sloping (0.02°) continental 

shelf (Martorelli et al. 2014:175) (Figure 5). 

 

Figure 5 Seabed topography of the Adriatic Basin (Modified after Scripps Institute of Oceanography, University of 
California San Diego Global Topography interactive map1). 

 

In the past, these characteristics enhanced the role of other environment-changing local factors, such 

as sedimentation deposited by the river Po at the northernmost end of the basin (Martorelli et al. 2014:177). 

Given these factors, the changes in sea-level resulted in site-specific impacts on the landscape and its 

inhabitants on both a regional and local scale. The sea-level rise along the Adriatic coast was rapid, with a 

mean rate of 10 mm/yr until about 5000 BC (Benjamin et al. 2017:14), after which it slowly progressed to its 

current elevation. According to calculations based on a large number of past sea-level markers, the Relative 

 
1 https://topex.ucsd.edu/WWW_html/mar_topo.html 

https://topex.ucsd.edu/WWW_html/mar_topo.html
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Sea-Level (RSL) here changed at up to -2.08±0.60 m over the past 2000 years (Antonioli et al. 2007; Antonioli 

et al. 2009). The sea-level change data accumulated from archaeological markers can serve as a good 

indicator of the mean rate for the 5000-year-long gap between the 5000 BC mark and classical Roman 

antiquity.  

One of the most evident characteristics of the Zambratija site is that its settlement was submerged 

over time due to the post-glacial marine transgression. The Holocene, or the post-glacial epoch, started 

approximately 9650 BC, and is ongoing. Early and Middle Holocene were periods in which cultural changes 

were significantly influenced by those in the environment, therefore making them archaeologically 

interesting for investigating the dynamics between climate change and human adaptations to relatively fast-

changing natural surroundings (Van de Noort 2011). Post-glacial Holocene marine transgression and 

landscape evolution and their impact on prehistoric coastal societies has been a growing topic in the 

archaeological community for the last decade, particularly the study of prehistoric archaeology of the 

continental shelves (Bailey and Flemming 2008; Bailey et al. 2017b; Benjamin et al. 2011a; Flatman and Evans 

2014; Flemming et al. 2017). The origin of the development of the discipline can be traced back to the 1981 

interdisciplinary Symposium on Quaternary coastlines and Prehistoric archaeology (Masters and Flemming 

1983b). Since its beginning, the prehistoric archaeology of the continental shelves has been a collaborative 

science which included a number of different, equally important and cross-referential methods and 

approaches, most often as a combination of archaeology, geology, oceanography and environmental 

sciences (Bailey et al. 2017b; Flatman and Evans 2014; Masters and Flemming 1983b). Known today under 

several terms, such as Archaeology of the Continental Shelves (Bailey and Flemming 2008) or Submerged 

Prehistory (Benjamin et al. 2011b), it developed in many different directions (Bailey et al. 2017b; Benjamin 

et al. 2011b; Evans et al. 2014), resulting in the systematic and cross-referenced worldwide examination of 

submerged landscapes. 

 

Archaeological setting 

The radiocarbon date from Zambratija, was produced from a sample that was collected at a depth of 

3 m below MSL (Koncani Uhač 2009:266; Koncani Uhač and Čuka 2015:28). This confirmed that the age of 

the site alone indicated a considerable significance, as it was an unusually early radiocarbon date for a pile-

dwelling (Menotti 2015b:25) (Figure 6), but also for being associated with the cultural transition from the 

late Neolithic to the Early Copper Age. All of which was found on the submerged seabed of the Adriatic Sea. 

A part of the ceramic assemblage from Zambratija belongs to the Nakovana cultural style of pottery, which 

was named after the Nakovana coastal cave on the Pelješac Peninsula in Southern Croatia (Forenbaher 1999–

2000; Forenbaher and Kaiser 2003; Koncani Uhač and Čuka 2015). The 4230–3980 BC date and the typological 

characteristics of the found ceramics, placed Zambratija around the middle of the Nakovana cave 
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radiocarbon dates, where the oldest was determined to have been circa 5000 BC and the youngest 3200 BC 

(Forenbaher et al. 2013:592). The Early Copper Age in the Eastern Adriatic is poorly understood as compared 

with other post-Mesolithic periods. This is principally due to the fact that the Early Copper Age was mostly 

defined by specific styles of pottery, without many reliable radiocarbon dates. This led to difficulties in the 

attempts to establish a more precise definition if the transition, because the pottery styles of the Early Copper 

Age are similar to those of the Late Neolithic. As for the Eastern Adriatic coast in these periods, pottery shapes 

and decorations are often classified as Nakovana culture, which is, rarely present in the Northern Adriatic 

(Forenbaher et al. 2013). 

 

Image removed due to copyright. 

Figure 6 A simplified Alpine pile-dwelling phenomenon timeline interrupted with occupational hiatuses and the 
Zambratija radiocarbon date range (marked with a black star). Image source: Menotti (2015b) modified by K. Jerbić. 

 

Forenbaher et al. (2013) collected data from known excavations and synthesised them in a table and 

a map (Figure 7), providing a valuable and critically evaluated source for radiocarbon dates which are 

associated with material culture. In Istria, only five radiocarbon dates (Figure 7:3–7) are known to be 

associated with layers containing Copper Age ceramics, and two of those come from unreliable contexts. The 

three remaining samples come from Novačka cave (Figure 7:4), which provided two dates, and a single date 

from Pupićina cave (Figure 7:5). 

 

Image removed due to copyright. 

Figure 7 A map by Forenbaher et al. (2013) showing the radiocarbon dated Eastern Adriatic Neolithic open-air 
(white) and cave sites (black). 

 

The Novačka cave ceramics, which was also attributed to the Early Copper Age Nakovana style, falls 

around 3900 BC. The ceramics attributed to the Late Copper Age-Early Bronze Age transitional period, known 

as Cetina style from Pupićina cave, was found in stratigraphic layers dated to around 2500 BC (Forenbaher et 

al. 2013). 

Koncani and Čuka (2015) provide a recent overview of a selected collection of Nakovana style pottery 

as well as other known prehistoric cultural complexes found in Zambratija (Chapter 2), and in combination 

with the radiocarbon date, concluded that the settlement was most active at circa 4200 BC, which is mostly 

known as the beginning of the Copper Age (Koncani Uhač and Čuka 2015). Considering these chronological 

and regional contexts, it seems that Zambratija represents either a multilayered settlement or one that has 
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been used intermittently through multiple periods, starting as early as Late Neolithic, and ending in the Late 

Bronze Age (Koncani Uhač and Čuka 2015). According to the Forenbaher et al. (2013) study, the latest known 

Neolithic dates in the Eastern Adriatic fall around 4000 BC, and the Early Copper Age dates are spread through 

the entire span of the fourth millennium BC, with Nakovana pottery appearing between 4000 and 3500 BC. 

Therefore, by synthesising all reliable recent peer-reviewed sources it is possible to conclude that, even 

though the transition from the Neolithic to the Copper Age on the Eastern Adriatic coast is still obscure, it 

most likely happened at the beginning of the fourth millennium BC (Forenbaher 1999–2000:375; Forenbaher 

et al. 2013:604). This consequently suggests that the radiocarbon date from Zambratija indicates the 

potential for the evidence from Zambratija to contribute to these discussions. 

The peat found on site is an organic material deposited in a brackish wetland environment, therefore 

indicating a freshwater type of landscape prior to sea-level rise (Roberts 1998). The phenomenon of building 

architecture in and around lacustrine environments started in the Neolithic period approximately 4300 BC 

and was in use until 700 BC (Menotti 2004a:210), and its origins most likely lie in the Mediterranean region 

(Menotti 2004b:2). This assumption is based on the finds of the tetraploid naked wheat or ‘lake-dwelling 

wheat’, on Early Neolithic sites in Spain, and Italy (Menotti 2004b:2). The discovery and study of the pile-

dwellings in the Alps in the 19th century represent the historically significant start of underwater 

archaeological explorations (Hafner 2004; Menotti 2015b). The preliminary date from Zambratija makes it 

seem like this is one of the earliest prehistoric representatives of people living in a pile-dwelling settlement, 

with an additional distinctive possibility of being a maritime outpost of a traditionally lacustrine type of 

settlement, compared to the Alpine sites. The case of Zambratija therefore calls for additional radiometric 

and dendrochronological dates, as well as a palaeoenvironmental study, all of which was performed during 

this research and demonstrated in the following chapters. The new data will help determine the nature of 

the settlement, its inhabitants and their interaction with the fast-changing environment and neighbouring 

cultural groups. 

Submerged marine Prehistoric pile-dwelling settlements have yet to be found or studied in the 

Adriatic coastal region. Neolithic and Copper Age occupational sites in the Adriatic are well known, however 

most commonly in the form of caves (Čuka 2009; Jerbić Percan 2011; Komšo 2008), or occasionally as open 

air sites (Komšo 2004, 2007). In the Bronze Age, occupational sites have transformed to hillforts, with 

sporadic finds in caves (Buršić-Matijašić 2012; Buršić-Matijašić and Žerić 2013; Čuka 2009; Hänsel et al. 2005). 

The closest freshwater pile-dwellings to Zambratija Bay are on the lakes in Italy (Marzatico 2004), Austria 

(Ruttkay et al. 2004) and the Slovenian marshlands to the north-west (Velušček 2004), and on the southeast 

Cetina (Marović 2002:234; Milošević 1999; Smith et al. 2006:172-173) and northeast Sava rivers (Marović 

2002:234; Potrebica 2003:217). In order to address the role of Zambratija Bay in the context of coastal 

settlement patterns of the Late Neolithic/Early Copper Age Adriatic, and culturally connect the settlement to 

the Alpine pile-dwellings, it is necessary to put this site onto a geographical and cultural map of the 4000 BC 
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map of the Istrian Peninsula and its hinterland, starting with an overview of material culture and other 

archaeologically significant data collected in Zambratija Bay so far. 

 

 A brief history of Croatian archaeology and the first attempts of sea-level research 

 

The Istrian Peninsula is today a part of Croatia, and the preliminary research was conducted by 

Croatian institutions and archaeologists under the administration of the Croatian Ministry of Culture. 

Therefore, this research was conducted and executed under the historical and cultural legacy of Croatian 

archaeological scholarly and scientific work. The territory of modern Croatia was a part of many different 

cultural circles and influences throughout history, which were all developed through centuries of migrations 

and socio-economic and political situations. This thesis is debating a part of prehistory where the ethnic 

background of the populations is unknown and does not represent a relevant factor in the archaeological 

discussion. As other prehistoric sites worldwide, the scientific advantage of Zambratija is that it represents a 

historically significant example relevant for the understanding of a human population’s adaptation to their 

surroundings on a global scale. Nevertheless, it is important to understand the complexity of the region and 

the historical background of the people and institutions with an interest in local archaeology in recent history, 

and are considered, in one way or another, pioneers in the field. Therefore, a very short overview of the 

developments concerning cultural heritage and archaeology with a highlight on the history of sea-level 

research relevant to modern Croatia is presented here not only as a historical background, but also as a 

critical reflection. 

 

The beginnings of archaeological scholarly work and cultural heritage management in Croatia 

Archaeology has been an object of scientific interest for more than a century in Croatia, often 

following the contemporary European archaeological scholarly trends and topics. A famous example is 

Dragutin Gorjanović Kramberger (1856–1936), who used stratigraphy, X-ray technology and fluorine content 

as his scientific methods while researching the Neanderthal site in Krapina (Novaković 2011). However, the 

interest in human remains and past civilisations and behaviour in these territories has been an interest of 

previous scholars and explorers, and can be traced back to the 18th century, with the Italian scientist 

Vitaliano Donati of Padova (Donati 1750). He wrote about the coastal geology of the Adriatic in 1750, and 

was one of the very first people to notice the phenomenon of submerged architectural remains in the seas 

around Pula, Istria (Petrić 2001). One of the many historically crucial moments in history of this land was 

marked by the fact that in the times of the early Roman administration, the Istrian peninsula was a part of 

the X Italian region (Veneto et Histria), and the coastal towns were holding important roles as harbours. 



 

12 

Today’s Dalmatian coast, the province Dalmatia in Latin (Novaković 2011), served as a gateway to the inner 

parts of the empire, and many coastal towns that were formed in these areas are still living today, in many 

cases holding the same names, 2000 years later. Therefore, the earliest attempts to protect cultural heritage 

were in these areas, because of the many visible architectural remains of the Roman times. In 1802, the first 

collection of monuments from the Roman period was formed in the Temple of Augustus in Pula, and in 1820, 

the Archaeological Museum was opened in Split (Novaković 2011). The first archaeological courses in Croatia 

were held at the University of Zagreb in 1878 by Isidor Kršnjavi, which led to the formation of  discipline-

specific curriculum in 1896 with Dr Josip Brunšmid as chair, and the second archaeological programme was 

started in Zadar, in 1957 (Novaković 2011). Both developed into well-established archaeology departments 

that are still active and evolving today. Also, 1878 saw the establishment of the Croatian Archaeological 

Society, and the first publication of the archaeological bulletin at the Archaeological Museum of Split. The 

following year, the Archaeological Society published their first issue, and one of the papers discussed ancient 

Roman anchors (Ljubić 1879). These examples represent only a few of the many cases where archaeology 

was recognised as cultural heritage. It all cumulated under the Austro-Hungarian administration, with the 

establishment of the Public Heritage Protection  Service in Zagreb, which was under the auspices of the 

Ministry of Culture, and was spread around the Croatian territory under 20 regional branches with 

professional archaeologists (Novaković 2011) (Figure 8). 

 

Image removed due to copyright. 

Figure 8 A map of Croatia showing the 20 current Public Heritage Protection Service branches under the auspices of 
the Ministry of Culture (Modified after Wievegh (2010)). 

 

 

First attempts at reconstructing past sea levels 

The phenomenon of sea-level change was noticed back in the 18th century with Vitaliano Donati 

(Donati 1750), and was followed by Alberto Fortis (Fortis 1774), who noticed similarities in the submerged 

architectural remains across the Dalmatian coast. In 1901, the Istrian conservator Anton Gnirs talked about 

the submerged parts of a Roman Villa Rustica. He was fascinated with the sea-level phenomenon and 

synthesised it in a study of archaeological sea-level markers throughout the entire Eastern Adriatic coast 

(Gnirs 1908; Petrić 2001). Together with the work of geologist Nikola Andrijašević (Andrijašević 1910), who 

also noticed the connection between the submerged architectural remains and the environmental changes, 

represent the first scientific studies of sea-level change in Croatia (Petrić 2001; Radić Rossi 2012a; Vilibić et 

al. 2017). Even though the earliest mentions of diving and salvage of wrecked ship cargo can be traced back 

to the fifteenth century, the  first attempt of  formal underwater archaeological investigations in Croatia were 
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held by Don Frane Bulić (Bulić 1899; Bulić 1900) in the waters off Kaštela Bay in the village of Vranjic in 1899 

(Petrić 2001; Radić Rossi 2008, 2012a). There, a number of ancient Roman sarcophagi were found on the 

seabed, which  were documented by archaeologists (Figure 9)  with the help of hired professional divers 

(Petrić 2001; Radić Rossi 2012a). 

 

Image removed due to copyright. 

Figure 9 Original drawings from 1899 of the submerged Roman sarcophagi by Frane Bulić. Image source: Petrić 
(2001). 

 

 

Local development of maritime archaeology as an academic discipline 

The interest in underwater archaeology was scarce, but present and contemporary with the 

archaeological literature of the 20th century. In 1953, Mladen Nikolanci talks about artefacts and heritage 

found in the waters of Dalmatia (Nikolanci 1953). Later, in 1968, the Conference on Underwater Archaeology 

Problems was held in Zagreb, and the term hydroarchaeology was introduced to the Croatian archaeological 

community by Štefan Mlakar (Radić Rossi 2012b). In 1970, Nenad Cambi published “A Handbook for 

Hydroarchaeological exploration”, as a handbook for divers (Cambi 1970). In 1972, Ivan Mirnik writes about 

“The first hydroarchaeological notes” in Croatia in the magazine for fishing and marine sports “More” (Eng. 

“The Sea”) (Mirnik 1972), and in 1973 Ksenija Radulić discusses the “Problems in our hydroarchaeology” 

(Radić Rossi 2012b). These early attempts of defining underwater archaeology, as well as the first 

investigations was noticed even by Keith Muckelroy (1974) who states “…considerable progress has been 

made in Yugoslavian waters since 1969, when a well-regulated system was established based on ‘working 

teams’ in every major coastal town by the Office for the Protection of Monuments (Zagreb)…”, admirably 

citing the non-translated work of Dasen Vrsalović from 1974 (Figure 10) (Muckelroy 1978). 

 

Figure 10 Keith Muckelroy citing Dasen Vrsalović in his book Maritime Archaeology (1978) (Photo: K. Jerbić). 

 

Vrsalović in 1979 writes his doctoral thesis on the topic of underwater archaeological investigations 

of the Eastern Adriatic, as a contribution to the trade paths and economic circumstances of the Classical 

Antiquity Adriatic Sea, synthesising the development of underwater archaeology in Croatia from the 1950s 
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up to that point (Petrić 2001; Radić Rossi 2012b). Vrsalović died at the age of 53 in 1981, as he was carrying 

the honourable position of President of the Croatian Archaeological Society. His dissertation was published 

post mortem as a book in 2011 (Vrsalović 2011). After many years of underwater archaeological 

investigations, the survival of the global crisis of the identity of underwater archaeology in the 1980s (Radić 

Rossi 2012b), and the unfortunate political events in the 1990s, Croatia ratified the 2001 UNESCO Convention 

on the Protection of the Underwater Cultural Heritage on December 1 2004 (Rodrigues 2005). 

 

There is archaeology under the shipwrecks 

Even though sea-level change was an interest amongst local scholars over the last century, few 

contemporary underwater archaeologists took notice of the topic. That has started to change, and the new 

trend can be traced to the underwater prehistoric archaeological sites that emerged in the last decade (Bekić 

2017; Bekić et al. 2011; Bekić et al. 2015; Benjamin et al. 2011a; Benjamin and Črešnar 2009; Čelhar et al. 

2017). New literature and interdisciplinary international trends concerning submerged prehistoric 

landscapes and other topics related to the archaeology of the continental shelves have also influenced these 

changes. While the topic has been noticed in Croatia, an organised large-scale research is still to be 

undertaken (Bekić et al. 2015; Benjamin et al. 2011a; Čelhar et al. 2017; Koncani Uhač 2009; Radić Rossi 2008, 

2012a; Radić Rossi and Cukrov 2017).  

This thesis provides a timely and valuable contribution to the regional records and debates and serve 

to open this under-represented focus of underwater exploration in the Eastern Adriatic. There remain 

considerable gaps in knowledge however, it is an intention of this thesis that the research in Zambratija will 

be held as a positive example of multidisciplinary international scientific collaboration and an original 

contribution to central European and submerged landscape archaeology. It is the author’s intention that this 

will be the first of many such sites to be systematically studied and brought to light to both the local and 

international research communities. Zambratija represents an exceptional opportunity to investigate past 

human interactions with fast-changing environments, and, more specifically, cultural adaptation pathways 

to the Early Holocene climate and sea-level variations. Taking into consideration the preliminary research 

results (Chapter 2), local environmental history (Chapter 3) and known cultural occurrences around the time 

of the settlement’s occupation (Chapter 4), this thesis considers a combination of archaeological disciplines 

and theories relevant to the site (Chapter 5) as a research framework to select a set of appropriate 

interdisciplinary methods (Chapter 6). The results of these methods (Chapter 7) were then used as a tool to 

answer archaeological questions significant for the understanding of past and present relationships between 

cultures and the environment (Chapter 8), contributing scientific value to submerged archaeology with 

Zambratija Bay as a case study, making it an equal participant in contemporary climate change debates 

(Chapter 9). 
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CHAPTER 2: A HISTORY OF RESEARCH IN ZAMBRATIJA BAY 2008–2015 

 

 

The unusually dense concentration and the diversity of underwater and terrestrial sites found in and 

around Zambratija Bay has prompted several investigation campaigns from the site’s discovery in 2008 to 

the last excavations by the Archaeological Museum of Istria in Pula (AMI) in 2015. As an employee of AMI’s 

Prehistory Department between 2012 and 2014, and in 2015 as a contracted diver-archaeologist and 

archaeological illustrator, the author participated in some of these investigations2 (Figure 11). 

 

Figure 11 The author diving on the submerged prehistoric site in Zambratija Bay during the 2014 archaeological 
investigations (Photo: I. Koncani Uhač). 

 
2 This involvement offered an empirical perspective on the complexity and significance, as well as to the probable 
theoretical, methodological and financial limitations of possible further investigations of the site. The museum 
experience and access to the original data presented below, led to the initial development of the project and served as 
the fieldwork guidelines and research framework building blocks of this thesis, which was commenced in March 2016 
at Flinders University in Adelaide, South Australia. 
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Data presented in this chapter with permission from all the collaborators, is organised here as a guide 

through all the known archaeologically significant aspects of the site, starting with the site discovery and the 

timeline of all investigations prior to the commencement of the research for the purposes of this thesis. It is 

based on the documents, photographs and fieldwork diaries made available to the author by personal 

communication, as well as the most recent publication by Koncani Uhač and Čuka (2015) which focused on 

the pottery obtained on site during the investigations between 2008 and 2015. The first segment of this 

chapter will show all the visual representations of the bay as well as the results of the radiocarbon dating 

analysis. After that, an overview of the typologically determined pottery found on site will serve as a guideline 

for the segment following afterword, which will be an overview of the stratigraphical contexts from the 

seabed surface and the five excavated units. The data presented below will later be combined in the 

discussion with the results from new fieldwork and laboratory analyses collected for the purposes of the 

thesis. 

 

Site discovery 

 

In the fishing village of Zambratija, in Zambratija Bay near Umag on the northern Croatian Adriatic 

coast, construction works on the elongation of the existing port embankment during 2008 endangered the 

nearby ancient coastal Roman Villa. Following current Croatian cultural heritage legislation and procedures, 

the local branch of the Croatian Ministry of Culture in Pula (KOPU), covering the territory of the Istrian 

Peninsula (marked as KOPU on Figure 8) requested an archaeological prospection of the bay and its 

immediate shore before the continuation of the construction works. Since the villa was located on the 

foreshore and endangered by tidal movement, the Ministry also requested an underwater archaeological 

survey of the bay, a task appointed to the nearest established underwater archaeological team working for 

the Archaeological Museum of Istria in Pula. With the help of Mr Christian Petretich, an amateur SCUBA diver 

familiar with the local history and folklore, the archaeologists performed an underwater excavation around 

the embankment area and surveyed the entire bay, where they found a submerged Roman embankment, 

the remains of a Bronze Age boat built in a laced technique, and an area covered in peat with wooden piles 

that protruded from the surrounding seabed (Koncani Uhač 2009:267; Koncani Uhač and Uhač 2012:534). 

Underwater archaeological investigations started immediately after the site’s discovery in September 2008. 

Since there were two more underwater sites recognised in the bay, the initial archaeological campaign was 

an investigation of all three sites, resulting in the excavation of six units and a small collection of finds from 

the seabed (Koncani Uhač 2008, 2009). Unit number 6 was excavated inside the submerged settlement in a 

location with a high concentration of wooden piles, revealing an undisturbed cultural layer containing 

prehistoric pottery, superimposed by a layer of peat and wood. The first site survey (Appendix I) was also 
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conducted in 2008, documenting all the excavated units, peat platform and 34 wooden piles protruding from 

the seabed on the north-western ridges of what was later identified as a submerged karstic sinkhole 

(Benjamin et al. 2011a:195; Koncani Uhač 2008:397, 2009:265). Although this unit was initially marked with 

the number 6, a more recent publication dedicated to the analysis of the pottery found on the site refers to 

it as Unit 1 of the submerged prehistoric settlement (Koncani Uhač and Čuka 2015), a convention continued 

in this thesis (Figure 12). 

 

Image removed due to copyright. 

Figure 12 The position of the peat platform (6) and units (1–5) excavated on the submerged prehistoric pile-dwelling 
in Zambratija Bay between 2008 and 2015. The green dots indicate clusters of georeferenced piles protruding from 
the seabed. The 2001 attribution to Unit 2 is a typing mistake (Image: Koncani Uhač and Čuka 2015). 

 

One wooden pile was completely excavated from Unit 1, revealing traces of wood shaping 

technology, with a tapered base to allow for ease of placement into the natural ground (Figure 13). As seen 

in Figure 15, the deteriorated end on the left was protruding from the seabed, while the end on the right still 

has visible traces of wood technology where it has been sharpened in order to be pushed into the sediment. 

The pile was then stored in the AMI laboratory until 2011, when a small sample taken from its surface was 

sent for radiocarbon dating, revealing an age of 5260 ± 30 BP, calibrated to 4230–3980 Cal BC (Beta-296187) 

(Figure 14) (Koncani Uhač and Čuka 2015:28). 

 

Image removed due to copyright. 

Figure 13 A wooden pile taken from the seabed in Unit 1 (Photo: M. Čuka). 

 

 

 

Figure 14 The initial radiocarbon date from Zambratija Bay (Koncani Uhač and Čuka 2015). 

 

Further excavations and surveys followed in 2011, for the purposes of defining and marking more 

piles (Figure 12 in green) as well as determining the outer limitations of the settlement. Unit 2 (Figure 12:2) 

Lab 
Reference 

Uncalibrated 
14C Age 

Calibrated Age Probability Location Year Sample 
description 

Beta-296187 5260 ± 30 BP 4230–3980 Cal BC 95% Unit 1, Layer 
02 

2008 Wood 
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was positioned on the western edges of the submerged sinkhole and the peat platform, and it did not contain 

any determinable archaeological remains. In 2012, as requested by AMI, an underwater surveying company 

(Harpha Sea d.o.o. from Koper, Slovenia), conducted a bathymetric survey of the bay (Figure 15).  The 

hydrographic survey resulted in a recorded relief of the seabed with its elevations across the bay, providing 

the data necessary to reconstruct Zambratija’s submerged paleo-landscape (Koncani Uhač and Čuka 

2015:30). A submerged karstic sinkhole was clearly recognisable in this data. The hydrographic data was later 

overlayed with the geodetic survey revealing the previously recorded wooden piles, which were clearly 

located around the outer, elevated edges of the submerged feature. 

The last archaeological excavation campaign at the Zambratija submerged settlement, before the 

research undertaken for the purposes of the present study, took place in 2014, when three more units (Unit 

3, 4 and 5) (Figure 12:3, 4, 5) were excavated on different parts of the submerged sinkhole to further 

determine the site’s archaeological and environmental stratigraphy, as well as to record additional piles. This 

was also the year when the author participated in the archaeological research of the site. Out of the three 

units, only the layers from Unit 5 contained typologically determinable archaeological remains (Koncani Uhač 

and Čuka 2015:33). 

 

Image removed due to copyright. 

Figure 15 A bathymetric image of Zambratija Bay showing the submerged relief. The square marks the position of the 
Roman Villa and the embankment, which were the initial reason for an archaeological prospection of the bay. The 
circle marks the position of the submerged karstic sinkhole. Image used and modified by the author with permission 
from the Archaeological Museum of Istria in Pula (AMI). 

 

During the time between 2008 and 2015, additional archaeological investigations were conducted 

with a focus on the other two underwater sites found in Zambratija Bay. The remains of a Bronze Age wooden 

boat (Figure 16) were documented and investigated in multiple occasions between 2008 and 2013 (Boetto 

et al. 2015; Koncani Uhač et al. 2017a; Koncani Uhač and Uhač 2012), eventually resulting in an exhibition 

(Koncani Uhač et al. 2017a) and a partial reconstruction of the boat. Two units were excavated on the sides 

of the submerged Roman road in 2015 (Figure 17). During that campaign, all three sites were documented 

with drone aerial photographs which resulted with a photomosaic of the bay (Figure 18). 

 

Image removed due to copyright. 

Figure 16 The Bronze Age boat found in Zambratija Bay (Photo: AMI). 
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Image removed due to copyright. 

Figure 17 Submerged roman road located in the near vicinity of the submerged prehistoric site in Zambratija Bay 
(Photo: I. Koncani Uhač). 

 

 

Figure 18 A photomosaic of the underwater archaeological sites in Zambratija Bay: Bronze Age boat (1), Roman 
Road (2) and peat platform (3). (Photo: J. Benjamin, modified by K. Jerbić).  

 

As presented above, the 2008–2015 surveys conducted on the site led to three different sets of 

data—a bathymetric map (Figure 15), georeferenced positions of archaeological and environmental features 

(Appendix I), and aerial photographs with which to create a photomosaic (Figure 18). For the purposes of 

this thesis, these datasets have been digitally overlayed to complement and cross-reference each other. The 

results were then used to better understand the geomorphological and environmental properties of the bay, 

and as a spatial reference for all excavated units, marked wooden piles and the peat platform. These datasets 

and the published archaeological material culture from the site, presented in the next section, form the 

foundational data of this thesis. 
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Artefact typology and comparative age determinations 

 

A total of 727 ceramic fragments were collected from around the site and in archaeological units, all 

showing typological resemblance to already known prehistoric fragments in the Istrian region, out of which 

294 were determined as parts of vessels, such as rims and handles (Koncani Uhač and Čuka 2015:35). Out of 

those 294, 29 fragments were recognised as material culture attributed and compared to known prehistoric 

complexes in the Istrian Peninsula, ranging from the Late Neolithic/Early Copper Age to the Bronze Age 

(Koncani Uhač and Čuka 2015). The age of material culture determined here was presumed by comparative 

correlation of the Zambratija fragments to typological similarities found at other archaeological sites, where 

stratigraphically closed contexts and reliable radiocarbon determinations provided dates. These correlations 

were drawn through a review of literature regarding archaeological research on the Istrian Peninsula. 

According to the researched literature, the Late Neolithic/Early Copper Age–Bronze Age range on the Istrian 

Peninsula covers a timespan between 4252 Cal BC (Forenbaher et al. 2013:592; Jerbić Percan 2011:7) and 

901 Cal BC (Hänsel et al. 2005:22). Although representing a large 3000-year timeframe, a part of the 

Zambratija ceramic assemblage from contextualised layers in units 1 and 5 show a resemblance to a 

recognisable style called Nakovana-style, discussed in more detail in Chapter 4, which in the Eastern Adriatic 

represents the end of Neolithic and the start of Early Copper Age (Forenbaher 1999–2000). On the Istrian 

Peninsula, Nakovana-style pottery is found in contextualised layers covering a radiocarbon age range 

between 4252–4048 and 3959–3797 Cal BC (Forenbaher et al. 2013:592). Together with the 4230–3980 Cal 

BC radiocarbon date from Zambratija, the Nakovana-style ceramics set the beginning of occupation of the 

submerged settlement to the Early Copper Age. 

Other traces of material culture, such as 45 knapped flint tools excavated from Unit 5 (Koncani Uhač 

et al. 2017b) (Figure 19), and stone artefacts such as grinding stones and whetstones scattered around the 

seabed (Koncani Uhač and Čuka 2015:33) (Figure 20) were also documented, but have not yet been 

published3. Other types of archaeologically significant finds included terrestrial and aquatic faunal bones, and 

botanical remains, which have also not yet been analysed in more detail (Koncani Uhač and Čuka 2015:28; 

Koncani Uhač et al. 2017b). 

 
3 The typological determinations presented in the thesis were obtained through personal communication with Darko 
Komšo, and have so far only been published as a part of a conference poster by Koncani Uhač, I., K. Jerbić, M. Čuka and 
D. Komšo 2017b Investgating Prehistory - A Multidimensional Approach to a Submerged Prehistoric Site in Croatia. 
Nicosia, Cyprus. 
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Figure 19 A chert scraper (left) and blade (right) found in Unit 5 Layer 02 (Photos: M. Čuka, modified by K. Jerbić). 

 

 

 

Figure 20 A fragment of a grinding stone on the seabed in Zambratija Bay (Photo: J. Benjamin) 

  

The ceramic fragments are presented here as photographs and as drawings. In the section below 

which is describing the typological characteristics, such as surface rendering (polished, brushed or plain), 

colour and decoration, fragments are presented as photographs. In the following section, which is describing 

the stratigraphic contexts, the fragments are presented as drawings, in order to include them in the drawings 

of the stratigraphical contexts later in the chapter. 
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General Neolithic to Bronze Age determination 1: Brushed surface ceramics 

A total of 13 determinable fragments of the Zambratija pottery assemblage is decorated or stylised 

with brushed surface decoration on the outer and/or inner side of the wall (Figure 21).Three were a part of 

the surface find assemblage (Figure 21:1–3), five were found in Layer 02 of Unit 1 (Figure 21:4–8) and five 

were found in Layer 02 of Unit 5 (Figure 21:9–13). The intensity of the surface brushing technique varies from 

sherds with a dense or sparse distribution of ‘streaked’ lines, ranging from those more firmly impressed and 

clearly visible to those that can hardly be seen. The pottery fabrication contains visible specks of quartzite 

and the brush strokes are irregular in their density and the force of surface impression. The impressions 

appear to have been executed with a brush or an object that could leave a similar trace. This style of surface 

treatment is often described as resembling wicker baskets (Buršić-Matijašić 1994:251). Out of the 13 

fragments, eight are overlaid with further decorations, effectively making the brushed surface a background 

(Figure 21:1, 3, 4, 8, 9, 11–13), which is a regular stylistic addition to brushed surface ceramics on other 

known sites (Buršić-Matijašić 1994:247). 

 

Figure 21 Brushed surface pottery found in Zambratija Bay from the seabed surface (1–3), Layer 02 in Unit 1 (4–8) 
and Layer 02 in Unit 5 (9–13) (Modified after Koncani Uhač and Čuka (2015)). 
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In Istria, comparable brushed surface ceramic fragments similar to those from Zambratija were also 

found in Jačmica (Jerbić Percan 2011), and Srbani (Čuka 2009) caves, as well as the open-air site of Sveti 

Mihovil (Zlatunić 2007) where they have been attributed to a range of prehistoric periods from the Neolithic 

to the Middle Bronze Age. The lack of presence in the periods following the Middel Bronze Age makes 

brushed surface ceramics a low resolution, but certain indicator of prehistory in stratigraphic contexts 

(Buršić-Matijašić 1994). 

 

General Neolithic to Early Bronze Age determination 2: Ceramic funnels with perforated walls 

 

The pottery assemblage included several dark grey and black funnels with perforated walls, identified 

as strainers or sieves (Figure 22). These fragments were found in Unit 1, Layer 02 (Figure 22:1, 2), and Unit 

5, Layers 01 (Figure 22:3) and 02 (Figure 22:4, 5). 

 

Figure 22 Fragments of black and dark grey ceramic funnels with perforated walls from Layer 02 in Unit 1 (1, 2), Layer 
01 in Unit 5 (3) and Layer 02 in Unit 5 (4, 5). Fragments 4 and 5 were a part of the same vessel, which can be visible in 
the drawing presented on Figure 37:7 (Modified after Koncani Uhač and Čuka (2015)). 

 

The strainers are considered as parts of sets for milk processing for making cheese, and/or for 

straining beverages produced by soaking and fermenting grains, fruit or milk (Evershed et al. 2008; McClure 
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et al. 2018:2). Similar strainers were also found locally in the Neolithic layers of the Laganiši cave, in Middle 

and Late Bronze Age context of the Vaganačka cave (Koncani Uhač and Čuka 2015) and at Sveti Mihovil 

(Zlatunić 2007, 2008), where they were dated to the Bronze Age. The nature of the strainers and association 

with the process of making cheese (McClure et al. 2018:2) and beverages, together with the finds of grinding 

stones and whetstones indicates the nature of the site being closely connected with the domestication and 

use of plants (Hamon 2008) and animals (Evershed et al. 2008). 

 

General determination to prehistory with probable attribution to Early Copper Age: Ceramic spindle 
whorls 

Four round, flat ceramic circular objects with a hole in the middle were identified as spindle whorls 

(Figure 23), which were most likely parts of spindles that served to achieve fast and stable rotation in the 

process of textile production (Barber 1992:51; Hulina et al. 2011:152). Two were found on the seabed surface 

(Figure 23:1, 2), and two in Unit 5 (Figure 23:3, 4). Comparable fragments were found on the Javorika-

Gromače open-air site (Vitasović 1999), Laganiši cave (Komšo 2008) and Pupićina cave (Forenbaher and 

Kaiser 2006; Hulina et al. 2011:150), where they unfortunately all appear in disturbed layers ranging from 

the Early Copper Age to the Bronze Age. However, spindle whirls were found in contexts containing the Early 

Copper Age Nakovana-style ceramics (see below) in Vela spila on Korčula island in southern Dalmatia (Čečuk 

and Radić 2005:227). 

 

Figure 23 Ceramic spindle whorls found in Zambratija Bay on the seabed (1, 2) and in Unit 5 (3, 4) (Modified after 
Koncani Uhač and Čuka (2015)). 

 

Late Neolithic/Early Copper Age determination: Nakovana-style 

Amongst the typologically identifiable pieces found on the seabed surface, as well as in 

contextualised layers of Unit 1 and Unit 5 (Figure 24), were three decorative and three functional fragments 

attributed to the Nakovana-style pottery with comparable fragments found in layers containing ceramics 
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from the Neolithic to the Bronze Age in Istria. The presumed origins and development of the Nakovana-style 

pottery, which is a Late Neolithic/Early Copper Age cultural complex found on the Eastern Adriatic 

(Forenbaher 1999–2000), will be discussed further in depth in Chapter 4. The decorative fragments consist 

of black bowls with a polished, shiny surface whose preserved shape lines indicated rounded bellies, slightly 

constricted necks and flared rims. Their outer wall surfaces were decorated with very discrete and 

sophisticated vertical channelled lines that vary in length and width (Figure 24:1–3). The fragments with 

functional typological determination consist of sub-surface lugs (Figure 24:4–6). Both of these stylistic and 

functional characteristics are well-known Nakovana-style features that have been found in contextualised 

Early Copper Age layers across the Eastern Adriatic, including Istria (Forenbaher 1999–2000:373). 

 

Figure 24 Ceramic fragments from Zambratija determined as Nakovana-style pottery from the seabed surface (1), 
Layer 02 in Unit 1 (2, 3) and Layers 01 (4,5)  and 02 (6) in Unit 5 (Modified after Koncani Uhač and Čuka (2015)). 

 

In Istria, fragments with decorative and functional traits attributed to the Late Neolithic/Early Copper 

Age were found in the cave sites at Laganiši (Komšo 2008:11), Jačmica (Jerbić Percan 2011:20), Novačka and 

Pupićina (Forenbaher and Kaiser 2006:186), as well as the open air sites at Javorika-Gromače (Vitasović 

1999:30) Kargadur (Čuka 2009:19; Komšo 2007:260) and Sveti Mihovil (Zlatunić 2008) (Figure 25). Three of 

these sites, Jačmica and Pupićina caves, had Nakovana-style pottery in contextualised stratigraphic contexts 

covering a radiocarbon dated range between 4252–4048 Cal BC, 4229–3800 Cal BC and 3959–3797 Cal BC 

respectively (Forenbaher et al. 2013:592). 
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Figure 25 The location of Zambratija Bay (1) in relation to the known sites with stratigraphic contexts containing 
Nakovana-style pottery on the Istrian Peninsula: caves Laganiši (2), Jačmica (3), Novačka (4) and Pupićina (5); open 

air sites Sveti Mihovil (6), Javorika-Gromače (7) and Kargadur (8). 

 

Bronze Age determination: triangular handle 

 Part of the ceramic assemblage from Zambratija can typologically be attributed to the Bronze Age. 

The aforementioned five fragments of strainers come from a context that dates beyond the Bronze Age and 

they represent a general proxy for a wider range of prehistory. One surface find, however, although without 

supporting context, is highly recognisable as a definite representative of the Istrian Bronze Age and together 

with evidence presented below indicates likely scenarios. The seabed surface finds in Zambratija may have 

been carried there by erosion from the nearby Bronze Age Romanija hillfort (Buršić-Matijašić 2007; 

Marchesetti 1903), or from an unknown Bronze Age site nearby. It is also possible that the settlement was in 

use, with occupational hiatuses, for an extended period of time, such is the case with a large number of pile-

dwellings around the Alpine lakes (Menotti 2004a:210). This hypothesis can also be supported by the finding 

of the Bronze Age boat in the  vicinity of the submerged site (Boetto et al. 2015; Koncani Uhač et al. 2017a; 

Koncani Uhač and Uhač 2012), which has been radiocarbon dated to 1120–930 Cal BC (Koncani Uhač and 

Uhač 2012:534). Potential future investigations should therefore incorporate the broader terrestrial areas 

around the settlement to check the validity of these hypotheses. 
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The surface find from Zambratija was recognised as a Bronze Age triangular handle (Figure 26), with 

541 similar comparable specimens found on the Monkodonja hillfort, typologically attributed to the Bronze 

Age (Buršić-Matijašić 1998:66-68) which in Istria roughly covers a 1900–900 Cal BC timeframe (Buršić-

Matijašić 1998:34). This timeframe was confirmed in Monkodonja with 18 Bronze Age radiocarbon dates 

ranging in age from 2135–1922 to 1040–901 Cal BC (Hänsel et al. 2005), and partially overlaps with the 

aforementioned radiocarbon date from wood sampled from the Bronze Age boat. 

 

Figure 26 Bronze Age triangular handle found on the seabed surface in Zambratija Bay (Modified after Koncani Uhač 
and Čuka (2015)). 

 

 

An overview of known environmental and archaeological contexts 

 

During the investigations of the submerged prehistoric site, archaeologists recovered material 

culture and archaeologically significant environmental finds. The material culture can be categorised into the 

permanently in situ remains consisted of a peat platform and wooden piles, and the movable small remains 

consisted of ceramic and stone artefacts, as well as the paleo-botanical and paleozoological remains found 

scattered around the seabed and in the layered contexts of the excavated units. The scattered seabed finds 

were collected for preliminary typological determination, after which the data was used to determine 

suitable positions for archaeological units (Koncani Uhač 2008:397, 2009:266). This practice was stopped 

after 2011 due to the vast number of artefacts, terrestrial faunal bones and botanical remains without 

archaeological context (Koncani Uhač 2017 pers. comm.). Nevertheless, they represented a valuable dataset 

for preliminary typological attribution of the site to prehistory and were the primary reason for the instigation 

of a series of systematic underwater archaeological investigations and surveys. 
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Seabed surface – peat platform, wooden piles and pottery 

The peat platform (Figure 27) is located above a clay seabed surface (Figure 28) and covers an area 

of around 30 by 67 metres, oriented roughly northeast–southwest. The original digital drawings (Appendix 

I) indicate that the upper surface of the peat is at around -2.70 MSL and placed on a seabed surface at around 

-3.20 MSL. Although the preserved shape is irregular, it indicates a relatively rectangular form spreading 

across the north-western shallow edges around the submerged sinkhole. Clay plaster fragments was found 

around the peat platform, and together with the architectural distribution of the surrounding wooden piles 

implied that these remains might represent dwellings (Koncani Uhač and Čuka 2015:27). So far, 100 wooden 

piles, identified either as superficially protruding or excavated in the units, were marked on the site. 

According to digital data, their preserved heights appear from -2.98 to -3.12 MSL. 

 

Figure 27 The submerged peat (Photo: J. Benjamin). 

 

A single pile that was taken out for analysis at the time was identified as oak (Quercus L.) (Koncani 

Uhač and Čuka 2015:27). All piles marked to date are located around the outer edges of the submerged 

sinkhole that is naturally protected from the open sea with limestone ridges locally known under the 

toponyms ‘Škoj’ and ‘Zanestra’ shallows (Koncani Uhač and Čuka 2015:27). 
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Figure 28 A schematic representation of the seabed surface around the peat platform. 

 

Out of the ceramic surface finds and based on cross-referencing with other known sites presented in 

the sections above, seven (Figure 29) could be typologically referenced to other known prehistoric sites on 

the Istrian Peninsula, based on their shape, function or decoration. 

 

Figure 29 Typologically determinable surface ceramic finds from Zambratija Bay: Nakovana-style (1), brushed surface 
ceramic fragments (2–4), spindle whorls (5–6), Bronze Age handle (7) (Modified after Koncani Uhač and Čuka (2015)). 
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Typologically, the oldest individual ceramic found on the surface of seabed is classified as a 

Nakovana-style fragment (Figure 29:1). The discovery of two ceramic spindle whorls (Figure 29:5–6) indicate 

a definite attribution to prehistory and represent probable Copper Age proxies. Three brushed-surface 

ceramic fragments (Figure 29:2–4) indicate a timespan between the Late Neolithic and Early Bronze Age 

(Koncani Uhač and Čuka 2015:41), and the one triangular handle (Figure 29:7) shows that the settlement 

persisted as late as the Middle Bronze Age (Koncani Uhač and Čuka 2015:37). With regard to the remaining 

surface finds, the archaeologists recognised terrestrial faunal remains, bones and antler, as well as grinding 

stones, which are known to be used in Europe since the Early Neolithic (Hamon 2008). 

 

Unit 1 

Unit 1 of the submerged prehistoric site, originally named as Unit 6 of the Zambratija Bay sites 

(Koncani Uhač 2008:398, 2009:265) but later on referred to as Unit 1 of the Zambratija Bay submerged pile-

dwelling site (explained in detail on page 21–22) (Koncani Uhač and Čuka 2015:29), was excavated during the 

first archaeological campaign, which was conducted to investigate and confirm the three newly discovered 

underwater sites. The unit was placed in an area with a dense concentration of wooden piles, on the eastern 

edges of the submerged sinkhole. The initial dimensions were two by two metres, but due to time restrictions 

of the excavation permit and large amounts of archaeological finds, it was reduced to two by one metres in 

size to maintain the quality of the investigation (Benjamin et al. 2011a:195; Koncani Uhač and Čuka 2015:29). 

The vertical stratigraphy of the unit (Figure 30) begins with a topmost layer of loose sand and 

seagrass with visible wooden piles protruding on its surface at a depth of -2.36 m MSL. This layer is marked 

in the image as Layer 1. At the depth of -2.50 m MSL, a muddy grey layer occurred between and around the 

piles, which were still firmly placed in the subsurface. This new layer, marked as Layer 2, was composed of 

compact grey, silty sediment, and contained small stones, shells, animal bones and pottery. Nine typologically 

identifiable fragments of pottery were found in Layer 2 (Figure 31). They were all similar in shape and form 

compared to the fragments found on the surface. These were found, however, in an archaeologically and 

geologically documented context. Two of the fragments belonged to the black, shiny, channelled ‘Nakovana-

style’ pottery, attributed to the Late Neolithic/Early Eneolithic period (Figure 31:1–2). They were situated 

with five fragments of brushed-surface pottery (Figure 31:3–7), with typological analogies on the Istrian 

Peninsula mostly attributed to the period between the Early Neolithic to the Early Bronze Age. Two fragments 

of perforated funnels were also found (Figure 31:8–9), with comparable fragments found in layers containing 

ceramics from the Neolithic to the Bronze Age in Istria. This layer also revealed several other wooden piles, 

one of which was removed from the sediment for wood species and radiocarbon analyses. Layer 2 has been 

investigated to its lower level, where a layer of peat and wood emerged at a depth of -3.09 m MSL, marked 

as Layer 3, where the excavations ended (Benjamin et al. 2011a:195; Koncani Uhač and Čuka 2015:31). 
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Figure 30 A schematic representation of Unit 1. 

 

 

Figure 31 Typologically determinable ceramic fragments from Unit 1 Layer 2. Nakovana-style (1–2), brushed surface 
ceramic fragments (3–7), perforated funnels (8–9) (Modified after Koncani Uhač and Čuka (2015)). 

 

Unit 2 

Unit 2 was strategically positioned on the presumed north-western extent of the settlement to 

determine the western spatial limitations of the site. The results of this investigation confirmed the initial 

presumption about the preserved peat platform being an integral part of the Prehistoric pile-dwelling and 
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situated on its outer margins. This conclusion was made based on the horizontal stratigraphy of the site area, 

now also visible in the high-quality aerial photos. The outer north-western margins of the platform also 

represent the extents of the spread of wooden piles and scattered archaeological material and mark the 

beginning of a sandy marine, archaeologically sterile sediment which further continues into deeper waters 

outside the bay. Unit 2 did reveal a layer of peat underneath the sand, however, making the peat an 

environmental feature of the bay the extents of which have not yet been determined.  

The 0.5 x 0.4 m unit was placed in an area with no visible piles and it did not contain material culture. 

Its vertical stratigraphy (Figure 35) starts at -2.45 m MSL with a thin layer of loose sand and seagrass, marked 

on the image as Layer 1. A layer of peat marked as Layer 2 was found under the sandy surface, at a depth of 

-2.55 m MSL. As opposed to Unit 1, Unit 2 did not have a cultural layer between the sandy surface and the 

peat and was archaeologically sterile. The peat layer stops with a sharp transition at -2.68 m MSL, revealing 

a greenish-yellow clay sediment, marked as Layer 3, where the excavations ended (Koncani Uhač and Čuka 

2015:32). 

 

Figure 32 A schematic representation of Unit 2. 

 

Unit 3 

Unit 3 was positioned on the north-western edge of the site, placed on the side of the peat platform 

facing towards the sinkhole. The seabed surface in this area was very densely covered with piles, six of which 

were inside the unit margins. The original dimensions of Unit 3 were two by two metres, but as in the case 

of Unit 1, these measurements were gradually reduced as the excavations continued. Therefore, each new 

layer surface of excavation was reduced by 50% of the size of the previous layer surface, starting with two by 

two and followed by two by one, one by one and one by 0.5 metres. 
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The vertical layering (Figure 33) started at -2.90 m MSL with a marine sandy surface with the six 

protruding piles, marked as Layer 1. A cultural layer marked as Layer 2, appeared below at -3.05 m MSL, 

containing shells, small stones, a bone of a terrestrial animal and a few typologically undeterminable pieces 

of pottery. This layer stops at -3.20 m MSL, again revealing a layer of organic peat without archaeological 

remains, marked as Layer 3. The peat layer ends with a sharp transition to a greenish-yellow clay sediment 

starting at -3.65 m MSL marked as Layer 4. Further investigations were undertaken by following the vertical 

line of one of the wooden piles pushed deeper into the clay sediments. They found the tapered end of one 

of the piles at -4.05 m MSL, which marked the end of the unit excavation, but not the end of the clay sediment 

(Koncani Uhač and Čuka 2015:33). 

 

 

Figure 33 A schematic representation of Unit 3. 

 

Unit 4 

Unit 4 was positioned on the southeast side of the site, on the outer edges of the submerged sinkhole 

and in an area with a large concentration of surface finds. Its dimensions were two by two metres, and other 

than the finds without archaeological context, no other finds have been excavated from the layers. Only two 

layers were excavated, with the excavation surface of the lower one reduced to 0.5 by 0.5 metres. 

Layer 1 was found at a depth of -2.62 m MSL and composed of loose sandy sediment, with some 

seagrass, shells and small and medium sized stones. It was also full of loose, non-contextualised 
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archaeological finds which included typologically undeterminable prehistoric pottery, clay plastering, a 

whetstone and terrestrial animal bones, scattered around the unit area between the wooden piles. Layer 1 

ended at -3.0 m MSL, when the stratigraphy changed to a layer of organic peat, called Layer 2. It was 

excavated until it sharply changed to a layer of greenish-yellow clay, which started at -3.17 m MSL, and that 

marked the end of the excavation of Unit 4 (Figure 34) (Koncani Uhač and Čuka 2015:33). 

 

 

Figure 34 A schematic representation of Unit 4. 

 

Unit 5 

The last unit was placed on the southern edge of the submerged sinkhole, and its margins surrounded 

seven wooden piles, as well as pottery and animal bones scattered around the seabed surface. The 

excavations started inside a two by two metre area but were later reduced to a one by two metre 

investigation. 

The surface layer, marked as Layer 1, started at -2.74 m MSL, and was composed of sand, seagrass, 

small stones and ceramics (Figure 35). Three typologically determinable pottery fragments were identified in 

this layer, which were two pieces of black, polished surface pottery sherds with preserved sub-surface lugs 

and a perforated funnel fragment (Figure 36).  

 



 

35 

 

Figure 35 A schematic representation of Unit 5. 

 

 

 

Figure 36 Typologically determinable ceramic fragments from Unit 5 Layer 1. Nakovana-style (1–2), perforated 
funnel (3). 

 

At -2.88 m MSL, the surface layer was followed by compact silty sediment marked as Layer 2, 

containing small stones, organic material, animal bones, prehistoric pottery, ceramic plastering and lithics. 

Ten typologically determinable fragments of pottery were found in this layer (Figure 37), of which one was a 

sub-surface lug (Figure 37:1), five were brushed surface fragments (Figure 37:2–6), two were parts of one 

perforated funnel vessel (Figure 37:7, 8), and two were spindle whirls (Figure 37:9–10). 
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Figure 37 Typologically determinable ceramic fragments from Unit 5 Layer 2. Nakovana-style (1), brushed surface 
ceramic fragments (2–6), perforated funnel (7), spindle whorls (8–9). 

 

An assemblage consisting of 45 knapped flint tools made from black imported chert, were also found 

in Layer 2. The lithic assemblage mostly consisted of flakes, and some non-prismatic blades. Typologically, 

the most common types of recognisable tools were scrapers and sickles, which are traditionally associated 

intensive vegetation cutting, and are a dominant typological find in the Adriatic settlements from the 

Neolithic onwards (Kaiser and Forenbaher 2016). According to Darko Komšo, an expert in Istrian prehistory 

and lithic assemblages (Komšo 2004, 2006, 2007, 2008; Komšo and Vukosavljević 2011), these shapes and 

tools are all indicative of Copper Age stone tool industry in the Istrian region (Komšo 2017: pers. comm.). 

This layer stops at -2.99 m MSL with a sharp transition to a compressed, organic peat with decayed plant and 

animal remains, marked as Layer 3. The peat stops again with a sharp transition to a greenish-yellow clay 

marked as Layer 4 at -3.07 m MSL, which was investigated to a depth of -3.62 m MSL. This depth marked the 

tapered end of one of the wooden piles rammed into the clay sediment, which is where the excavations 

stopped, but the clay sediment continued deeper (Koncani Uhač and Čuka 2015:35). 

The results of a botanical analysis of seeds obtained from the peat in Unit 5 showed the presence of the 

aquatic plants alkali bulrush (Scirpus maritimus L.), hairy sedge (Carex cf. hirta L.), pondweed (Potamogeton 

sp.) and the water caltrop (Trapa natans L.), which are characteristic of natural wetland habitats, or wet 

meadows (Koncani Uhač and Čuka 2015:28). 
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A synthesis of known data 

 

According to the presented archaeological and environmental evidence, the now submerged 

shallows of Zambratija Bay have been inhabited from at least Early Eneolithic to the times of Roman Classical 

Antiquity. A total of five units were excavated on the seabed in the location of the submerged settlement 

where a peat platform as well as 100 individual piles were recorded (Koncani Uhač and Čuka 2015:28). A 

combination of small and large finds, which include pottery, lithics and other stone artefacts such as grinding 

stones; animal bones, plant macrofossils, wooden piles and peat, together with the typological chronology 

and the one radiocarbon date, provide enough evidence to infer that this is a submerged Late Neolithic/Early 

Copper Age pile-dwelling. The bathymetry and photogrammetry show that the settlement was placed over 

or around the outer edges of a karstic sinkhole filled with sediments, and that there are traces of organic 

peat in the near vicinity of the site. The peat might have overlapped the extents of the sinkhole, which was 

naturally protected from environmental disturbances with high limestone ridges that visibly protrude from 

the sea surface today. It is unclear, however, what the extents were of the peat over which the settlement 

was presumably built, when the site was occupied and abandoned, and whether any occupational hiatuses 

occurred. These issues will be addressed in this study by reconstructing the past sea-levels and environmental 

changes supported by radiocarbon dating, with the expectation of adding new, valuable knowledge into the 

local and global map of human prehistory ‘lost’ to rising sea levels. 

No similar submerged or terrestrial prehistoric site has been located or studied in the Adriatic region 

to date, and further investigations of the site will contribute to the existing knowledge of the prehistoric 

settlement patterns on the Eastern Adriatic coast. So far, indications of prehistoric pile-dwellings have been 

speculated further south in the coastal Adriatic region on the Cetina river (Marović 2002; Milošević 1999; 

Smith et al. 2006) and the Pakoštane coast (Bekić et al. 2015; Čelhar et al. 2017; Pešić 2012). The nearest 

confirmed prehistoric stilt-house settlements to Zambratija are those of the Ljubljansko barje marshlands 

(Velušček 2004). Traditionally, the occupational sites from the Neolithic and Copper Age in the Adriatic are 

represented by caves and open air sites; and hillforts during the Bronze Age (Buršić-Matijašić 2012:27), 

distinguishing Zambratija from other contemporary settlement sites in the Adriatic. 

In the Eastern Adriatic Bronze Age, especially on the Istrian Peninsula, settlements were megalithic 

fortified structures on hilltops, with nearby graveyards that indicate complex social structures (Buršić-

Matijašić 1998; Buršić-Matijašić and Žerić 2013). One seabed surface find of a triangular handle from 

Zambratija has been typologically attributed to the Bronze Age (Koncani Uhač and Čuka 2015:37). Since the 

find was out of cultural or chronological context, it is less reliable than finds from stratified layers, but it 

should nevertheless be considered for further archaeological analyses. The fragment does indicate direct or 

indirect evidence of cultural continuity in the area, which can also be supported with the discovery of a 
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submerged Bronze Age boat built with the lacing technique, some 50 metres from the earlier settlement. 

Samples taken from the boat yielded a radiocarbon date range between 1120–930 Cal BC (Boetto et al. 2015; 

Koncani Uhač et al. 2017a; Koncani Uhač and Uhač 2012:534). The nearest prehistoric hillfort fortification to 

Zambratija is Romanija, with pottery and a bronze spear typologically attributed to the Bronze and Iron Age 

(Marchesetti 1903); however, the hillfort has been disturbed by military construction in the 20th century and 

there are no radiocarbon dates to confirm this typological chronological determination (Buršić-Matijašić 

2007:433). A crucial contribution to the understanding of possible cultural continuity to the Bronze Age in 

Zambratija Bay will therefore be radiocarbon dates from the multilayered prehistoric hillfort site of 

Monkodonja near Rovinj, around 70 km south along the Adriatic coastline (Figure 38). A sheep bone and a 

fragment of a human femur were found there in a 40m deep natural pit located next to the hillfort dry-stone 

walls. Radiocarbon dating revealed the bones’ ages as between 4678 and 4539 Cal BC, and 3907 and 3663 

Cal BC respectively (Hänsel et al. 2005:13), making Monkodonja a site that is partially overlapping in 

occupation with the Zambratija settlement. The hillfort was in its highest cultural peak during the Late Bronze 

Age period, with the latest radiocarbon date range being 1040–901 Cal BC (Hänsel et al. 2005:21). 

Evidence of long-term and short-term occupation in later periods is also present in the bay from the 

Early Roman Republic period Greek-Italic amphorae found near the remains of the Roman maritime villa 

(Gnirs 1908:78), the site that initiated the underwater prospection in 2008 (Bolšec-Ferri 2007; Koncani Uhač 

2009). On the southeast shore of the cove lies the remains of the Late Antiquity/Medieval period Sipar 

fortress (Čučković 2007; Gnirs 1908:78). All these sites make Zambratija a location with potential for not only 

archaeological, but also sea-level research. Only a few kilometres farther north along the Istrian coast in the 

Savudrija Bay, the remains of a port from the times of Roman Antiquity from the first century AD (Koncani 

Uhač and Auriemma 2015:157), with the preserved walking surface was found at around 1 m below present 

day level (Koncani Uhač and Auriemma 2015:144). The submerged port in Savudrija therefore represents a 

local sea-level change archaeological marker for the last 2000 years. Such archaeological indicators of past 

sea-level change are a special characteristic of the Mediterranean Basin, which has been historically 

significant position as a communication route for millennia (Auriemma and Solinas 2009:134). The remaining 

ports, harbours, wharfs and other maritime structures such as fish tanks (Florido et al. 2011) have become 

valuable references for the reconstructions of past sea-levels and coastlines in the interdisciplinary studies 

of the Holocene sea-level change in the Mediterranean (Antonioli et al. 2007; Antonioli et al. 2009; Lambeck 

et al. 2004a; Lambeck et al. 2004b), which helped set submerged archaeology and underwater archaeological 

research into the interdisciplinary science of sea-level change modelling and reconstruction, further 

discussed in Chapter 3. 
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Figure 38 The location of Zambratija Bay (1) in relation to the Monkodonja hillfort (2). 
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CHAPTER 3: SUBMERGED LANDSCAPES AND PREHISTORIC 
ARCHAEOLOGY OF THE EASTERN ADRIATIC 

 

 

Zambratija is an inundated archaeological site with stratified evidence of human activities in a 

landscape that was once terrestrial but is now submerged three metres under water. The proximity of the 

site to the current shoreline provides an indication of former sea-levels and a means to assess the local 

environmental history. Previous paleo-environmental and archaeological research indicates the 

Mediterranean, and consequently the Adriatic Basin, were affected by changing sea-levels caused by natural 

glaciation and deglaciation processes (see Antonioli et al. 2007; Benjamin et al. 2017; Lambeck and Purcell 

2005; Surić et al. 2014). This thesis attempts to reconcile questions of human adaptations and interactions 

with changing climate in the past, using the submerged pile-dwelling in Zambratija as a case study. Therefore, 

in order to understand the climate events that took place before, during and after the occupation and 

resource exploitation of prehistoric Zambratija Bay, it is important to contextualise the site within its global 

and local environmental settings, starting with the Quaternary cycles. 

 

Global Quaternary cycles 

 

The Quaternary is the most recent geological period. It began around 2.4 million years ago (Hewitt 

2000:907) and is subdivided into the Pleistocene (Greek pleistos “most” and kainos “new”) and the Holocene 

(French holo- “whole”) epochs (Hafsten 1970). The beginnings of the Holocene are closely connected to the 

events following the Last Glacial Maximum (LGM) which occurred between around 26,000 (Hughes and 

Gibbard 2015) and 17,000 BC (Lambeck et al. 2002). After the LGM, a 9000-year period of deglaciation caused 

global sea-levels to rise, triggering variations in temperature and climates of local and global ecosystems. The 

Holocene or the “post-glacial epoch” therefore began around 9650 BC (Benjamin et al. 2017:14; Smith et al. 

2011:1846) and it represents the current, warm stage in the alternating sequence of Quaternary glacial and 

interglacial periods (Roberts 1998:56). These glacial/interglacial cyclical periods of freezing and melting of 

the polar ice sheets caused changes in sea-level and repeatedly altered the Earth’s climate throughout the 

Quaternary (Lambeck et al. 2002). Since the first known production of tools starting around 3.3 million years 

ago (Harmand et al. 2015), the cycles represented a critical component in the behaviour of early and modern 

human populations and how they exploited the continental shelves (Flemming et al. 2003:62). The 

Pleistocene–Holocene transition marks a significant moment in human history where the anatomically 
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modern humans were already inhabiting all continents except for Antarctica and Greenland (Straus 1996:vii). 

Shortly after the transition to the Holocene, determined by climate and sea-level stabilisation at around 5000 

BC (Smith et al. 2011:1856), archaeological records show intense periods of population migrations and the 

beginning of farming in the Middle East (Turney and Brown 2007) (Figure 39). 

 

Image removed due to copyright. 

Figure 39 The locations of sites with the first evidence of Neolithic across Europe, from Turney and Brown (2007). 1 
(red) 11,000–9500 BC, 2 (orange) 9500–8000 BC, 3 (yellow) 8000–6400 BC, 4 (purple) 6400–5000 BC, 5 (blue) 5000–
3500 BC, 6 (all colours) the spread of Neolithic across Europe from 11,000–3500 BC. 

 

 

 

The causes of glacial and interglacial cycles 

Although many scientists and scholars in the 19th and 20th centuries contributed to the understanding 

of the causes of these oscillations (discussed below), a fully comprehensive theoretical explanation of the ice 

ages is still unknown (Raymo and Huybers 2008). However, a few questions have been answered with the 

development of an astronomical theory explaining global sedimentary cycles by looking at the changes in the 

Earth’s orbit, also known as the Milankovitch cycles (Imbrie 1982; Milankovitch 1930). In 1837 Louis Agassiz 

presented a theory supported by fieldwork evidence, stating that by that time the Earth underwent through 

at least one ice age. His theory was further developed in 1842 by Joseph Adhémar who proposed that intense 

glaciation takes place during anomalously long winters. In 1860, James Croll added that the glaciation is a 

consequence of a weaker solar radiation in aphelion, or the point in orbit when the Earth is farthest from the 

Sun, with longer winters as a consequence (Imbrie 1982:409-409; Raymo and Huybers 2008:284; Roberts 

1998:60). It was only in 1930, when mathematician Milutin Milankovitch identified three astronomical cycles, 

varying in length but overlapping each other and thus creating a complex recurring glaciation-deglaciation 

pattern in the Northern Hemisphere throughout the Quaternary (Milankovitch 1930). 

The three relevant cycles Milankovitch considered were the Earth’s orbital eccentricity, axial tilt or 

obliquity and the precession of the equinoxes (Imbrie 1982:410; Raymo and Huybers 2008:284; Weertman 

1976:17). The Milankovitch theory is based on several arguments which rely upon these cycles. According to 

his calculations, solar radiation is weaker, and a glaciation cycle re-starts at the point of alignment when the 

spin axis of the Earth is tilted at a sharp angle with respect to the orbit, during a summer aphelion, causing 

snow and ice to stay frozen throughout the years and eventually forming glaciers (Raymo and Huybers 

2008:284) (Figure 40).  
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Cycle Length in years 

Orbital eccentricity 100,000 

Axial obliquity 41,000 

Precession of the equinoxes 19,000 and 23,000 

 

Figure 40 The three variables in the Milankovitch astronomical cycles and their length according to deep-seabed 
core data (Modified and simplified after Raymo and Huybers (2008)). 

 

The scientific community encountered a few difficulties when trying to test the hypothesis. Questions 

were asked by astrophysicists whether the solar radiation variations lasted long enough to produce ice ages 

(Weertman 1976), climatologists worried that the theory oversimplified causes of glaciation by only looking 

at orbital forces, excluding other unknown factors (Berger 1988), and geologists found it difficult to collect 

empirical data to support the theory (Imbrie 1982:413). These problems were adequately addressed with the 

emergence of radiometric dating methods since the 1950s, as well as the development of geological 

quantitative methods of investigating stratigraphic sequences of seabed and ice cores in the 1970s (Imbrie 

1982:412; Roberts 1998:60). Some supporting evidence for the Milankovitch theory came from Hays et al. 

(1976), who compared foraminifera deposits in a deep-sea sediment core with the ratio of oxygen isotopes 

δ16O and δ18O, which are known as ocean ice accumulation indicators (Raymo and Huybers 2008:284). This 

and similar corroboration helped revive the Milankovich Earth orbit theory during the 1970s (Berger 

1988:632; Imbrie 1982:417). The Milankovitch theory is currently the most widely accepted explanation to 

help understand the causes of global glaciation and deglaciation processes on a geological timescale. Scholars 

are conscious of its many limitations (Denton et al. 2010), however, which are expected to be answered with 

comparative research of the Antarctic and Greenland ice sheets (Raymo and Huybers 2008:285). 

 

Sea-level change definitions, terminology and research methods 

This section provides definitions for sea-level change terminology used throughout this thesis, 

beginning with a naming system for the empirically identified Milankovitch periodical cycles. As presented 

above, the history of Quaternary global events has been a research topic since the 19th century. This rich 

research legacy unfortunately resulted in a confusing and complicated time scale by the 1970s (Imbrie 

1982:413). Although not perfect, the most widely accepted system in use today is the marine oxygen isotope 

δ18O stage (MIS) timescale, which begins in the present with MIS 1 and numerically progresses further back 

in time (Shackleton 2006). The timescale was first developed by Urey (1947), refined into MIS stages by 

Emiliani and reintroduced to the scientific community by  Shackleton (1967). All three argued that the visible 

changes in the constitution of the ocean’s isotopes, which are a consequence of the variations in glacier 
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volume, can be detected in deep-seabed core sediments. Following that principle, a total of 22 to MIS stages 

have been identified from the V28-238 equatorial Pacific core (Shackleton and Opdyke 1976), and that 

database has been constantly developed and updated since its first introduction until today (Imbrie et al. 

1984; Lisiecki and Stern 2016). The most recent glacial cycle is represented with five MIS stages, with MIS 1 

being the current warm period, or the Holocene, with the previous interglacial peak during MIS 5e 

approximately 123 kya (Lambeck et al. 2002:200-201). The MIS 5e substage, which occurred between 

128,000 and 116,000 years ago, is known as the most recent stage where the global sea-levels were higher 

than today (Rovere et al. 2016a). During that time, human populations were already migrating throughout 

African, Asian and European landscapes (Benjamin et al. 2017:10; Flemming et al. 2003). 

The cause and effect chain of events clarified by the Milankovitch cycles did not end at global 

glaciations and deglaciations. Accumulated ice sheets and their continual movements had a significant impact 

on the Earth’s surface, influencing a variety of environmental phenomena which resulted in sea-levels 

fluctuating over time. The global sea-level curve, which is a visual representation of changing sea-levels 

through time (Figure 41), is continuously updated and geographically fine-tuned with site-specific, local 

variations influencing sea-levels. 
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Figure 41 A simplified global sea-level curve for the last 200,000 years (From Bailey and Flemming (2008)). 

 

The causes of these variations can be broadly described as eustatic, glacio-hydro-isostatic or tectonic, 

with tectonic being the most difficult to measure. Eustatic changes are global sea-level changes directly 

caused by the water released or accumulated by the ice sheets, making it a universal sea-level change factor 

(Fairbanks 1989:637; Fleming et al. 1998:327). The other two factors are local, which is why sea-level curves 

show different fluctuation intensity and/or direction at individual measuring positions (Figure 42). Glacio-

hydro-isostatic contributions to sea-level change are a consequence of post-glacial rebound caused by the 

changes in volume of ice and water load in a specific place (Lambeck and Chappell 2001:681). All other site-

specific active or episodic processes that are not eustatic and isostatic, such as geomorphology, 

sedimentation, ocean temperature, abrupt climatic conditions and catastrophes, the changes in tidal ranges 

and even human interventions, are considered as tectonic factors (Gehrels and Long 2008; Lambeck et al. 

2004b; Lambeck and Purcell 2005; Surić et al. 2014). Taken all of the aforementioned variations into account, 

the past global sea-level curve shows an amplitude of 120 metres, most of which was below current sea-level 

over the last 200,000 years (Bailey and Flemming 2008:2154). 

The data presented here illustrates how sea-level changes are a complex mixture of astronomical, 

global and local trends and events, and that in reality, sea-level is not level (Gehrels and Long 2008:16). This 
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is also reflected in terminology, depending on whether the sea-level in question has been assessed and 

adjusted to local sea-level factors. The Global Mean Sea Level (MSL) is an average calculation of the sea 

surface level where tidal range, climate conditions and land movements have been included. It is sometimes 

labelled as Eustatic Sea Level (ESL) which refers to the changes in sea-level caused by eustatic factors on a 

global scale (Benjamin et al. 2017:4; Rovere et al. 2016b). The term which will be used in this thesis is MSL. 

The Relative Sea Level (RSL) represents a local sea-level that has not been corrected for any sea-level factors, 

or the level as observed from the coastline at a certain point in time (Rovere et al. 2016b; Smith et al. 

2011:1846). RSL is mostly referred to when investigating past sea-levels and the affect they had on the 

continental shelves and coastal communities in the past, which is done through the investigation of paleo-

environmental sea-level indicators, or proxies (Antonioli et al. 2009; Furlani et al. 2014; Gearey et al. 2017). 
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Figure 42 Local sea-level change variations through time and space (Lambeck and Chappell 2001:681). 

 

In environmental sciences, proxies are known as sensitive indicators of phenomena in the past 

observed through the application of uniformitarianism, or an assumption that past events can be explained 

through present-day processes (Reitz and Shackley 2012:3; Roberts 1998:257). The most commonly observed 

proxies for the Holocene sea-level change are landscape features such as tidal notches (Furlani et al. 2014), 

submerged caves (Radić Rossi and Cukrov 2017), fossils (Ward et al. 2006:215) and depositional indicators 

such as foraminifera (Massey et al. 2006; Shaw et al. 2016). A unique characteristic of the Holocene marine 

transgression reconstruction is the use of archaeological RSL indicators, such as shell middens (Bailey and 

Flemming 2008:2155), or coastal buildings (Doneus et al. 2015). 

Some authors state that the Early Holocene sea-level rise provides knowledge of crucial importance 

for managing the effects of future climate change (Törnqvist and Hijma 2012:601; Turney and Brown 

2007:2036). A similar principle to uniformitarianism can be applied to modern environmental debates, by 

using the reconstructions of past marine transgression patterns, or predictive models. Predictive models are 

created by a mathematical analysis of the existing multiproxy sea-level data supported with radiocarbon 

dates (Lambeck and Purcell 2005). Satellite measurements showed that global sea-level rise rate between 

1993 and 2003 was 3.1 mm/year, which is significantly higher than the 20th century average of 1.7 mm/year. 

Although there were similar 10-year periods with a higher rate than average in the 20th century, it is still clear 

that sea-level rise is a contemporary global occurrence (Gehrels and Long 2008:12). Analyses showed that an 

estimated 400 million people are populating the world’s immediate 10 metre above MSL coastline (Van de 

Noort 2013:1), and that 70% of the world’s beaches are withdrawing due to rising sea-levels (Stocchi and 

Spada 2009:56), therefore making adaptations to climate change and sea-level rise a global concern. The 
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combination of archaeological research with the investigation of past climate and sea-level change has 

become a crucial element in the current climate change debates (Van de Noort 2013:1). This does not suggest 

a literal application of uniformitarianism to future human populations. Archaeological research can, however, 

help recognise elements of cognitive adaptive models from the past which can then be applied in the planning 

of adjustment elements for modern communities to successfully assimilate into contemporary extreme 

climate events (Van de Noort 2013:19). 

 

Post-LGM climate and sea-level rise in the Mediterranean 

 

 During the last glacial cycle (MIS 1–5), sea-levels were lowest during the LGM period, with global ice 

volume at around 55 X 106 larger than today (Lambeck et al. 2002:203). Studies suggest (Clark et al. 2004; 

Fairbanks 1989)that the post-LGM deglaciation caused the global MSL to rise by 120 metres (Clark et al. 2004; 

Fairbanks 1989), with an uplift mean rate of 10 mm/year between 17,000–5000 BC (Benjamin et al. 2017:14). 

Glacio-isostatic (GIA) models indicate that the rate of sea-level rise significantly decreased around 5000 BC. 

Most of the ice had melted into the oceans by that time and the global RSL entered a stable period. Since 

then ocean volumes increased by just a few metres (Vacchi et al. 2016:173). These sea-level changes 

triggered several catastrophic climate change episodes throughout the Holocene, with consequences 

effecting global coastal landscapes and environments. These global trends are also seen in the 

Mediterranean, where sea-levels were rapidly rising until around 5500 BC and then slowly decelerated until 

around 2000 BC, after which local RSL changes were closely connected to isostatic factors (Vacchi et al. 

2016:172). The two most significant sea-level predictive models produced for the post-LGM RSL change in 

the Mediterranean are the Lambeck and Purcell (2005) and the Stocchi and Spada (2007) studies. 

 Lambeck and Purcell (2005) calculated a series of predictive post-LGM marine transgression 

models for the Mediterranean during the 18,000 Cal BC, 10,000 Cal BC and 4,000 Cal BC timeframes 

(recalculated in Figure 43 to BC). The study was based on four tectonically stable positions around the 

Mediterranean Basin – the Carmel coast in Israel, Peloponnesus Peninsula in Greece, Versilia plain in Italy 

and the Côte d’Azur in France, which made it possible to not only calculate MSL, but also all four RSL 

variations.  As seen in Figure 43, the Northern Adriatic RSL values were shallower than the overall MSL during 

the 18,000 BC and 10,000 BC timeframes. However, at the 4000 BC mark, Northern Adriatic RSL was slightly 

lower than the Mediterranean MSL. The latter timeframe coincides with the preliminary Zambratija dates of 

4230–3980 Cal BC. The Northern Adriatic environmental data provided for the study was based on a 70-

metre core in the Versilia plain in Tuscany (Lambeck and Purcell 2005:1983). The 4000 BC difference between 

RSL and MSL was explained by isostatic changes caused by the accumulation of ice around the Alps (Lambeck 

and Purcell 2005:1976). This suggests that the post-LGM sea-level rise was not a streamlined uplift process. 
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Calculations of sea-level proxy data implied significant increase or decrease in meltwater accumulation, 

which led scientists to recognise several known global climatic episodes and events which disturbed the 

Mediterranean Holocene sea-level curve, and consequently had an impact on the contemporary coastal 

environments and cultural groups (Benjamin et al. 2017:15). 

 

Years BC Mediterranean MSL Northern Adriatic RSL 

18,000 -142 m -110 m 

10,000 -54 m -40 m 

4000 0 m Between -4 and -9 m 

 

Figure 43 Post-LGM Mediterranean MSL values with the Northern Adriatic RSL variation (Modified after Lambeck 
and Purcell (2005)). 

 

 Stocchi and Spada (2007) focused on the influence of remote Antarctic ice sheets to the eustatic sea-

level rise in the Mediterranean Basin based on three ice-sheet models. They concluded that the total input 

of melting Antarctic ice to the Mediterranean MSL was 14 metres (Stocchi and Spada 2007:752). Their study 

was based on sea-level curves from the French, Tyrrhenian, Adriatic, Tunisian and Israeli coasts, where the 

Adriatic case-study was taken over from the Lambeck and Purcell (2005) paper (Stocchi and Spada 2007:755). 

By compartmentalising the Mediterranean into so-called “Clark zones” representing similar glacio-isostatic 

RSL measurements, they argued that the SE Tunisian coast measurements matched the history of Antarctic 

ice-sheet deglaciation (Stocchi and Spada 2007:742). They did not consider the Alpine ice-sheet melt for the 

Adriatic Basin but speculated that the combination of that factor with the Adriatic Basin’s relatively shallow 

depths might make their model for that area less accurate (Stocchi and Spada 2007:756). 

 

Holocene climate change episodes in the Northern Hemisphere 

In the Early Holocene (9650–5000 BC), global environments underwent several dramatic climate 

changes caused by a combination of fluctuating temperatures and rapid episodes of sea-level rise. It is 

estimated that around half of the total Holocene sea-level rise occurred during this short period, with rising 

sea-level rates as high as 2.5 cm/yr (Törnqvist and Hijma 2012:601). Paleoenvironmental records show that 

the post-LGM deglaciation was interrupted by the Younger Dryas Event between 10,800–9700 BC, when 

global sea-level rise slowed down, and the Northern Hemisphere underwent a cooling period (Fairbanks 

1989:640; Lambeck et al. 2002:204; Smith et al. 2011:1846). The start of the Holocene was therefore marked 

with a new warming period after the Younger Dryas Event, when global temperature was rising by 

approximately 15°C over a 1,500-year period, which ended around 7500 BC. This consequently initiated the 
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continuation of the post-LGM deglaciation process, which particularly affected the deglaciation process of 

the so-called Fennoscandian, Greenland and Laurentide ice sheets across the Northern Hemisphere. (Dyke 

et al. 2002; Törnqvist and Hijma 2012:602). The rapid melting of the Laurentide ice sheet led to the formation 

of proglacial Lake Agassiz, and eventually the lake’s abrupt discharge of glacial melt water into the Arctic 

Ocean after an ice dam formed by the Laurentide Ice Sheet disintegrated. The drainage of the lake shaped 

what is now Hudson Bay in Canada at around 6470 BC (Smith et al. 2011:1848) and flooded the lowland 

landscapes of the North Atlantic (Törnqvist and Hijma 2012:602), including Doggerland (Gearey et al. 

2017:36) (Figure 44). The data gathered from Greenland ice and Atlantic deep sea-bed cores imply that the 

Laurentide Ice Sheet meltwater was voluminous enough to cool down the ocean temperature, which is 

supported by evidence of ocean surface freshening and sudden sea-level jumps on both sides of the Atlantic. 

As a consequence of these incidents, the mean annual temperature in the Northern Hemisphere was lowered 

by 3.3°C ±1.1°C around 6200 BC, which is known as the 8.2k cold event, also referred to as the 8.2ka, or 8.2kyr 

event – depending on the timescale naming system referring to kiloyears before present (Törnqvist and Hijma 

2012:602). Evidence of climatic effect of the 8.2k event was traced as far as the Mediterranean, where 

paleoclimatic records from the Aegean Sea showed unusual occurrences of polar winter outbreaks 

(Mayewski et al. 2004:249). After the 8.2k event, five more rapid Holocene climate change events dated 

between 4000–3000 BC, 2200–1800 BC, 1500–500 BC, AD 800–1000 and AD 1400–1850 were identified in 

the vertical chemical composition of Greenland Ice Sheets. Environmental evidence from these periods 

showed occurrences of cooler climate on the North and South poles and drier climate around the Equator, 

which was attributed to solar variability (Mayewski et al. 2004). One of the most recent known exchanges of 

global warming and cooling are also known as the Medieval Warm Period which lasted between calendrical 

years 800–1300 and was immediately followed by the so-called Little Ice Age, which lasted until around 1870. 

The reason why these dates are mismatched with the Greenland Ice Sheet records can be explained with the 

atmospheric 14C record deficiency in the last 1500 ± 500 years (deMenocal 2001:292). 

 

Image removed due to copyright. 

Figure 44 The melting process of the Fennoscandian (FIS), Greenland (GIS) and Laurentide ice sheets (Törnqvist and 
Hijma 2012:602). 

 

 

Holocene sea-level rise in the Alpine Mediterranean 

The Alpine Mediterranean region consists of the Tyrrhenian, Sardinia-Corsica and Adriatic tectonic 

blocks with natural borders outlined with seismic activity. The Adriatic block, also known as the Adria or 

Apulia microplate, is partially independent and slowly moving away from the large African plate to the south 
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towards the Eurasian plate (Antonioli et al. 2007:2465; Surić et al. 2014:95). This contributes to the variety 

of eustatic, glacio-hydro-isostatic and tectonic sea-level factors in the region. Even though the Mediterranean 

Sea was protected from direct Arctic ice melt, sea-level change still occurred due to the global eustatic factor. 

Over the last 15 years, several small- and large-scale past sea-level change studies were performed 

throughout the Mediterranean and Adriatic coastline, all of which included the eustatic, glacio-hydro-

isostatic and tectonic factors (for example Antonioli et al. 2007; Antonioli et al. 2009; Furlani et al. 2014; Surić 

et al. 2014). The diversity of glacio-hydro-isostatic and tectonic sea-level effects contributed to localised RSL 

variations (Lambeck and Purcell 2005; Stocchi and Spada 2009). As an example, according to some of these 

reconstructions the RSL at the French Mediterranean coast around 2000 BC was around 1.5 metres lower 

than today (Lambeck and Purcell 2005:1984), whereas at the same time in the Eastern Mediterranean RSL 

had already reached its present-day levels (Benjamin et al. 2017:18) (Figure 45). 

 

Figure 45 Observed and predicted sea levels for the French Mediterranean and Carmel coast (Modified after 
Lambeck and Purcell (2005)). 

 

Past sea-level reconstructions for the Middle and Late Holocene Mediterranean are based on 

geomorphological, biological and archaeological proxies which contributed to the construction of sea-level 

curves on the French, Italian, Slovenian, Croatian, Greek, Turkish, Lebanese, Israeli, Libyan and Tunisian 

coastlines. In a recent interdisciplinary overview, Benjamin et al. (2017) gathered sea-level data from these 

coastlines throughout the late Quaternary, emphasising the importance of including the Late Holocene ice-

sheet offload to the sea-level change. They found that in most of the Mediterranean, the Middle and Late 

Holocene hydro-isostatic factor contributed to the uneven local RSL, and mentioned the possible Alpine 

glacial meltwater impact on the Northern Adriatic sea-level variations (Benjamin et al. 2017:18). 
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For their Mediterranean sea-level models study, Lambeck and Purcell (2005) included the glacio-

hydro-isostatic calculations for the European ice sheet, which was covering today’s Scandinavia, Barents and 

Kara seas and Northern Eurasia, and ice sheets covering the Arctic, including the aforementioned Laurentide 

Ice Sheet (Lambeck and Purcell 2005:1973). For the Northern Adriatic 10,000 BC and 4000 BC models they 

also included the Alpine deglaciation happening at the time, which is of significance to the Zambratija site 

from many perspective angles. The model shows that a maximum value for the glacio-isostatic uplift derived 

from the Alpine deglaciation was around 3 metres (Lambeck and Purcell 2005:1974), and an RSL value of 

around -4–9 metres for the 4000 BC model (Lambeck and Purcell 2005:1983). The 120,000 km2 Alpine glacier 

was the largest Southern European post-LGM glacier (Figure 46). Since its morphological characteristics were 

uneven, the deglaciation process was complex and episodic (Keller and Krayss 1993; Monegato et al. 2017; 

Stocchi et al. 2005:138). 

 

Figure 46 The extents of the Alpine glacier at the LGM. Modified after Stocchi et al. (2005). 

 

The sea-level curve for the Tyrrhenian and Northern Adriatic coast shows the start of a significant 

water influx from around 16,000–8000 BC, after which the sea-levels slowly grew until around 4200 BC when 

they align with present-day levels. Particularly interesting are the case studies from Venice and Trieste, both 

close to Zambratija, which show that the melting of the Alpine glacier moderated the post-glacial rise of 

Northern Adriatic sea-levels (Stocchi et al. 2005:140), which has been accepted in recent literature as the 

most prominent hydro-glacio-isostatic sea-level factor in the region (Surić et al. 2014:95). 
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Holocene sea-level markers and submerged landscapes of the Adriatic Basin – 
environmental data 

  

The Lambeck and Purcell (2005) study of the Adriatic was based on one core in the Versilia plain in 

Northern Italy but due to the increased intensity of sea-level investigations between 2004 and 2014, the 

database for the Late Holocene Adriatic sea-level curve has been updated with a larger number of 

radiocarbon dated environmental and archaeological markers (Antonioli et al. 2007; Antonioli et al. 2009; 

Furlani et al. 2014). The combination of natural factors, such as rocky limestone coast with a low tidal range, 

a large number of submerged karstic caves; and being located on the crossroads of cultural activity 

throughout millennia, makes the Adriatic an ideal location for the investigation of sea-level changes (Surić et 

al. 2014:93). 

 

Local geomorphology and tectonics 

The Adriatic Basin is a small and geographically isolated, tectonically active part of the Mediterranean 

(Antonioli et al. 2007:2464). Most of the Eastern Adriatic coast is composed of carbonates, making it a part 

of the Eastern Dinaric karst that formed throughout the Lower Trias until the Lower Eocene geological eras. 

The karst and started to get saturated by flysch deposits during Lower and Middle Eocene (Antonioli et al. 

2007:2465; Surić et al. 2014:95). Seismic measurements in the basin showed deformations related to motion 

dynamics, suggesting that the Adria plate is a partially or perhaps even a completely independent plate, 

progressively distancing away from the African one in a rotating counterclockwise movement. It has been 

suggested and supported by calculations that the movement speed is 2.0 ± 0.2 millimetres per year, the result 

of which is seen in the thrusting and crustal thickening of the southern Alps (Antonioli et al. 2007:2465). The 

complicated karstic system with the Adria microplate pushing towards the Alps makes the Adriatic Basin a 

tectonically complex location for the reconstruction of Holocene sea-level rise. According to archaeological 

and geomorphological Late Holocene sea-level markers in the Northern Adriatic, RSL changed there up to -

2.08 ± 0.60 metres, with a tectonic lowering of 1.5–1.6 metres in the last 2000 years (Antonioli et al. 

2007:2484). 

A prominent characteristic of the Northern Adriatic is its relatively shallow bathymetry occurring on 

a gently sloping (0.02°) continental shelf (Martorelli et al. 2014; Surić et al. 2014:95). Its numerous islands 

and shallow basins coupled with the  large Istrian Peninsula located at the head of the Adriatic (Šegota and 

Filipčić 1991) tend to augment the impact of changing environmental dynamics, such as the sedimentation 

provided by the river Po (Martorelli et al. 2014; Surić et al. 2014:95). It is a region of microtidal conditions 

with average tidal range amplitude around 30 cm, which is episodically influenced by the cold north-eastern 

and warm south-eastern wind, with increases of sea-level up to 1.6 metres above MSL (Surić et al. 2014:95). 
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Geomorphological sea-level markers 

Although not useful for absolute dating purposes (Surić et al. 2014:95), tidal marine notches 

represent valuable relative indicators for coastal tectonic movement (Figure 47). They are described as bio-

erosional landscape features, typically limestone sea cliffs whose peaks are adjusted to the MSL (Furlani et 

al. 2014:37). In the Northern Adriatic the submerged tidal notches were found as deep as -19 m MSL, but 

most of them are noticeable in shallow waters (Surić et al. 2014:97) and have been attributed to the Roman 

Age. 

 

Image removed due to copyright. 

Figure 47 A tidal notch near Dubrovnik (Modified after Surić et al. 2014). 

 

A submerged tidal notch in the Gulf of Rijeka at -0.5 to 1.0 m MSL had deformations attributed to an 

AD 361 earthquake (Benac et al. 2004), which were then cross-referenced with several archaeological sites 

(Antonioli et al. 2007:2469-2473). In a snorkelling study of submerged tidal notches around the Istrian 

Peninsula, researchersnoticed an important link between the notch erosion intensity and submerged 

freshwater springs (Furlani et al. 2014). This suggested that the submerged tidal notches previously 

attributed exclusively to bio-erosion should be re-assessed. A similar conclusion was made based on the 

investigations on tectonic movements in the Eastern Adriatic. Surić et al. (2014) argue that predispositions 

for the development of a tidal notch requires tectonic stability, however the Eastern Adriatic showed 

evidence of multiple significant tectonic sea-level factors, such as the Alpine glacier melting, which had a 

significant impact on the local tectonic uplift (Surić et al. 2014:99). Faivre et al. (2011) investigated the sea-

level changes of the Western Istrian Peninsula coastline since 2856 BC, with the aim to reveal the origin of 

the submerged tidal notch which spreads from the Gulf of Trieste to the Velebit mountain. The evidence, 

which was compared to the Lambeck and Purcell (2005) and Antonioli et al. (2007) studies, showed the 

existence of a shallow marine environment there until around AD 1450, when the sedimentation changed to 

layers of terrestrial origin, today partially submerged. This made it possible to date the formation of the local 

submerged tidal notch between the calendrical years AD 1000–1500, after which the Western Istrian 

coastline was inundated with fluvial sediments from the nearby river and the notch subsided due to tectonics 

(Faivre et al. 2011:141). The current discussion is looking at whether the modern-day increased sea-level rise 

has had an impact on the disappearance of tidal notches, with studies both supporting and rejecting this 

hypothesis (Benjamin et al. 2017:5). 

Unlike tidal notches, submerged speleological objects represent a less controversial past sea-level 

marker due to the nature of their formation. There are more than 140 submerged caves on the Eastern 

Adriatic coast (Surić et al. 2014), some of which have already been used as past sea-level indicators by 
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radiometric dating of speleothems. After being submerged, they become incrusted with marine organisms 

which form thick marine crusts, which can be sampled for dating (Lambeck et al. 2004a:1569). Stalagmites 

are speleological rock formations made by water dripping from the ceiling to the floor and can therefore only 

be formed above sea-level. According to the Uranium series age of two submerged stalagmites found at a 

depth of -14.5 and -18.8 m MSL on the Northern Adriatic Krk island, the MIS 5.1 MSL should have been much 

higher than that of the calculated global eustatic MSL curve (Surić et al. 2014:98). Evidence of more recent 

sea-level change was found on Lošinj Island in the partially submerged Medvjeđa Cave. The cave can only be 

entered today through a ceiling crack into a small chamber, with the original entrance floor of the main 

chamber being -10.0 m MSL (Šegota and Filipčić 1991:164), making it also a potential archaeological sea-level 

marker. A stalagmite from Medvjeđa Cave submerged -0.45 m MSL showed a radiocarbon range of 620±63 

years BP, revealing that the stalagmite peak must have still been above sea-level around AD 1330 (Šegota 

and Filipčić 1991:152). Similar archaeological potential can be seen in the submerged Y Cave on the Central 

Dalmatian Dugi Otok Island. The 6-metre-high entrance lies at -12.0 m MSL. Diving surveys recorded a total 

cave length of 87 metres, and it contains evidence of freshwater springs. According to current sea-level 

calculations, the cave was inundated sometime in the 6th millennium BC, making it inhabitable for Late 

Palaeolithic, and Mesolithic populations (Benjamin et al. 2011a:202; Benjamin and Črešnar 2009:62). 

Anchialine caves are another type of speleological sea-level marker. Anchialine caves have freshwater layers 

floating above seawater, a phenomenon that also only appears above sea-level. Submerged anchialine caves 

in the Adriatic islands do not only represent a geomorphological sea-level marker, but also demonstrate 

archaeological potential, which has been confirmed with recent research showing traces of human 

interventions (Radić Rossi and Cukrov 2017). 

Submerged karstic depressions along the Eastern Adriatic, such as the one taken from the 72-metre-

deep Lošinj Bay provide records of re-occurring Quaternary marine transgressions. Filled with depositional 

sediments accumulated during multiple sea-level fluctuations, these submerged deep depressions represent 

valuable resources for reconstructing sedimentary stratigraphic and chronological sequences based on 

geochemical and biological proxies (Benjamin et al. 2017:5-6). 

 

Depositional sea-level markers 

Due to its very protected, almost land-locked position which made it possible to preserve sediments 

containing detailed environmental record of the Holocene climatic and environmental variations, the Adriatic 

Basin is an almost ideal case study for sea-level change investigations (Piva et al. 2008:153). In addition, the 

Po river delta infused the Northern Adriatic seabed with terrestrial and freshwater sediments, creating coast-

specific environments such as estuaries, deltas, salt marshes and lagoons. Areas of extensive sediment 

accumulation contain remains of fossilised microorganisms which, when they were alive, were sensitive to 
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factors such as depth, salinity and temperature of the aquatic environment they inhabited. These 

characteristics make microfossils reliable proxies for past sea-level and climate change reconstructions. Some 

of the most useful depositional sea-level microfossil markers include salt-marsh foraminifera, testate 

amoebae and ostracods (Benjamin et al. 2017:5). Due to these ideal circumstances, many sea-level studies 

of the Adriatic which included depositional markers as one of chosen research methods have been 

performed, re-evaluated and/or used as available data (Abelli et al. 2016; Antonioli et al. 2007; Antonioli et 

al. 2009; Felja et al. 2015; Lambeck et al. 2004a; Piva et al. 2008; Shaw et al. 2016). 

Both archaeology and environmental sciences study sediments as physical structural background for 

the study of cultural or natural material deposition through time. Evidence of a submerged freshwater 

environment, as well as of anthropological landscape exploitation, make Zambratija a rare case where 

sediments can be researched from multiple viewpoints. That way, investigations can give answers to research 

questions regarding past climate change and its impact to human and environmental systems, empirically 

supported from the same vertical stratigraphic sequences. A diverse variety of foraminifera, a common 

depositional sea-level marker, were found in the seabed cores used for this research. The author performed 

a basic statistical analysis of the foraminifera microfossils, which were referenced and compared with the 

most recent scientific research of the Adriatic foraminifera (Ćosović et al. 2006; Ćosović et al. 2011; Felja et 

al. 2015; Shaw et al. 2016). 

 

Submerged landscapes 

After the LGM, around 20 million km2 of the Earth’s territory was inundated by the rising sea (Harff 

et al. 2016b:1), leaving landscapes and natural habitats abandoned by their terrestrial flora, fauna and human 

populations. These submerged Quaternary landscapes are now being investigated by collaborative marine 

research. Existing records are updated with new available proxy data. Archaeologists worldwide are drawn 

to these investigations for a variety of reasons, not only to find submerged archaeological sites, but also to 

reconstruct the ecosystems which the hunter-gatherer populations were inhabiting and exploiting, as well as 

to find possible land bridges and passages used to occupy new territories (Flemming et al. 2003; Gearey et 

al. 2017; Harff et al. 2016a; Lewis Johnson and Stright 1992; Masters and Flemming 1983b). Some of those 

bridges are known in the Mediterranean and represent crucial knowledge for the understanding of 

prehistoric migratory routes between Africa and Europe. For example, according to paleoenvironmental and 

bathymetric data, the Maltese Islands were connected to present-day Sicily between 18,000 and 12,000 BC 

(Foglini et al. 2016:91), and the Europe–Sicily bridge in the Strait of Messina, which is today 81 metres deep, 

was dry land for at least 500 years between 19,500 and 18,000 BC (Antonioli et al. 2016:111). 

Submerged landscapes of the Croatian Adriatic have been investigated as a part of the LoLADRIA 

(Lost Landscapes of the Eastern Adriatic Shelf) research project funded by the Croatian Science Foundation. 
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The multidisciplinary team was led by the Croatian Geological Survey (CGS), and it included multiple coring 

campaigns across the Adriatic, where they used micropaleonthological and geochemical proxies for sea-level 

and paleo-environmental reconstructions of Holocene submerged landscapes (Brunović et al. 2015; CGS 

2018). A recent multidisciplinary study of Middle and Late Holocene paleoenvironment in the Mirna River 

valley, located around 20 kilometres south from Zambratija, showed that the river delta formation changed 

on multiple occasions in the last 7000 years. As a consequence, landscapes changed constantly, which had a 

significant impact on the local human populations. This can also be seen in the archaeological evidence (Felja 

et al. 2015). 

 

Archaeological evidence of sea-level change in the Adriatic Basin 

 

Archaeological sea-level markers are most accurate when the time of their origin is known, and when 

they are in close connection with remains of fixed tidal bioindicators, such as barnacles. This, however, is 

only applicable to near coast or partially submerged archaeological structures, such as ancient harbours 

(Henderson et al. 2011) or fish tanks (Florido et al. 2011), which limits the Mediterranean sites to the last 

3000 years (Benjamin et al. 2017:19; Morhange and Marriner 2015:146). Evidence of prehistoric exploitation 

of inundated landscapes that were once terrestrial are rare for Palaeolithic sites, although not entirely 

unknown (Cliquet et al. 2011; Werz et al. 2014), after which they occur far more frequently in the Mesolithic 

(Hansson et al. 2016; Larsson 1983; Lübke et al. 2011; Nymoen and Skar 2011; Uldum et al. 2017), and 

Neolithic (Cassen et al. 2011; Flemming 1983a; Galili and Rosen 2011; Geddes et al. 1983; Gifford 1983; 

Wreschner 1983). Conversely, there are few Bronze Age submerged sites (Flemming 1983b). As far as the 

nature of the submerged cultural heritage, a variety of submerged or drowned archaeological sites and finds 

have been used as archaeological sea-level markers worldwide. These include extinct land animal bones and 

material culture found in marine dredging (Stanford et al. 2014), as well as submerged settlements (Galili et 

al. 2017a; Wreschner 1983), prehistoric fishing fences (Leineweber et al. 2011), ancient burials (Bulić 1900; 

Uldum 2011), submerged cave drawings (Clottes et al. 1992), shell middens (Bailey 1983) and many more.  

The archaeological investigation of submerged prehistoric landscapes and cultural sites developed 

into its own discipline at the end of the 20th century, which will be discussed in greater detail in Chapter 5. 

However, sea-level change did not stop, and archaeological indicators for it exist from later periods such as 

the ancient harbours mentioned above, as well as evidence of previous RSL on ancient nearshore city walls 

and constructions. For example, the southern city gate of ancient Osor on the island of Cres, Croatia, which 

was formed as a Roman Colony in the 1st century AD, are now positioned at -0.60–0.80 m RSL, depending on 

the tide. Considering that the gates were at least 1 metre above RSL at the time of building, the gate position 
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today roughly indicates a sea-level uplift of up to +1.80 metres in the last 2000 years (Šegota and Filipčić 

1991:155).  

Archaeological and historical evidence for sea-level change is seen on the island of Mljet, Croatia. 

Historical sources say that in 1490, the channel between the island’s brackish lake and the Adriatic Sea had 

to be lowered, so that the existing mill built on the channel could continue functioning. The consequences of 

this action led to a significant influx of sea water into the lake, with drastic changes apparent in the lake 

sedimentation. By 1950, the channel was inundated, making it possible to roughly estimate a +0.6 metre RSL 

uplift during those 460 years (Šegota and Filipčić 1991:152). 

As discussed in Chapter 1, a fascination with sea-level change on the Adriatic coast and how it can be 

confirmed with archaeological evidence began with 19th and early 20th century academics and scholars. The 

first synthesis of known archaeological and geological sea-level markers for the Eastern Adriatic coast was 

done by Šegota and Filipčić (1991). They gathered historical, archaeological and geological data from 27 (17 

archaeological and 10 geological) coastal and submerged sites, ranging in age from 7300 BC to AD 1700, and 

in RSL depth from -0.45 to -28.0 metres from the Gulf of Trieste in the North, to Mljet Island in the South 

(Šegota and Filipčić 1991:152). According to their calculations, which were synthesised on a comparative sea-

level curve showing the global MSL line with the 27 positions (Figure 48), the Holocene marine transgression 

development can be archaeologically and geologically traced in the Adriatic from the Late Neolithic to the 

Late Iron Age (Figure 49).  

 

Image removed due to copyright. 

Figure 48 The Adriatic sea-level curve according to the 27 markers reviewed by Šegota and Filipčić (1991). 

 

 

Archaeological era Years BP Years BC RSL 

Early Neolithic 7950–6750 6000–4800 -18.8–13.5 m 

Middle Neolithic 6750–5450 4800–3500 -13.5–9.0 m 

Late Neolithic 5450–4550 3500–2600 -9.0–6.5 m 

Copper Age 4550–3950 2600–2000 -6.5–5.0 m 

Bronze Age 3950–2850 2000–900 -5.0–3.1 m 

Iron Age 2850–2050 900–100 -3.1–1.96 m 

Figure 49 Sea-level change throughout archaeological eras in the Eastern Adriatic coast, according to Šegota and 
Filipčić (1991). 

 

It is important to emphasise that even though the chronological determinations of archaeological 

eras in Figure 49 represent a simplistic and outdated timeline based on available academic literature at the 
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time, due to the large volume of the collected dataset and the quality of the analysis, that research is still 

considered pioneering work by including archaeology and modern-day sea-level studies in Croatia. Therefore, 

Figure 51 serves only as a demonstration of historical work and will not be used further in the thesis. An 

updated table and sea-level curve with recent scientific sea-level archaeological and geological data from 

interdisciplinary international research from the last 15 years is presented later. 

 

21st century interdisciplinary investigations of sea-level change in the Adriatic 

Over the past two decades, there has been an increase in using environmental and archaeological 

indicators to assess sea-level change in the Adriatic Sea. The archaeological sites used as sea-level references 

were from Roman or pre-Roman times, except for one Bronze Age site (Auriemma and Solinas 2009:143) 

(discussed below). Lambeck et al. (2004a) compared the upper surface of quay paving stones in the 1st 

century AD Roman town of Aquileia with current sea-levels to conclude the sea had risen more than 0.8 m in 

the last 2000 years (Lambeck et al. 2004a:1580). A combination of geomorphological and archaeological site 

data compiled from AD ~100 indicate Holocene sea-levels increased in the north-eastern Adriatic since that 

time by -1.80 ± 0.60 to -1.50 ± 0.60 metres (Antonioli et al. 2007:2467). Those sea-level increases were 

corroborated by a later study that assessed 127 archaeological sites in the northern Adriatic (Antonioli et al. 

2009:109). 

Auriemma and Solinas (2009) provided a review of the so-far known archaeological sea-level markers 

with examples from the Italian coastline, including the Adriatic. They systematically divided the types of 

archaeological sea-level markers to fishponds, harbour structures, coastal buildings, coastal quarries, 

hydraulic systems, prehistoric settlements and caves, paleo-beaches and beached wrecks. The list also 

includes an interdisciplinary discussion on various reliability factors, such as the links between the functional 

features of piers and barnacle growth, as well as relative and absolute chronologies (Auriemma and Solinas 

2009:144). For the Adriatic, they also included a partially submerged Bronze Age settlement of Torre Guaceto 

near Brindisi, with visible architectural features from -0.5 to -2.5 metres RSL (Auriemma and Solinas 

2009:143).  

Further data for the Holocene sea-level change in the Adriatic has been added with a small-scale 

interdisciplinary study on the Classical Antiquity port of Issa on the island of Vis, where the RSL for 2400 BC 

has been calculated to -199 ± 25 m (Faivre et al. 2010). Classical Antiquity fish tanks have also been added to 

the sea-level change studies of the Adriatic, and calculations showed that the average sea-level has been 

rising at a 0.63–0.83 mm/year since the Roman times (Florido et al. 2011). The most recent assessment of 

the Holocene sea-level change for 917 environmental and archaeological Western Mediterranean sites, 

included 200 locations which were divided into seven areas across the Croatian, Italian and Slovenian Adriatic 

coasts on both sides of the Adriatic Basin (Vacchi et al. 2016). All studies mentioned so far have been used 
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for this assessment, which represents the first study of the Mediterranean Holocene sea-level change by 

establishing index points, or RSL indicators, and marine and terrestrial limiting points, in its methodology. In 

order to qualify as an RSL index point, the sea-level indicator is required to have a known location, calibrated 

age and elevation relative to MSL at the time, and these are usually biological, lagoonal and beach rock sea-

level indicators. The indicators that do not have all the necessary requirements are used as marine limiting 

points. Terrestrial limiting points include coastal or submerged archaeological sites and subaerial and 

freshwater environments (Vacchi et al. 2016:177). The result of this methodological classification is a sea-

level curve with RSL index points which fall below terrestrial and above marine limiting points. The sea-level 

calculation results of all 200 Adriatic locations from the Vacchi et al. (2016) study is presented in Figure 50. 
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Location IP LP BP BC/AD RSL 

Venice/Friuli lagoons 49 9 9700 7700 BC -23.5 m 

   7500 5500 BC -9.3±0.8 m 

   6600 4600 BC -5.5±0.8 m 

   5500 3500 BC -3.0 m 

   4000 2000 BC -1–2 m 

   2500 500 BC -1.4±0.7 m 

   600 1400 AD -0.4±0.6 m 

   300 1700 AD -0.3 m 

North-eastern Adriatic 28 6 10,900 8900 BC -28.0 m 

   10,000–9,600 8000–7600 BC  -28.0–23.0 m 

   9600 7600 BC -22±1.2 m 

   5000 3000 BC -2.9±1.0 m 

(Trieste)   3100 1100 BC 0.1±0.8 m 

(Istria)     -1.29±1.1 m 

   2000 0 -1.75±1.4 m 

   1900 100 AD -1.0±1.1 m 

   1500 500 AD ~ -0.5 

North-western Adriatic 40 9 12,900 10,900 BC -53.0±0.9 m 

   12,200 10,200 BC -43.0 m 

   10,000 8000 BC -23.3±0.8 m 

   9200 7200 BC -20.0±0.8 m 

   8200 6200 BC -15.1±1.5 m 

   7100 5100 BC -8.3±1.5 m 

   6000 4000 BC -7.6±0.8 m 

   5000–4500 3000–2500 BC -4.6–4.1 m 

   1700–1200 300–800 AD ~ -2.8 m stillstand 

   800 1200 AD -2.5±0.7 m 

Mid-eastern Adriatic 23 1 2600 600 BC -1.5±0.3 m 

   1900 100 AD -1.1±0.3 m 

   1400–1100 600–900 AD -0.7±0.3 m 

   600–200 1400–1800 AD -0.3±0.3 m 

Mid-western Adriatic 3 3 10,400 8400 BC -18.6 m 

   7700 5700 BC -11±0.6–7.4±1.1 m 

   2500 500 BC -3.0 m 

Northern Apulia 16 3 7700 5700 BC -14.0 m 

   6800 4800 BC -6.0 m 

   4400 2400 BC -2.2±1.0 m 

   2600–today 600 BC–today Within ~2 m MSL 

Southern Apulia 4 6 5500 3500 BC -4.0±0.5 m 

   4000 2000 BC -3.4±0.5 m 

   3000 1000 BC ~ -2.5 m 

   2000 0 -2.2±0.7 m 

   1000 1000 AD -1.6±1.0 m 

Figure 50 Post-LGM RSL calculations for the Adriatic Sea based on 163 index points (IP) and 37 marine and terrestrial 
limiting points (LP) (200 sea-level indicators in total), according to Vacchi et al. (2016). Since it represents the most 
recent overview of the Holocene sea-level change in the Adriatic, this study will be used as the sea-level reference 
for the Adriatic Sea throughout the thesis. 
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Submerged prehistoric archaeology in Croatia 

The site in Zambratija Bay represents one of only a few submerged prehistoric archaeological sites 

investigated on the Eastern Adriatic Coast. These sites have been noticed and investigated by archaeologists 

since the late 1970s, but only a few were published with radiocarbon dates from stratigraphic contexts. Even 

though the knowledge is scarce and, in most cases, stratigraphically and contextually unreliable, an up-to-

date overview will be listed here with available typological affiliations, radiocarbon dates, context and 

reference. 

Although in situ submerged Palaeolithic and Mesolithic sites have not been confirmed, there are a 

few indications of their existence. Possibly the oldest one is in Resnik near Kaštel Štafilić (Figure 51:2), where 

stone tool artefacts typologically determined to the Mousterian Lithic Industry with evidence of the so-called 

Levallois stone-knapping method, both associated with Neanderthal populations, were found on the seabed 

surface at around -4.0 m MSL (Karavanić et al. 2014:34). The site is situated near the terrestrial Mujina Cave, 

which is the only Dalmatian cave with an undisturbed and contextualised stratigraphy, with Mousterian 

layers radiocarbon dated to around 43,000–37,000 BC (Karavanić et al. 2014:32). 

 

Figure 51 Submerged archaeology in Croatia: Zambratija Bay (1), Resnik (2), Baška Voda (3), Stipanac (4), Veruda (5), 
Janice/Babuljaš/Sv. Justina/Veliki Školj (6), Mali Lošinj (7), Šimuni (8), Vranjic (9), Ričul (10), Oštarija (11), Nin (12), 
Caska (13). 



 

60 

In Baška Voda (Figure 51:3), non-archaeologist divers rescued six stone tool artefacts after an 

accidental dredging of the seabed by a boat engine. They claimed to have found the lithics at around -5.0–

6.0 m MSL, in seabed layers around 30–40 centimetres deep. According to the divers, the position of the 

dredge was around 50 metres away from the Baška Voda harbour shoreline (Benjamin et al. 2011a:199; 

Benjamin and Črešnar 2009:59).  

Stone artefacts attributed to the Upper Palaeolithic were collected from the seabed around the islet 

of Stipanac in Prokljansko Lake near Skradin (Benjamin and Črešnar 2009:58; Karavanić et al. 2014:35) (Figure 

51:4). The lithics, as well as prehistoric pottery sherds, were found scattered on the seabed at around -3.0 m 

MSL. The paleo-shoreline of the Stipanac islet is currently positioned approximately -3.0 m MSL and is 

connected to the nearby Školj Peninsula by a submerged embankment, ranging in depth from -1.5–3.0 m 

MSL. The submerged embankment represents one of the islet-to-shore late prehistoric sites in the Zadar 

archipelago (discussed below) (Brusić 1977:57).  

A reliable example of found stone tools attributed to the Neolithic is from a dredging campaign for 

deepening the Veruda Bay Marina in Pula (Figure 51:5), which lays at around -2.0 metres MSL. The dredged 

sediments were deposited on land and inspected by archaeologists and they contained stone artefacts, 

including volcanic rock stone axes and chert tools dating from the Neolithic to the Early Bronze Age (Benjamin 

et al. 2011a:197).  

Discovered in 2011, the Janice site was the first submerged Neolithic site found in Croatia. 

Archaeologists found evidence of a prehistoric settlement on the seabed of Janice Beach while conducting 

an underwater excavation of the Roman harbour of Pakoštane near Zadar (Figure 51:6). Wooden material, 

prehistoric stone tools, and prehistoric pottery were located ~4.5 m below MSL (Bekić et al. 2011). The 

following year, two excavation units revealed sediment layers containing pottery, chert and wooden finds, 

as well as bones, pits and charcoal (Pešić 2012). According to the most recent publication on the Janice site 

(Bekić et al. 2015), the site is located at a depth of -5–6 m MSL. Five wooden elements – four vertical piles 

and one horizontal plank, were found in the excavation units, however authors warn that the stratigraphy 

might have been disturbed due to tidal exposure. An abundance of pottery, chert tools and three obsidian 

tools, as well as land animal bones, and one radiocarbon date from a wooden pile with an age range of 4681–

4539 BC show that the site was in use during the Neolithic and Eneolithic periods (Bekić et al. 2015:9). Authors 

speculated that this might have been a maritime pile-dwelling, however this hypothesis has not been 

supported with further paleo-environmental evidence. The settlement might have been protected by, or 

culturally connected to, a nearby unique submerged formation composed of shells, from where two 

radiocarbon dates revealed an age range of 4994±30 BP and 4874±24 BP (Bekić et al. 2015:17)4. The 

 
4 Inconsistency following the original publication of radiocarbon age dates, where one is listed as a Cal BC range and 
two as BP. The date cannot be calibrated correctly without knowing the material of the sample, which has not been 
provided in the publication.  
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Eneolithic pottery from Janice shows typological similarities with prehistoric pottery dredged from sediments 

beneath a Medieval wooden shipwreck, found at a depth of -5.0 m MSL near the islet of Palacol/Oruda near 

Mali Lošinj (Bekić et al. 2015:14; Benjamin et al. 2011a:198) (Figure 51:7). One more islet in the Pakoštane 

area, Babuljaš (Figure 51:6), revealed submerged layers with prehistoric pottery, which was overlayed with 

a 5th century AD Roman shipwreck cargo at a depth of around -5.0 m MSL. The pottery and lithic artefacts 

dated from the Neolithic to the Bronze Age. The artefacts, including a flint projectile point, were found in 20–

50 cm thick seabed layers, but were likely not in situ (Pešić 2013, 2015, 2016). 

Underwater investigations of the Šimuni harbour (Figure 51:8) revealed what might be an in situ 

submerged Bronze Age settlement. At a depth of around -2–3 m MSL, archaeologists found 40 wooden piles 

protruding out of the seabed, 10–30 cm in diameter and organised in a linear formation. A large number of 

prehistoric pottery sherds typologically attributed to the Urnfield Culture Complex, which is dated from the 

14th to the 12th century BC, were found scattered on the seabed surface. It seems probable that this might 

be a prehistoric maritime pile-dwelling or harbour, however this assumption needs to be further explored 

with systematic excavations and radiocarbon dates (Bekić 2017). A cultural continuity from Bronze to Iron 

Age can be seen in the stratigraphy of the Vranjic harbour in Kaštela Bay (Figure 53:9), where stratigraphic 

layers with prehistoric pottery have been radiocarbon dated to the 16th and 15th century BC (Radić Rossi 

2008:500).  

The aforementioned complex site of Stipanac (Figure 51:4) consisted of a submerged prehistoric 

settlement on an islet connected to the nearby shore with a stone slab embankment. Stipanac formed part 

of a collection of late prehistoric sites in the Zadar archipelago and was first recorded by Brusić (1977). A 

similar settlement pattern and organisation can be recognised on the islet of Ričul near Turanj (Figure 51:10), 

Oštarija/Kumentić islet near Biograd na Moru (Figure 51:11), Sv. Justina and Veliki Školj islets in front of 

Pakoštane (Figure 53:6) and on the islet in the Bay of Nin (Figure 51:12) (Benjamin et al. 2011a:198; Brusić 

1977).  

The islet Ričul near Turanj (Figure 51:10) is connected to the nearby shore by a submerged 

embankment, surrounded with scattered pieces of prehistoric pottery. The embankment stops at a point 

where the islet’s submerged paleo-shoreline starts at a depth of around -2.0–3.0 m MSL. The stratigraphy of 

the shoreline revealed dark sediments beneath the sandy surface layers containing pottery, bones, shells and 

a partially submerged stone slab pavement. A Bronze Age urn containing the bones of a child was found on 

the terrestrial part of the islet (Brusić 1977:54). Recent archaeological investigations show that the 

submerged stone embankment structure lies on a seabed that is around -3–4 metres deep, and its highest 

stones are at -2.2 m MSL. It is 125 metres long and supported by wooden piles rammed into the seabed. 

Remains of the prehistoric settlement are seen on the Ričul islet shoreline, which was artificially expanded 

towards the sea. Excavated sediments contained Middle Bronze Age pottery, land animal bones and antler, 

as well as pits and seeds (Čelhar et al. 2017). Three published radiocarbon dates obtained from wooden piles 
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“from different positions at the site” (Čelhar et al. 2017:31), unfortunately without a mentioned elevation or 

stratigraphical context in relation to MSL, revealed an age between 1500 and 1300 years BC, or Middle Bronze 

Age (Čelhar et al. 2017:24). Settlements on the islets of Oštarija/Kumentić (Figure 51:11), Sv. Justina and 

Veliki Školj (Figure 51:6) were excavated in the 1970s and all showed similarities in their architectural 

construction. Drywall embankments or natural bridges, that are now submerged, connected the settlements 

to the nearby shore during times of habitation. Submerged cultural layers contained high concentrations of 

prehistoric pottery which Brusić explained, although without reference, with a -2.5–3.0 metre sea-level rise 

since the prehistoric times (Brusić 1977:56). The final settlement in the group is on the islet in the Bay of Nin 

(Figure 51:12). Cultural continuity from the 1st millennium BC Liburni Illyrian tribe to the times of Roman 

Antiquity can be seen in the archaeological finds, especially visible in the Roman age bridge that connected 

the islet to the shore, which was built over the older, drywall embankment (Brusić 1977:58). 

Due to historical and cultural reasons, records of submerged prehistoric sites in the Croatian Adriatic 

differ in their nature of collection and quality of information. Such data though is crucial for the 

reconstruction of past sea-levels. Natural and cultural environments are best represented through 

quantitative assessment, reference to MSL, and appropriate selection and citing of radiometric dating 

samples. Improved recording and interpretation practices using an interdisciplinary approach may provide 

superior methods to assess these types of sites in the future.  

As a relatively new discipline, submerged archaeology, and in this case submerged Prehistory in the 

Adriatic Basin is currently showing great possibilities for a wide range of high-quality investigations. As an 

almost land-locked and relatively isolated basin, it offers a unique record of different climate, sea-level and 

cultural changes through time, that were mirroring contemporary global occurrences. In order to maximise 

the value of that record, the research building blocks of the discipline should be based on a combination of 

archaeological, environmental and physical science research methods. Small, but significant steps have 

already been made in that direction, such as in the case of Caska (Figure 51:13), where an interdisciplinary 

team of researchers addressed the ‘enigmatic’ Adriatic tidal notch problem (Marriner et al. 2014), and in the 

exploration of submerged anchialine caves (Radić Rossi and Cukrov 2017). Submerged archaeology is 

sometimes considered to be a financially unsustainable discipline (Bailey 2014:294), however these examples 

demonstrate how a small-scale research, executed according to high methodological standards, can be 

beneficial to sea-level change sciences, as well as to human populations which are today living in an fast 

changing environmentally and culturally complex world. Archaeological evidence shows that in the time 

when Zambratija was occupied, human populations in Europe were faced with similar kinds of changes, which 

will be discussed in the next chapter. 
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CHAPTER 4: CULTURAL GROUPS IN THE ADRIATIC AND ALPINE REGIONS 
AFTER NEOLITHISATION 

 

 

Building on the concepts introduced in Chapter 2 of this thesis, the typological analysis of the 

Zambratija pottery was culturally ascribed to local cultural groups and styles from the Late Neolithic to the 

Early Bronze Age. This relative chronology was further supported with one radiocarbon date from a wooden 

pile from Zambratija revealing an age of 4230–3980 Cal BC (Koncani Uhač and Čuka 2015), confirming that 

the site was contemporary to the Eastern Adriatic Late Neolithic Hvar culture, and Early Copper Age 

Nakovana-style pottery from the Jačmica, Novačka and Pupićina stratified cave sites (Forenbaher et al. 

2013:592). The presence of wooden piles driven into the organic, submerged freshwater sediments, 

indicated that Zambratija was a prehistoric pile-dwelling similar to those around the Alpine lakes, an 

architectural innovation which started in the Early Neolithic and lasted for around 3500 years, until the Early 

Bronze Age (Menotti 2015a). The nearest Alpine pile-dwellings to the Eastern Adriatic are situated in Austria 

(Ruttkay et al. 2004) (Figure 52:1), Italy (Marzatico 2004) (Figure 52:2) and Slovenia (Velušček 2004) (Figure 

52:3) with the earliest known settlements there aligning with the preliminary date from Zambratija. Iron Age 

riverine pile-dwellings have been recorded on Cetina (Marović 2002:234; Milošević 1999; Smith et al. 

2006:172-173) (Figure 52:4) and Sava rivers (Marović 2002:234; Potrebica 2003:217) (Figure 52:5). 

The Late Neolithic represents a final stage of a global cultural transformation. This transformation 

started with the Mesolithic/Neolithic transition, from the nomadic hunter-gatherer to the sedentary 

agropastoral lifestyle. Since it was first described by Vere Gordon Childe in his book Man Makes Himself 

(Childe 1936; Willis and Bennett 1994:326), this new lifestyle trend which came to Europe from Southwest 

Asia, also known as neolithisation, has been a topic of discussion in the European prehistoric archaeology 

throughout the 20th century (for example Biagi et al. 1993; Hole 1984; Peretto et al. 2004; Starnini et al. 2018; 

Willis and Bennett 1994). In order to contextualise the known cultural occurrences that preceded and 

proceeded the submerged settlement in Zambratija, an overview of regional and surrounding socio-

economic circumstances from the Early Neolithic to the Early Bonze Age will be presented next, starting with 

the neolithisation of the Eastern Adriatic coast. 
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Figure 52 Prehistoric pile-dwellings nearest to Zambratija: Austria (1), Italy (2), Slovenia (3), Cetina (4), Sava (5). 

 

 

Cultural developments in the Eastern Adriatic from the Late Neolithic to the 
Bronze Age 

 

Debates regarding the Eastern Adriatic Neolithic chronological and geographical expansion have 

been ongoing for many decades (Batović 1979; Chapman and Müller 1990). It remained poorly defined 

chronologically, however, until recently when Forenbaher et al. (2013) synthesized the first thorough 

overview of old and new radiocarbon dates from 136 reliable stratified contexts across the Eastern Adriatic 

coast. Soon thereafter, 40 new radiocarbon dates were added to this list by McClure et al. (2014). 

Traditionally in the region, the chronological stages of the periods between Early Neolithic to the Early Bronze 

Age are divided by the typological characteristics in the ceramic material culture. For now, five known and 

distinctive cultural pottery groups, which are sometimes divided into localised sub-variants, can be 
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recognised throughout the duration of the Eastern Adriatic Neolithic and Copper Age period. These are the 

Impresso (Cardial) ware, Danilo, Hvar, Nakovana-style and Ljubljana/Cetina groups. 

 

The neolithization process and Early Neolithic – Impressed (Cardial) ware 

Although the manufacture and use of pottery is just one of the few key Neolithic innovations, it is 

still the most reliable cultural feature for investigating the chronological and geographical spread of 

agriculture in the Eastern Adriatic (Forenbaher and Miracle 2005:517; McClure et al. 2014:1021). The 

beginning of the spread of the agropastoral economy in the region is characterised by the appearance of the 

Impressed or Cardial ware pottery phenomenon (Figure 53), which first entered the Adriatic Basin at around 

6200 BC from the northern Ionian Sea (Forenbaher and Miracle 2005:519). 

 

Image removed due to copyright. 

Figure 53 The spread of neolithization across the Adriatic Basin, according to Forenbaher and Miracle (2005). 

 

Palaeoenvironmental data revealed that the domesticated cereal grains collected from controlled 

samples, are genetically similar to Western Asian varieties, supporting existing academic consensus about 

the cultural migration spread of farming to Europe from the East (Forenbaher 2002:366, 2009:237; Willis and 

Bennett 1994:327). The Cardial ware cultural phenomenon was named after its specific decorative style 

characterised by impressed imprints of fingernails and various tools, which were very often the edges of 

Cardium shells, into the ceramic vessel’s external wall surface before it was baked (Figure 54) (Forenbaher 

2002:366; Forenbaher et al. 2013:598; McClure et al. 2014:1022). The pottery shapes were simple bowls with 

thick walls, and judging by the rim fragments’ calculated radiuses, mostly large in size (Komšo 2004:14). 

 

Figure 54 Examples of Impressed (Cardial) ware from Forenbaher et al. (2013). 
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Although the relationships between the Adriatic variations of Impressed-ware pottery and the rest 

of the Mediterranean are unclear, it seems that the use of this type of ceramic spread to the Western 

Mediterranean through an Italian route (Forenbaher and Miracle 2005:520), reaching the Iberian Peninsula 

by the early 5th millennium BC (Zilhão 2001:14182). 

So far, the earliest known Early Neolithic radiocarbon date from the Eastern Adriatic taken from a 

stratigraphic context with Cardial ware pottery is the Dalmatian open-air site of Pokrovnik (Figure 52:2), at 

6025–5905 Cal BC (McClure et al. 2014:1028). The pottery style reached the Istrian Peninsula by 5900 BC 

(Forenbaher and Miracle 2005:520), where it can mostly be found on open air settlement sites (Komšo 

2004:13; Zlatunić 2007), and sometimes in caves (Jerbić Percan 2011:13). Further north, in the Slovenian and 

Italian Karst region, the style developed into a local variety known under the name Vlaška-horizon or vasi a 

coppa, with radiocarbon dates showing a timespan between around 5600 and 4500 BC, overlapping 

chronologically and spatially with the Cardial ware as well as the Dalmatian Middle Neolithic Danilo culture 

complex (Forenbaher et al. 2013:599; Montagnari Kokelj 2003:76). 

 

Middle Neolithic – Danilo culture complex 

The Middle Neolithic of the Eastern Adriatic is characterised by its local pottery production and the 

first evidence of long-distance obsidian maritime exchange with the Italian Lipari islands (Forenbaher 

2009:223; Teoh et al. 2014:351). This socio-economic phenomenon is known under the name of Danilo 

culture complex (Forenbaher et al. 2013:599). It was first described in 1952 by Josip Korošec, an archaeologist 

from the University of Ljubljana, Slovenia, who conducted the excavations on the eponym open-air site of 

Danilo (Figure 55:3) near Šibenik, Croatia (Korošec 1952).  
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Figure 55 Neolithic sites relevant to Zambratija Bay (1) mentioned in text: Pokrovnik (2), Danilo (3), Grapčeva (4), 
Markova (5), Vela Spila (6), Nakovana (7), Velištak (8), Bribir (9). 

 

The ceramics (Figure 56) are best known through a local Dalmatian variant with decorated smudged 

and burnished fine kitchen ware, also named figulina or Danilo polychrome, with incised, carved and/or 

painted spiral ornaments (McClure et al. 2014:1022; Moore et al. 2007:19). Recent laboratory analyses of the 

figulina ceramics showed that it was locally produced, but its inevitable stylistic similarities with 

contemporary Italian Ripoli-style ceramics may also indicate a well-established socio-economic maritime 

network (Forenbaher 2009:224; Teoh et al. 2014:358). Some of the most intriguing aspects of the material 

culture are the presence of luxurious items, the famous Danilo ‘rythons’, as well as anthropomorphic 

figurines (McClure et al. 2014:1022; Moore et al. 2007:19), which connect the Danilo sites to those of the 

Bosno-Herzegovinan Middle Neolithic Kakanj culture (Batović 1979; Forenbaher 2002:369). The mentioned 

factors make the Danilo culture a part of a wide-spread socio-economic Middle Neolithic complex. 
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Figure 56 Examples of Danilo pottery (Modifed after Forenbaher et al. (2013)). 

 

Radiocarbon determinations from stratigraphic layers containing Danilo ceramics in Central 

Dalmatia range between 5300 and 4900 Cal BC (McClure et al. 2014:1029). In Istria, the dates are similar, 

however the Danilo pottery there is considered to be closely connected to the Vlaška pottery, deriving from 

the Early Neolithic Impressed ware (Forenbaher et al. 2013:591). 

 

Late Neolithic – Hvar culture 

 The Hvar culture was first described by the Croatian archaeologist Grga Novak in 1955, after he 

conducted archaeological excavations of the multi-stratified Grapčeva cave (Figure 55:4) on the Southern 

Dalmatian island of Hvar (Novak 1955). Most of the sites with this richly decorated pottery, which was made 

in a variety of incised and painted techniques, designs, shapes and sizes (discussed below), are located the 

Dalmatian islands and the Dalmatian hinterland (Forenbaher et al. 2013:602). The sites are mostly multi-

stratified caves with stratigraphical sequences ranging from Impressed ware horizons until the Early Copper 

age. The best known is Grapčeva cave (Forenbaher and Kaiser 2010), but also another Hvar cave – Markova 

(Figure 55:5), with a complete Neolithic stratigraphy (Forenbaher 2002:367), Vela Spila cave on the island of 

Korčula (Figure 55:6), and Nakovana cave on the Pelješac Peninsula (Figure 55:7) (Forenbaher et al. 

2013:594). An exception to the cave sites is the early Hvar culture open-air site of Velištak (Figure 55:8) 

(Podrug 2010), with the most recently sampled six radiocarbon dates, including human bone samples, from 

reliable stratigraphic contexts providing dates between 5000 and 4700 BC (McClure et al. 2014:1027). 

These typological variations can be chronologically divided into two main phases. The first is the 

outlined style (Figure 57), with advanced geometric motifs produced in a technically advanced way, including 

incision and burnishing before baking, sometimes followed by a red paint finish. This style has so far been 

radiocarbon dated to around 4800–4400 BC (Forenbaher et al. 2013:601-602). 
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Figure 57 Hvar outlined style (Modified after Forenbaher et al. (2013)). 

 

Some of the most intriguing examples of artistic expressions on Early Hvar ceramics are fragments 

with incised markings that have been interpreted as evidence of nautical knowledge. A fragment was found 

at the site of Bribir (Figure 55:9), with the depiction of a half moon and flag-like object, interpreted as a comet 

(Petrić 2002:12) (Figure 58:1). Another fragment was found in Grapčeva cave (Figure 55:4) with a depiction 

of a boat-like object (Petrić 2002:13) (Figure 58:2). 

 

Figure 58 Hvar culture ceramic fragments with depictions interpreted as a comet (1) and a boat (2) (Modified after 
Petrić (2002)). 

 

These motifs indicate that the Hvar culture community might have had knowledge of astronomy and 

navigation, which can be supported with the earliest archaeological evidence of prehistoric maritime 

connectivity found on the offshore islands of the Adriatic Sea (Forenbaher 2009). Dark, burnished pottery, 

sometimes bearing series of parallel channels (Figure 59) have been attributed to the second, later variety of 

Hvar culture, with most examples found in Grapčeva and Nakovana caves, where they have been radiocarbon 

dated to around 4300–3950 BC (Forenbaher et al. 2013:602). The typology and stylistic expressions of Hvar 

culture also indicate cultural connections to the Italian Serra d’Alto and Bosnoherzegovinian Late Neolithic 

Butmir cultural complexe (Petrić 2002:11). An important cultural connection is represented in the 

appearance of Nakovana-style pottery within the Late Hvar culture stratigraphic layers. These are believed 
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to be a direct import from the Early Copper Age Central Balkans (Forenbaher 1999–2000:374). According to 

Forenbaher et al. (1999–2000) synthesis of radiocarbon dates, the entire collection of reliable samples 

attributed to Hvar culture from Grapčeva, Nakovana and Jačmica cave (the latter being situated in the Istrian 

Peninsula around 40 kilometres east from Zambratija) showed a radiocarbon date range between around 

4800 and 3950 BC. The sample from Jačmica revealed an age of 4230–3985 Cal BC (Forenbaher et al. 

2013:592; Jerbić Percan 2011:7), almost identical to the preliminary Zambratija date. 

 

 

Figure 59 Hvar burnished style (Modified aftr Forenbaher et al. (2013)). 

 

Copper Age – Nakovana-style and the Ljubljana/Cetina groups 

Current knowledge about the Copper Age of the Eastern Adriatic remains poorly defined compared 

with other post-Mesolithic periods. This is because, until recently, archaeological periods were historically 

determined and defined through the lens of pottery typology. This prevented a precise dating of the 

transition from the Neolithic to the Copper Age, as the pottery styles of the Early Copper Age are similar with 

those of the Late Neolithic. One distinctive set of shapes and decorations, however, seemed to have emerged 

at the time, known under the term Nakovana-style (Forenbaher et al. 2013:602). 

Current knowledge about the Copper Age of the Eastern Adriatic remains poorly defined compared 

with other post-Mesolithic periods. This is because, until recently, archaeological periods were historically 

determined and defined through the lens of pottery typology. This prevented a precise dating of the 

transition from the Neolithic to the Copper Age, as the pottery styles of the Early Copper Age are similar with 

those of the Late Neolithic. One distinctive set of shapes and decorations, however, seemed to have emerged 

at the time, known under the term Nakovana-style (Forenbaher et al. 2013:602). 

The defined term and recognition of Nakovana-style pottery was introduced in the late 1970s by the 

archaeologist Nikša Petrić, after he examined the pottery finds from the already mentioned Grapčeva, 

Markova and Nakovana caves (Forenbaher 1999–2000:373; Petrić 1976:305). Even though this channelled 
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fine-ware style was first defined by Petrić, it was described in more detail by Stojan Dimitrijević, who argued 

that it represents imports from the Central Balkan Early Copper Age Vinča culture, after which it developed 

into a local stylistic variety. Since the stratigraphical contexts were highly disturbed, he divided the Nakovana-

style into proto-Nakovana and Nakovana, based only on stylistic criteria, defined with reference to the Vinča 

culture (Dimitrijević 1979:371; Forenbaher 1999–2000:374). Nakovana-style is, however, no longer 

considered to be simply a foreign import but is understood in more nuanced detail as an Eastern Adriatic 

stylistic trend which started as a direct consequence of imported influences from the contemporary Northern 

Copper Age societies (Forenbaher 1999–2000:380). The style progressed further north into the Adriatic Basin, 

to the Istrian Peninsula and the Trieste Karst. It developed there into a locally distinctive variation, sometimes 

referred to as the Brijuni-group, named after the Javorika-Gromače site on the Brijuni isles where it was first 

recognised (Čuka 2009:19; Petrić 1979:218). 

Nakovana-style (Figure 60) has a few defining shapes and ornaments. The colour of the ceramics is 

either dark, almost black or light brown with black spots. The surface is burnished and decorated with shallow 

vertical or diagonal channels. The bowls are conically shaped with rounded or angular shoulders, and it is 

here that the channelling is most often cut. The bowls have cylindrical necks with slightly everted rims and 

usually do not have handles, but sometimes have vertically performed sub-surfaced lugs and perforations 

(Dimitrijević 1979:371-372; Forenbaher 1999–2000:373; Koncani Uhač and Čuka 2015:39). As demonstrated 

in Chapter 2, Nakovana-style pottery has been found in the stratigraphic contexts at Zambratija, with stylistic 

analogies found across the Istrian Peninsula and Eastern Adriatic Copper Age sites (Koncani Uhač and Čuka 

2015:36). 

 

Figure 60 Nakovana pottery from Zambratija Bay (Modified after Koncani Uhač and Čuka (2015)). 
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Reliable radiocarbon dates from stratified sites across the Eastern Adriatic show that the layers with 

Nakovana-style pottery appear from around 4000–3500 Cal BC. The closest sites attributed to Nakovana-

style in Istria are from Novačka and Pupićina caves and have yielded a radiocarbon range between 3968–

3797 Cal BC (Forenbaher et al. 2013:592), partially overlapping with the slightly older Zambratija date 

(Koncani Uhač and Čuka 2015:28) (see Figure 25 in Chapter 2). 

 The Ljubljana culture and its territorial and chronological spread has been a topic of many discussions 

in Slovenian and Croatian archaeology. At first described as a western output of the Late Copper Age Balkan 

Vučedol metallurgical civilisation (Dimitrijević 1979:319), it was soon recognised as a separate cultural 

phenomenon (Velušček 2004:78). The pottery is known for its round-shaped vessels with imprinted or 

engraved friezes, filled with white incrustations (Dimitrijević 1979:319). There are a few sites with Ljubljana 

culture pottery in Istrian cave sites of Srbani and Laganiši, which are believed to be direct imports from the 

contemporary pile-dwellings in today’s Slovenia (Čuka 2009:22). Dendrochronological sequences taken from 

the Ig and Založnica pile-dwellings situated in the Ljubljana marshlands and containing Ljubljana culture 

pottery, have demonstrated continuous occupation over a 40-year period. The exact dates of the sequences 

are not known but they fall between the 28th and 24th centuries BC (Velušček 2004:79). The latest known 

occupation of these sites coincides with the beginning of a transition to the Bronze Age (Velušček 2005) 

across prehistoric Europe. 

 

The origin and expansion of living on pile-dwellings in prehistoric Europe 

 

In prehistoric Europe, occupation of stilt houses within or adjacent to lakes seems to have originated 

in the early Western European Neolithic (Menotti 2004b:2). A possible exception to this pattern is the 

Mesolithic pile-dwelling settlement on the Škofljica site in the Ljubljana marshlands in Slovenia (Frelih 1986; 

Velušček 2004:75). Palaeobotanical research so far suggests that the origins of the lake dwelling 

phenomenon in continental Europe is closely connected to the spread of the tetraploid naked wheat 

(Triticum durum/turgidurum) (Jacomet 2004:168), with its earliest traces found in two Western 

Mediterranean Neolithic stilt house settlements from the 6th millennium BC. These are La Draga on Lake 

Banyoles near Girona (Figure 61:2), Spain and La Marmotta on Lake Bracciano near Rome, Italy (Figure 61:3) 

(Menotti 2004b:2; Schlichterle 2004:30; Tarrús 2008:20, 30). The analyses showed that the grain, sometimes 

referred to in literature as the ‘lake dwelling wheat’ (Menotti 2004b:2) is amongst the most common 

botanical remains found on Neolithic Alpine pile-dwellings (Jacomet 2004:168). So far there are no results 

implying tetraploid naked wheat within the Zambratija settlement. This could potentially change with the 
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execution and publication of a pollen analyses, which is suggested as one of the further research 

recommendations in Chapter 9. 

The tetraploid naked wheat was cultivated by the people of the Mediterranean Early Neolithic Cardial 

ware pottery culture (Palomo et al. 2014:68), and is archaeologically supported not only with ceramics but 

also with grain harvesting tools (Schlichterle 2004:30). 

 

Figure 61 Zambratija Bay (1) and the earliest known Neolithic pile-dwelling settlements in the Mediterranean: La 
Draga (2) and La Marmotta (3). 

 

La Draga, an Early Neolithic pile-dwelling on lake Banyoles near Girona, Spain represents the earliest 

known chronological starting point for living on the lake in Europe as well as some of the earliest Western 

Mediterranean Neolithic (Zilhão 2001:14181). It was discovered in 1990 during a routine rescue archaeology 

campaign in advance of construction of a park. The archaeologists found prehistoric cultural material on the 

bottom of the lake, which represented the first case of lacustrine prehistoric archaeological material found 

in Spain (Tarrús 2008:17). Pottery sherds and other small remains revealed that the village was inhabited by 

the people who produced the Western Mediterranean Early Neolithic Cardial-ware pottery. This conclusion 

was also supported with a total of 22 radiocarbon dates (Palomo et al. 2014:66), of which 13 short life-span 

organic samples fall between 5320 and 4800 Cal BC. Although the analysed tree-rings from the site could not 

be accurately placed into a dendrochronological curve, they revealed a complete lifespan of the settlement, 
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which was no longer than one hundred years (Tarrús 2008:20) with at least six occurrences of wooden 

structure rebuilding or replacement (Tarrús 2008:22). Systematic excavations lasted for 18 years, making it 

one of the most exceptionally well-recorded pile-dwelling settlements in Europe. Although the period of 

occupation was continuous, it was divided into two distinct phases with a collapse in between (Palomo et al. 

2014:62). The village was a near-lakeshore settlement with its waterside edges being frequently flooded by 

the lake’s natural fluctuation processes. The final stratigraphical layers indicated that the abandonment 

coincided with severe fires (Tarrús 2008:20). La Marmotta in central Italy was excavated in 1989 (Tarrús 

2008:31) and also considered as one of the starting points of the lake-dwelling wheat cultivation (Boscato et 

al. 2008) and expansion (Menotti 2004b:2). It was culturally connected to the Cardial-ware pottery of the 

late 6th millennium BC, where a local Mesolithic group transformed their lifestyle to an early Neolithic-style 

lacustrine pile-dwelling (Malone 2003:247). Here, the dendrochronological sequence revealed a total 

settlement lifespan of 139 years (Tarrús 2008:20). 

La Draga and La Marmotta represent a significant change in mode of subsistence that occurred in the 

6th century BC Early Neolithic western Mediterranean. These changes involved a shift to long-term occupation 

of open-space lakeside settlements, near continuously cultivated wheat crops (Antolín et al. 2014:253), as 

well as in the production of a uniformed pottery style recognisable by its unique decoration of impression 

patterns made with shells, known as Cardial-ware pottery (Tarrús 2008:31). By the 5th millennium BC, the 

expansion of the tetraploid naked wheat streamlined into two pathways and ending points – one in Southern 

Germany and the other on in Austria and Eastern Bavaria (Menotti 2004b:2), when groups with Cardial-ware 

pottery start to appear in the archaeological record there (Tarrús 2008:31). The Neolithic pile-dwellings in 

this geographic area represent a new and substantial archaeological complex, known collectively by their 

UNESCO World Heritage Site designation as the ‘Prehistoric pile-dwellings around the Alps’ (UNESCO 2017–

2018). 

Early Neolithic settlements of Western Europe were initially built on dry land, and the origin of 

building settlements on lakes is considered a combination of two cultural phenomena. The first of such 

cultural adaptations happened when local Mesolithic hunters-gatherers started settling around the Alpine 

lakes towards the start of the 5th millennium BC. The second example of is evidenced in the migration of the 

western Mediterranean Neolithic cultures (Schlichterle 2004:30). The cultural practice of pile-dwelling 

occupation continued throughout prehistory with several hiatuses, which have been correlated with climate 

change and lake level fluctuations (Menotti 2004b:3), until around the 7th century BC (Menotti 2015b:25).  

After almost 150 years of research (Menotti 2004c), the significance and impact of the Alpine lake 

dwellings around the lakes and marshlands of today’s Austria, France, Germany, Italy, Slovenia and 

Switzerland to world archaeology was internationally recognised when they were added to the UNESCO 

World Heritage list of in 2011 (Köninger 2015:32; Menotti 2015b:23; UNESCO 2017–2018; Verdonkschot 

2014:40). This boosted interest in the prehistoric freshwater and wetland villages to similar levels as that 
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achieved in the late 19th and early 20th century popularity, when it was popularly referred to as the 

Pfahlbaufieber or ‘lake dwelling fever’ (Menotti 2001:320, 2015b:16). The fever was then mostly expressed 

through collection and sale of artefacts (Ruoff 2004:1). Fortunately, the current ‘fever’ is focused on 

contextualising the past and present with multidisciplinary research in different parts of Europe, in order to 

answer important questions about the various connections between human and environmental complex 

systems. The number of known pile-dwelling sites is already too large to provide a complete list here, but 

some of the most geographically and chronologically significant ones include: Dispilio on lake Orestias near 

Kastoria in Northern Greece with an occupational continuity from the Middle Neolithic to Chalcholithic 

(Karkanas et al. 2011); the lacustrine pile-dwellings of the “Late Atlantic” stratigraphic phase (mid 4th to 3rd 

centuries BC) in Northwestern Russia, with similar building and lifestyle traditions to the contemporary Alpine 

pile-dwellings (Kul'kova et al. 2001:92; Mazurkevich and Dolbunova 2011; Mazurkevich et al. 2011); the Late 

Bronze Age/Early Iron Age pile-dwellings on Lake Luokesas in Lithuania, with possible answers to the 

abandonment of lakeside living in Central Europe (Menotti et al. 2005); the Bronze Age site Ploča Mičov Grad 

on Lake Ohrid in the former Yugoslav Republic of Macedonia (Erič et al. 2017:1010; Sherratt 2004:272); and 

many more. Prehistoric settlement types are being re-evaluated and updated with new, interesting, and most 

importantly – well preserved archaeological sites, which can bring a multidisciplinary perspective to the topic 

of the neolithisation as well as the spreading of the lakeside lifestyle pathways across time and space, ending 

with many local variants throughout Iron Age Europe, such as the crannogs in Scotland and Ireland (Sherratt 

2004:273), or riverside pile-dwellings such as that found at the town of Donja Dolina on Sava River in 

Northern Bosnia and Herzegovina (Potrebica 2003:217). 

 

The discovery and research history of the Alpine pile-dwellings 

 

In 1854 on Lake Zürich near Ober-Meilen in Switzerland, local teacher Johannes Aeppli noticed 

wooden piles protruding out of the lake bed, which had been exposed when water levels lowered due to 

extreme winter conditions (Menotti 2001:320). He reported the phenomenon to the local antiquarian society 

in Zürich. The institution’s president Ferdinand Keller immediately recognised a significant archaeological 

find and by the end that year published a site examination report Die Keltische Pfahlbauten in den 

Schweizerseen (Keller 1854; Menotti 2004b:1, 2015b:15).  The same year and on the same lake, on May 22 

1854, geologist Alphonse Morlot, together with the Lausanne museum keeper Frédéric Troyon and François-

Alphonse Forel performed a prospection of the lake bottom. Their equipment consisted of a bucket-made 

diving bell and a boat, which not only makes it one of the first pile-dwelling investigations, but also one of 

the first recorded occasion of using diving equipment for the purposes of archaeology (Hafner 2004:178; 

Ruoff 2004:11). Keller was the first scholar to present the pile-dwelling phenomenon as something important 



 

76 

to the public cultural identity (Keller 1854). He dedicated his life to the investigation and interpretation of 

the prehistoric pile-dwellings, which resulted in seven more reports, and a further five were published by 

other authors after his death in 1930 (Menotti 2015b:15-16). Even before his death he became known as ‘the 

father of lake-dwellings’ and was supported in his conclusions by prominent contemporary scholars of his 

time (Menotti 2001:320). Due to the 1869–1888 Swiss flooding control action known as 

Juragewässerkorrektion, the water levels on lakes Bienne, Morat and Neuchâtel were lowered by 2.5 meters 

(Ruoff 2004:12), revealing even more settlements. The newly discovered sites, in combination with Keller’s 

popular reports, represent the start of two pile-dwelling driven social phenomena – one was the 

Pfahlbaufieber, or the Lake-dwelling Fever, and the other one was an archaeological theoretical dispute 

known as the Pfahlbauproblem, or the Lake-dwelling Problem. 

 

The Pfahlbaufieber 

Despite the evidence of lacustrine settlements prior to Ferdinand Keller’s 1854 investigations of the 

dwelling near Ober-Meilen on Lake Zürich (discussed below), it was Keller who wrote the first official report, 

published in The Bulletin of the Antiquarian Society of Zurich (Keller 1854) and he presented the prehistoric 

finds discovered at Ober-Meilen. Keller presumed that the builders and inhabitants of the settlement were 

most likely Celts, because of the richly decorated bronze objects discovered in the Lake of Bienne (Ruoff 

2004:9). The report initiated the Lake dwelling Fever, which was sustained by further discoveries of many 

other Prehistoric lake settlements in the Alpine region in the following years. Keller named the dwellings 

Pfahlbauten, which translates in English as ‘pile-dwellings’, and this term was soon adopted by the other two 

languages spoken around the Alpine lakes, French (palafittes) and Italian (palafitte) (Menotti 2001:320). It is 

important to emphasise here that Keller was not the first one to report on the phenomenon. The wooden 

piles protruding from the bottoms of the Swiss Alpine lakes were mentioned in print on several occasions 

before, in various reports dating from 1472 to 1806, but were never considered to be of great significance. 

Reports about ancient lakeside stilt house buildings were also emerging from Lake Constance in Germany, 

the Salzkammergut region in Austria and Lake Garda in Italy during that time (Menotti 2001:319-320). 

However, in Switzerland, the Pfahlbaufieber inspired a programme of nationalistic ethnic propaganda 

(Menotti 2015b:19). These ideas were completely abandoned and criticised, and the Swiss lake-dwelling 

investigations continued and developed into permanent institutions, constituting the leading centre for 

interdisciplinary European centre for prehistoric pile-dwelling research today.  

German archaeologists, inspired by the developments in Switzerland, began archaeological 

investigations in 1856 on Lake Constance and in 1875 on Lake Feder, where another pioneering idea emerged 

through the taking of environmental samples for analysis (Schlichterle 2004:22). By 1919, professional 

archaeologists from the Institute of Prehistoric Research at Tübingen lead by Robert Rudolf Schmidt and his 
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student Hans Reinerth, as well as their archaeological rival Oskar Paret from Stuttgart continued the research. 

They developed a unique method whereby water was pumped out of watertight chambers (caissons) built in 

shallow waters, making it possible to excavate the lake bottom. They also made sure to systematically 

photograph, draw and measure the excavation progress, which resulted in high-quality site maps and 

illustrations (Schlichterle 2004:23). 

In France, the first era of pile-dwelling research started in 1860 on Lake Bourget (Pétrequin and Bailly 

2004:36). During that time, the objects found in the lakes were exploited with little regard to their 

archaeological or stratigraphic context. After that, little attention was paid to pile-dwelling research until 

1958 when Oskar Paret’s translation of Emile Vogt’s series of publications on the “pile-dwelling problem” 

(see below) was published in French. France consequently joined the 1960s and 1970s revolution of the 

scientific community, and quickly adopted to the new archaeological advances presented at the time 

(Pétrequin and Bailly 2004:37). 

In 1864, the Austrian Academy of Science initiated the ‘Commission for the Search for pile-dwellings 

in Austrian lakes’, which resulted in the discovery of settlements on lakes Keutschacher See (Ruttkay et al. 

2004:59) Attersee, Traunsee and Mondsee between 1870 and 1872. As was in the case in surrounding 

countries, the institutions and individuals in charge were mostly exploiting the sites and accumulating large 

amounts of finds, without consideration of context. The lake-dwelling sites were mostly investigated through 

dredging, and little or no information was recorded about the find locations. As was the case with other 

countries, the situation is much different today and the sites are a part of the UNESCO protected heritage 

with ongoing interdisciplinary research occurring since the 1960s (Ruttkay et al. 2004:52-53). 

In Slovenia, research on pile-dwellings began at Ljubljansko Barje with the accidental find of a 

wooden dugout boat during a drainage project excavation between 1826 and 1828. Unfortunately, the boat 

deteriorated quickly after it was excavated as it was allowed to dry out, and therefore its age cannot be 

determined. Combined with the news of pile dwellings coming from Switzerland, however, it inspired the 

first archaeological excavations in Slovenia. By 1858, two more dugouts and three stag-horn axes were found 

in the peat, and in 1875 the first piles were found on the ‘Ig road’ near Studenec village and reported to the 

Regional Museum of Carniola in Ljubljana. The importance of these findings was recognised by Dragotin 

Dežman, who raised the funds for an investigation of the site that same year, making them the first official 

archaeological excavations in Slovenia (Velušček 2004:72). Throughout the 20th century and until today, the 

pile-dwellings in the Ljubljana marshlands continue to provide rich evidence that enhance the archaeological 

record with well-preserved and documented traces of prehistoric life (Velušček 2004:74-75). At the site 

Škofljica, a few small units excavated in the 1980s, were interpreted to represent a rare case of a Mesolithic 

pile-dwelling settlement (Frelih 1986). 
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In Italy, ancient stilt-house villages were known since the eighteenth century, but as was the case 

with other countries around the Alpine lakes, they became more interesting to the public and the academic 

community after Keller’s first publication in 1854. Several sites were subsequently documented in the 

Piedmont, Lombardy, Veneto and Trentino regions (Marzatico 2004:83). The next 50 years were marked by 

pioneering investigations, revealing a range of different settlement types from Neolithic to the Iron Age 

(Marzatico 2004:85). This also included Fiavé, one of the most significant multilayered pile-dwelling sites in 

European wetland archaeology. The peat bog at Fiavé was investigated between 1969 and 1976 by not only 

archaeologists, but also environmental scientists, botanists and dendrochronologists, creating a 

comprehensive palaeo-ecological and archaeological chronological database (Marzatico 2004:86). 

European prehistoric lake-dwelling research went through several transformations throughout its 

one-hundred-and-fifty-year history (Menotti 2004c). The significance of the pile-dwelling lacustrine way of 

life, which persisted through 3500 years, and the cultural and environmental impact it had on European 

prehistoric societies and ecosystems is evidently still greater and more complex than what is known today. 

The large quantity of publications devoted to the topic is such that this area is almost a sub-discipline of its 

own. The challenge of modern research to focus on re-evaluating the already known information, and 

collecting new data with scientific integrity and precision (Sherratt 2004:269). The current number of known 

prehistoric pile-dwellings around the Alpine lakes is 937, and 111 from all six countries were included in the 

UNESCO World Heritage List in 2011 (Čufar et al. 2015:91). This recognition is an unquestionable confirmation 

of resilience, not solely of the inhabitants of the dwellings that were in constant search for better and more 

efficient ways to adapt, but also of all the past, present and future researchers in constant problem-solving 

search to answer how they kept succeeding. 

 

The Pfahlbauproblem 

The discovery and study of the Alpine pile-dwellings throughout the 19th and early 20th centuries 

provided a few pioneering contributions to archaeology, such as the development of underwater 

archaeological fieldwork (see Hafner 2004), and the application of interdisciplinary scientific research (eg. 

Billamboz 2004; Magny 2004). The discoveries were most famous, however, for the multiple attempts to 

describe the nature and practical reasoning of the physical connection between the wooden architecture and 

the environment it was built in. Theories about the relationships of these buildings with the lakes themselves 

have changed radically over the years since the first recognition of pile dwellings. The central question was 

whether the dwellings were placed next to, partly over, or entirely over the water surface and what caused 

the builders to choose this specific lifestyle. This discussion, known as the Pfahlbauproblem, is significant for 

being one of the first and longest theoretical disputes in the history of archaeology (Menotti 2015b:16). The 

term was officially introduced in 1955 by the Swiss prehistorian Emil Voght in a series of papers Das 
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Pfahlbauproblem (Pétrequin and Bailly 2004:37; Ruoff 2004:14), in which he reviewed the contemporary 

theoretical disputes on the topic of prehistoric pile-dwellings. 

Keller was the first to theorise about the architectural and building nature of the settlements and 

inspired by the then-contemporary water-dwellers in New Guinea and New Zealand (Ruoff 2004:9). He 

concluded that the settlements must have been built directly over bodies of water all year round – the 

Pfahlbauten (Menotti 2001:320, 322) (Figure 62). As more and more sites were discovered, it soon became 

evident that there were as many differences between them as there were similarities. In addition to sites 

found in lakes, new types of settlements in peat deposits and marshland environments started to appear in 

Switzerland, Germany and Italy. These environments allowed the wooden remains and house floors to be 

preserved exceptionally well but did not reveal whether they were built directly on the ground, over it, or 

over a body of water. Keller decided to call this newly discovered type of settlement Packwerckbauten, or 

‘houses built on wooden floors’ (Menotti 2001:321). The aforementioned German researchers Schmidt and 

Reinerth started their investigations on the Lake Feder (Federsee) peat deposits in the 1920s, where they 

applied an interdisciplinary approach and included geology, climatology and botany into their research. The 

results of these investigations made them believe that Keller’s Packwerbau was an inappropriate term for 

the settlements, and they changed it to Moorbau, or ‘marshland houses’ (Menotti 2001:321). 

 

Image removed due to copyright. 

Figure 62 Keller’s theory (Modified after Menott (2001)). 

 

Reinerth developed this theory further and argued that the houses were built on relatively low piles 

and positioned in the near vicinity of a lake or any area that was subject to seasonal floods caused by natural 

water level fluctuations (Menotti 2015b:21; Ruoff 2004:13). Reinerth supported his own theory (Figure 63) 

with results from the 1929/1930 excavations on Lake Constance, where he applied his newly developed 

wooden caisson excavating technique. He investigated around 500 m2 of the submerged Neolithic settlement 

as if it was a terrestrial site and managed to demonstrate using archaeological techniques that it had been 

built on the immediate lake shore, but not in the water (Menotti 2001:322). 

The third, and final theory was presented by Schmidt and Reiner’s rival, Paret (Schlichterle 2004:23) 

in the 1940s, drawing on evidence from Neolithic and Early Bronze Age dwellings on Lake Baldegg in 

Switzerland. There, settlements appeared to have been built on dry land, and the stratigraphic layers 

containing marsh lay either beneath or above the cultural layers. Paret argued that these lake sediments 

must have been deposited due to lake fluctuations well before and after the area was inhabited (Menotti 

2001:323) (Figure 64).  
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Figure 63 Reinerth’s theory (Modified after Menotti (2001)). 

 

This introduced the concept of past climate change into the discussion which was later proven to be 

one of the most important factors for occupational hiatuses of Bronze Age lake-dwellings (Menotti 

2001:326). This theory was finally accepted in the early 1950s, and the terminology was changed once again. 

Lake-settlements now became lakeside-settlements, making the centenary jubilee of the first Keller’s pile-

dwelling theory an ironical discreditation of their original description (Menotti 2001:324). 
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Figure 64 Paret’s theory (Modified after Menotti (2001)). 

 

With this long dispute settled, the theoretical and research focus over the past four decades has 

changed direction towards more contemporary archaeological questions (Menotti 2001:324). The reason for 

that was the rise of the New Archaeology in the 20th century, especially the development of radiocarbon 

dating and dendrochronology. At the time, the Alpine pile-dwellings became a proving ground for 

interdisciplinary and scientific research approaches that are today a norm for any kind of archaeological 

investigation (Menotti 2015b:24). Twentieth century investigations finally revealed that Keller, Reinerth and 

Paret were all, in fact, correct depending on different settlements and their environments throughout the 

time of the prehistoric Alpine pile-dwelling tradition (Figure 65). The emphasis of modern pile-dwelling 

research is on determining and reconstructing occupational patterns and chronology – or more precisely, the 

discontinuity of occupational patterns and chronological hiatuses, as well as the reasons for the 

disappearance of the pile-dwelling phenomenon in the 1st millennium BC (Menotti 2001:326). These new 

questions were a direct consequence of the revolutionary discovery of dendrochronology and the creation 

of large chronological sequences dating back to the Central European Late Neolithic and Bronze Age. With 

this dating technique it was possible to distinguish different villages built in the same place with sometimes 

only a few years of occupational time between them (Ruoff 2004:16). 

 

Image removed due to copyright. 

Figure 65 The Pfahlbauproblem solved (Modified after Menotti (2001)). 
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Chronological, environmental and cultural setting of the Alpine pile-dwellings 

 

The development of dendrochronological analysis and the accuracy it allowed revolutionised not 

only the research of pile-dwellings but also the entire chronology of Central European prehistory (Ruoff 

2004:16). Today, the occupation of pile-dwellings of the Northern Alpine range can be followed back to the 

Neolithic on a calendrical time scale (Billamboz 2004:117). Long tree-ring databases in combination with the 

analysis of anatomical features of the wooden remains can answer archaeological questions beyond dating. 

Traces of flooding or frost, or even human activity such as cutting or shredding wood can all be addressed 

and used as proxies for determining the relationships between the environment and human populations and 

their lifestyle (Billamboz 2004:129). Considering all the information above, multiple chronologies were built 

for each region and the initial research into pile-dwellings became the starting point of the archaeological 

discipline known today as Wetland Archaeology (Menotti 2012). The differences between the chronologies 

of occupation of pile-dwellings in the Northern and Southern Alps (Menotti 2004a:211, 2015b:24), are due 

to specific environmental variables in the tree-ring data that allows large sequences, as well as different 

research histories (Billamboz 2004:127). For this reason, the data from the Northern Alpine region for now 

represents a more reliable source of chronological information. 

 

The chronology of Northern and Southern Alpine pile-dwellings 

The first attempt to place the Alpine pile-dwellings into a relative chronological order was made in 

1967 by Vogt (Vogt 1967), and that timeline was then complimented with the first radiocarbon calendrical 

dates in the 1970s (Menotti 2015b:24). The first complete dendrochronological sequence for the Northern 

Alpine dwellings was concluded in the 1980s (Becker et al. 1985) which revealed a 3500-year-old lake-

dwelling period. This sequence is known as the German-Hohenheim oak chronology, and today it covers an 

undisturbed timeline between the calendrical years 8480 BC and 2009 AD, making it the world’s longest 

existing tree-ring sequence (Čufar et al. 2015:92). Dendrochronological sequences from Swiss, German and 

French dwellings (Köninger 2015:36) show that the phenomenon of pile dwelling occupation in the Alpine 

region started in the Early Neolithic, around 4200 BC and ended in the Iron Age around 630 Cal BC with a ±1 

year or sometimes even a ±6 month accuracy (Köninger 2015:37). During that time the occupation of the 

lake settlements was interrupted several times. This ‘discontinuous continuity’ (Menotti 2001:326, 2004a, 

2004b:2, 2015b:24) is characterised with interchanging periods of intense occupation and total 

abandonment, with the reasons for the abandonment being different every time. The interchangeable 

periods are visible in the archaeological remains as traces of sudden and abrupt lifestyle re-adaptations to 

drastically different new environments (Menotti 2004a:207, 2015b:25), where the cultural continuity is 
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attested in the material culture through indicators such as decorative patterns in the pottery (Menotti 

2004a:214).  

Three occupational hiatuses can be recognised there and appear to be closely connected to 

environmental changes. Living near or on a lake naturally means that the lifestyle was highly dependent on 

lake level fluctuations, which are dependent on the variations in humidity (Menotti 2004a:211). Past lake 

levels have been calculated based on the visible peaks in the atmospheric 14C record, which implies a high 

solar activity and therefore a warmer climate. This also indicates periods of lower lake levels suitable for lake-

dwellings (Magny 2004:138). Even though understanding the palaeoenvironment is important, 

environmental deterministic approaches that suggest settlement pattern changes were exclusively in 

response to changes in climate conditions should be avoided. Scholars agree that this kind of generalisation 

is outdated and misleading and that many other factors were involved, including cultural factors not easily 

traceable in the archaeological record (Marzatico 2004:93; Menotti 2009:62). Further ongoing investigations 

such as paleoenvironmental (eg. Jacomet 2004; Magny 2004) and palaeozoological (eg. Schibler 2004; Stopp 

2015) research have the potential to shed light on these questions. Cultural change was also triggered by 

socio-economic and behavioural factors, such as changes in population density, warfare or economic 

relations to other cultural groups with different architectural and other traditions (Menotti 2004a:211). 

Settlement abandonment might have also occurred as a result of poor crop and other natural resource 

management during times of environmental crises (Menotti 2009:61). 

The first of the mentioned hiatuses occurred in the Middle Neolithic, between 3540 and 3410 BC 

(Menotti 2004a:211, 2015b:24), and seems to have been caused by the rising lake levels, although the climate 

deterioration at the time was not as severely harsh for total abandonment. In some cases, however, like on 

Lake Constance in the Northern Alps, abandonment is precisely what happened, which implies other 

determining factors such as an individual lake’s morphological and hydrological characteristics (Menotti 

2009:62). The second hiatus is visible in the Early Bronze Age period, between 2400 and 2000 BC, which was 

again a result of a combination of environmental and cultural occurrences. According to the paleoclimatic 

data, the lake levels at the time were indeed high, but not for the entire 400 years. Archaeologists argue that 

the lifestyle pile-dwelling population was not only interrupted by the climate, but also by the contemporary 

expansion of the Bell Beaker cultural complex happening at the time (Barfield 1994). The settlement type 

hiatus might mean that the lake-dwelling settlers were either forced to leave, or they might have adopted 

the Bell Beaker’s lifestyle (Magny 2004:138; Menotti 2004a:211). With reference to Zambratija, the Eastern 

Adriatic variation of the Bell Beaker complex is the already mentioned Cetina culture (Forenbaher 2009:237), 

and the. The third and final hiatus happened in the Middle Bronze Age, between 1500 and 1200 BC, and it 

coincided with an intense period of lake level fluctuations that were severely flooding their surroundings 

(Magny 2004:138; Menotti 2004a:211) (Figure 66). 
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Hiatus time range Period Hiatus explanation 

3540 and 3410 BC Middle Neolithic Lake level fluctuations, other locale-specific factors 

2400 and 2000 BC Early Bronze Age Higher lake levels, Bell Beaker expansion 

1500 and 1200 BC Middle Bronze Age Lake level fluctuations 

Figure 66 Occupational hiatuses of Northern Alpine pile-dwellings and their explataions. 

 

The chronology of Southern Alpine dwellings in Slovenia, Austria and Northern Italy is still less reliable 

and accurate than that of the Northern dwellings. The Alpine mountain range is a natural boundary and that 

boundary is strongly marked in the tree-ring signals, making oak trees growing on the opposite ranges not 

always compatible for matching (Čufar et al. 2015:91). For this geographical reason, the floating tree-ring 

sequences are not all connected to one master sequence, and the sites are therefore mostly radiocarbon 

dated. Floating sequences can be wiggle matched to radiocarbon dates bringing the year-range resolution 

accuracy in the Southern Alpine dwellings to around ±10–30 years (Barfield et al. 2010; Billamboz and 

Martinelli 2015; Köninger 2015). It is well-established that the pile dwelling occupation started there in the 

Late Neolithic, reached a peak in the Early Bronze Age and was then completely abandoned much earlier 

than in the North, around 1200 BC in the Late Bronze Age (Marzatico 2004:93; Menotti 2015b:24; Velušček 

2006a:63) with only one exception at the Italian site of Viverone radiocarbon dated to the late 11th century 

BC (Köninger 2015:71). 

Recent wiggle-matching attempts of floating oak tree-ring sequences from the Ljubljansko barje pile-

dwellings slowly started to fill in the missing gaps in the dendrochronological database of the Southern Alpine 

region (Čufar et al. 2010; Turk and Velušček 2013:184). For now, Slovenian oak chronology can be traced 

backwards from calendrical years AD 2003–1456 and can be used for cross-dating with sequences within a 

700 kilometre radius around Ljubljana (Čufar et al. 2010:2038) with all other tree-ring sequences still floating. 

The Slovenian pile-dwelling chronology was originally based on 2541 wooden samples from seven dwellings, 

of which 41% was oak (Čufar et al. 2010:2033). The sequences from these samples were wiggle-matched with 

calibrated 14C dates, and the calculations showed that the evidence for occupation of pile-dwellings of 

Ljubljansko barje was strongest from around 3600–3071 Cal BC, with an occupational hiatus between 3332–

3160 Cal BC (Čufar et al. 2010:2038). Interestingly, along with the commonly accepted reasons associated 

with environmental change mentioned above, some authors argue that this hiatus might have been triggered 

by the sudden decrease of interest in copper, visible in the contemporary Central European archaeological 

evidence (Velušček 2004:77). 

Teleconnection, a referencing method that was later developed, allowed matching of long, multi-

centennial sequences from the south with those from the north of the Alps, so that the dendrochronology 
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evidence could be more accurately calibrated (Čufar et al. 2015:92). By referencing a German/Swiss matrix 

covering a timespan between 3771–3330 Cal BC, Čufar et al. (2015) calibrated the oldest tree-rings from 

around 3600–3570 Cal BC, and the start of the occupational hiatus from 3332–3330 Cal BC. The attempts to 

use teleconnection on the period after the hiatus were not as successful (Čufar et al. 2015:96). If, or more 

optimistically, when the Slovenian oak database becomes an undisturbed calendrical tree-ring sequence, it 

might be possible to match it with the oak tree-ring sequence from Zambratija, which is situated around 100 

kilometres south-west from the Ljubljana marshlands, well within the mentioned 700 kilometre reference 

radius and on the same, southern side of the Alpine mountain range. 

 

Settlement typology and adaptations 

Today, the Pfahlbauproblem is considered to be resolved (Menotti 2001:324), and all three theories 

by Keller, Reinerth and Paret have eventually been accepted as correct (Menotti 2015b:23). Excavations show 

that there is no specific time when the villages were universally built in one way or another. The decisions 

about building houses near, partly over or entirely over the water surface were influenced by both 

environmental and cultural factors, where choices were made according to the most efficient way to adapt 

to the environment (Menotti 2001:326). This was originally confirmed with the excavation at Fiavé in the 

bogs of former Lake Carera near Trentino in Northern Italy in the 1960s, where all three types of pile-

dwellings were found in one place (Menotti 2001:325; Ruoff 2004:17). The horizontal stratigraphy of the 

settlement shows that he houses in Fiavé were interchangeably occupied in three zones throughout seven 

chronological stages from the Late Neolithic, when the houses were built on dry land (Menotti 2001:326) to 

the Middle Bronze Age, when the settlement was entirely placed over water (Menotti 2001:326; Ruoff 

2004:17). Another interesting example of lifestyle re-adaptations can be seen in the Kreutzlingen area 

settlements scattered around the shoreline and close hinterland belt of today’s lake Constance in 

Switzerland. These settlements were occupied between the 15th and 12th centuries BC, during one of the 

major lake-dwelling hiatuses. A comparative analysis of house plans and typological features of the found 

pottery as well as a GIS spatial study proved cultural continuity between the Early Bronze Age lakeside 

dwellings and the Late Bronze Age dry-land villages (Menotti 2004a:212). 

In regards to the abandonment of the pile-dwelling lifestyle and the connection to living in a flood-

impacted area, it is important to mention that the lake level fluctuations in Austria seemed to have an 

influence on settlements being built over wetlands versus over the lake water surface on Mondsee lake 

(Swierczynski et al. 2013:1610). The oldest radiocarbon dated wooden piles from the Scharfling and See pile-

dwellings on Mondsee lake have been radiocarbon dated from 4940 ± 120 to 4800 ± 90 conventional 14C age 

BP (Swierczynski et al. 2013:1604), which makes them around 200 conventional 14C years younger than the 

original Zambratija date of 5260 ± 30 BP. However, the lake level oscillations were not the only impact factor 
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to the lifestyle changes, which is evident from the fact that the final decline of the Mondsee group happened 

during the time of environmentally favourable conditions (Swierczynski et al. 2013:1610).   

A positive example of systematic pile-dwelling research can be seen in the extensive research of the 

submerged Late Bronze Age pile-dwelling of Bevaix-Sud in Bevaux bay on Lake Neuchâtel in Switzerland, 

published as monograph by Arnold and Langenegger (2012). The underwater excavations lasted there from 

2004 to 2007, and the preparation, fieldwork and laboratory research there was executed following the 

highest methodological standards. The dendrochronological data revealed that the village was originally built 

in the winter of the calendrical year 1011/1010 BC and had several architectural readjustments and 

reinforcements throughout its occupation with the youngest architectural oak post being chopped during 

the calendrical winter of 952/951 BC (Arnold and Langenegger 2012:209). 

The evolutionary development of the spatial organisation of stilt houses can be recognised 

chronologically on individual sites. Topographical reconstructions showed that the oldest houses in Upper 

Swabia from around 4200–3650 BC were rectangular and organised in irregular patterns facing the lake 

shoreline. Around 3500–3300 BC on Lake Constance and Lake Feder, the villages that occurred every 2.5–5 

kilometres were organised in clusters of houses with streets. The settlements there began building protection 

fences, palisades and other types of fortifications at around 3850 BC, which lasted until around 3000 BC. The 

inhabitation lifespan of one village was between 10 and 80 years, and sometimes the same position was re-

occupied later on (Schlichterle 2004:29). 

 

Cultural connections between the Late Neolithic/Copper Age Southern Alps and the Eastern Adriatic 

The relatively small area of the Alpine glacier lakes was evidently a crossroads where cultural and 

environmental influences overlapped throughout prehistory. The research database has already created 

more questions than it has given answers but fortunately, modern archaeology and interdisciplinary research 

are ongoing and constantly improving (Schlichterle 2004:26). Material culture found in the settlements shows 

that a variety of cultural groups were using the stilt-house building technique throughout its 3500-year-long 

tradition. Late Neolithic beginnings of the phenomenon in Central Europe seem to be closely linked to the 

beginnings of copper processing (Ruttkay et al. 2004:56), which is culturally and economically associated with 

the metallurgical expansion from the Balkan and Carpathian mountain ranges in the 4th millennium BC 

(Ruttkay et al. 2004:57). The key examples will be presented here to highlight the evidence linking the 

Southern Alpine pile-dwellings to Eastern European and Eastern Mediterranean Late Neolithic and Early 

Copper Age cultural complexes, evidence of which has also been found in the pottery from the underwater 

research in Zambratija.  

The Neolithic pile-dwelling situated on a small hill submerged under the Keutschacher See Lake in 

the Austrian Carinthia district was first discovered in 1864 as a direct consequence of the Pfahlbaufieber. The 
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floating oak chronology from the site was successfully synchronised with other northern Alpine sequences 

revealing an occupational end date of 3887 Cal BC, which together with a radiocarbon date range from 4100–

3700 Cal BC makes the Keutschacher settlement the oldest known pile-dwelling in Austria. Copper finds from 

there represent the oldest evidence of arsenic copper in Central Europe (Ruttkay et al. 2004:59-60). The 

typological characteristics of the ceramics found on site imply that the settlers were a part of the 

Kanzianiberg-Lasinja group of the Late Neolithic Epilengyel cultural complex, which was occurring at the same 

time in Croatia, Hungary and Austria (Samonig 2003:41).  

The Kanzianiberg-Lasinja group overlaps chronologically with Resnikov Prekop, which is the oldest 

pile-dwelling settlement in the Ljubljansko barje marshland dated to around 4400 BC (Velušček 2006b:63), 

and the material culture suggests that the settlement had cultural contacts with both Eastern Alpine and 

Western Carpathian groups (Velušček 2004:76). Two interesting connections regarding cultural groups in 

Croatia and the Eastern Adriatic were found there. The first example are the typologically similar pottery 

sherds  associated with the Sopot IIA–III cultural complex (Velušček 2006a:63), which was prevalent in the 

south-eastern Europe throughout the 4th millennium BC and characterised by tell-type settlements and 

simple pottery (Obelić et al. 2004). The second example is a dish attributed to the Late Neolithic Eastern 

Adriatic Hvar culture (Velušček 2006b:62). 

The occupation of Ljubljansko barje marshlands at around 4400 BC is characterised by the 

appearance of copper finds at the Hočevarica site, which appeared to have been an important metallurgical 

centre at the time. The minerals traced in the metal finds indicate raw materials mined in the Alps and 

therefore a trading connection to that area (Velušček 2004:76). Influences from Early Copper Age Eastern 

Adriatic can be seen in the dark coloured pottery, which can additionally be supported with the finding of a 

stingray bone fragment (Velušček 2004:77). 

After Hočevarica, chronological continuation is seen in the pile-dwellings at Maharski prekop and 

Stare Gmajne, which lasted until around 3500 BC, leading into the start of the already mentioned 

occupational hiatus visible in the dendrochronological sequences (Čufar et al. 2010:2038; Čufar et al. 

2015:96). The next re-appearance of the pile-dwelling lifestyle happened there around 2800 BC and lasted 

until the 2300 BC. It was mentioned earlier in this chapter that the material culture from this period was 

defined as the Ljubljana culture, which was contemporary to the Copper Age ‘metallurgical giant’ from the 

Balkans, the Vučedol culture complex (Velušček 2004:78). 

 

Riverside living? A case study demonstrating the importance of interdisciplinary research 

Evidence of prehistoric riverside pile-dwellings has been confirmed in the early European Iron Age 

(Potrebica 2003:217). However, the prehistoric pile-dwellings around the Alps have invariably been found by 

lakes and lake marsh deposits. Recent Slovenian research suggests that stilt houses were also built beside 
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rivers. Since Dežman’s first investigations in the 19th century, more than 40 prehistoric lakeside dwellings 

were recorded in the Ljubljansko barje marshlands, dating from the Late Neolithic to the Middle Bronze Age 

(Turk and Velušček 2013:184), some of which were successfully wiggle-matched and referenced to the 

northern Alpine oak sequence, as explained in previous paragraphs (Čufar et al. 2010; Čufar et al. 2015). The 

complex relationships between settlement patterns of Slovenian pile-dwellings and environmental changes 

have been studied through series of interdisciplinary paleoenvironmental investigations (Turk and Velušček 

2013:184). 

Models and reconstructions of landscape and sea-level evolution generated by remote sensing 

techniques and advanced software are considered as standard methodology, and large and complicated 

datasets are starting to reveal new types of information. Recent LiDAR topographical surveys of the Ižica 

floodplain in the Ljubljana marshlands revealed a series of paleochannels, with sediments that were 

radiocarbon dated to before 3770 Cal BC, contemporary to the Eneolithic settlements in the floodplain (Budja 

and Mlekuž 2010:1269). This made some archaeologists rethink the lakeside dwelling hypothesis, and 

suggest that instead of lake-related settlements, these were, in fact, riverside stilt house villages (Budja and 

Mlekuž 2010:1269; Turk and Velušček 2013:184). Consequently, sedimentary analyses were conducted in 

the Ljubljansko Barje marshlands, with the aim to investigate the type of wet environment that the villages 

were built in and how the settlement patterns adapted through time as the environment was changing. The 

results showed an evolution of the former lake basin progressively withdrawing towards the floodplain 

centre, with the oldest settlements situated closer to the basin edge, while the younger sites were situated 

further away from to the basin. By the end of the pile-dwelling era, in the Middle Bronze Age and after, the 

settlements were built on dry land, the lake had disappeared, and the marshland was traversed by a few 

meandering river streams (Turk and Velušček 2013:188). By then however, the new settlers built their houses 

on completely dry land on the marshland outer edges (Velušček 2005). Combining the archaeological data 

with the sedimentary results therefore contradicts the prehistoric riverside living in Slovenia hypothesis 

originally suggested by Budja and Mlekuž (2010). 

This Slovenian example demonstrates the importance of multidisciplinary research, not only in 

wetland archaeology but across archaeological sub-disciplines. Whether driven by nature, culture or a 

combination of factors, human occupation and its relation to the environment can be seen as a historical 

sequence of chain reactions and decisions. Cultural groups suffered the consequences of these relationships 

depending on their chosen adaptive pathways, which were not always successful (Menotti 2009:64). These 

pathways can be seen in archaeological research, by focusing attention to not only past human complex 

systems but also the natural systems, the results of which can be used in modern day debates related to 

planning a successful adaptation to present and future climate change (Van de Noort 2011:1046). For that 

reason, the results obtained for this PhD research will be studied through the lens of Climate Change 

Archaeology. 
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CHAPTER 5: THEORETICAL FRAMEWORK 

 

 

The archaeologically and environmentally circumstances of Zambratija Bay led to an unexpected 

discovery, therefore the initial underwater research did not include theoretical and methodological skillsets 

or developed interdisciplinary connections to engage in a comprehensive and systematic exploration of the 

site. (Benjamin et al. 2011a; Boetto et al. 2015; Koncani Uhač 2008, 2009; Koncani Uhač et al. 2017a; Koncani 

Uhač and Čuka 2015; Koncani Uhač and Uhač 2012). The duration of each those initial investigations did not 

exceed more than two weeks. This is due to several factors – the remains of the settlement lay three metres 

below MSL and therefore archaeological excavations and the following of stratigraphic and cultural contexts 

can only be conducted by diving. This provides some technical, organisational and financial barriers to 

overcome as compared with a land-based archaeological operation (Bailey 2011; Faught and Flemming 2008; 

Nutley 2014:267). Some of the larger questions, such as the spatial extents of the settlement, occupational 

timeline(s) and socio-economic developments in the settlement, as well as the environmental history and 

climatic occurrences which triggered all the site formation processes leading to the conditions we see on the 

site in present time, therefore remained unknown. A few of these questions will be addressed in this thesis, 

based on the small-scale research due to the budget- and timeline-sensitive nature of an independent PhD 

project. The design and motivation for this thesis was therefore developed as a proposal for a sustainable 

investigation model designed around the specific characteristics of the site. Supported by a combination of 

empirical evidence and archaeological research and interpretation, the thesis could create a realistic 

opportunity for a larger project in the future. The research was done by fieldwork, followed by a series of 

selected interdisciplinary laboratory analyses. The results were then overlapped with those from the 2008–

2015 investigations, creating a larger dataset with enough environmental and archaeological evidence for a 

comprehensive analysis of past relationships between the natural and human complex systems in Zambratija 

Bay. The fieldwork and laboratory methods were chosen based on a combination of collected theoretical and 

empirical site-specific preliminary knowledge presented in Chapters 2–4, which can, according to the way it 

was obtained, be divided into 1) introductory, 2) empirical and 3) desk-based knowledge: 

1) A 3-metre-deep seabed in Zambratija Bay in the Northern Adriatic basin showed evidence of a 

submerged landscape and an archaeological site. The collected evidence opened a set of archaeologically 

and environmentally important questions about the relationships between past climate change and cultural 

influences. The mentioned evidence included wooden piles protruding from the seabed, remains of peat on 

the seabed close to the piles and ceramics with a typology showing similarities to known local prehistoric 

cultures, found on the seabed around the piles and peat. The found wooden piles show a regularity, possibly 
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a building pattern, which was further supported by findings of daub, while the horizontal extents of the site 

shows a circular pattern following a natural feature. 

2) The bathymetry of the bay showed that the site is located on the edges of a submerged karstic 

sinkhole filled with sediments and protected by natural limestone ridges. One hundred wooden piles were 

georeferenced so far, with a total number still unknown. The collected daub in combination with the piles 

around a sinkhole with the presence of peat, indicated submerged stilt houses built over a freshwater 

environment. Five excavated units revealed stratified layers of marine, brackish and freshwater sediments. 

The brackish sediments contained remains of pottery and lithics. The found pottery is typologically 

determined to the Adriatic cultural complexes ranging from the Late Neolithic/Early Copper Age to the 

Bronze Age. The Early Copper Age Nakovana-style pottery was found in the stratigraphic contexts of Units 1 

and 5. A fully excavated wooden oak pile from Unit 1 with a sharpened end showed a radiocarbon age of 

4230–3980 Cal BC, a date corresponding with the Nakovana-style contextualised fragments from other sites 

in the area. 

 3) The formation of karstic depressions or sinkholes is a natural process which occurs in aerobic 

conditions. The most recent time when the Northern Adriatic Basin was terrestrial landscape was 20,000 

years ago, when local sea-level was around 110 metres lower than today, and it was rapidly rising until around 

2,000 years ago when it reached present-day levels. Submerged karstic depressions contain preserved 

stratified evidence of previous marine transgressions and paleo-landscapes. By analysing geochemical and 

biological proxies found in the sediments, it is possible to chronologically reconstruct the deposition of 

stratigraphic sequences, and therefore the local sea-level rise and its impact to the submerged landscape. 

The peat, wood and cultural remains indicate that this was a pile-dwelling built over a brackish or freshwater 

environment. Submerged prehistoric sites with similar pottery and evidence of buildings on stilts on the 

Eastern Adriatic coast show a maritime nature of the settlements, not freshwater. The nearest known stilt 

house buildings in freshwater environments are a part of the Alpine prehistoric pile-dwelling phenomenon 

which discontinuously lasted for almost 3000 years from the Late Neolithic (around 4300 Cal BC) to the Early 

Iron Age (around 500 Cal BC). Both the Adriatic and Alpine cultural influences on the site have similar 

radiocarbon date ranges to the one from Zambratija. According to sea-level change calculations, the Adriatic 

Sea was up to 4.0–9.0 m lower around 4000 Cal BC. 

In conclusion, the Zambratija Bay site in the only known submerged prehistoric pile-dwelling in the 

Adriatic Sea. It was built over a freshwater paleo-landscape, preserved today because of a combination of 

anaerobic environmental circumstances, which were a consequence of a global sea-level change. The 

archaeological evidence supported by one radiocarbon date shows a combination of Adriatic and Alpine 

prehistoric cultural connections. The radiocarbon date is also aligned with the Holocene marine 

transgression, which reached the Northern Adriatic at around 6000 years ago, possibly influencing the 
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abandonment of the site. The formation and abandonment of the site is chronologically unclear, and its 

disclosure would be of great significance for submerged prehistoric archaeology worldwide.  

International examples, comparable with Zambratija do exist, however they are relatively rare. 

Similar chronologically  contemporary sites are known from Northern Europe, including the Late Mesolithic 

settlement of Tybrind Vig (Andersen 1985, 2011, 2013). However, the Danish sites were not pile-dwellings, 

though the archaeologists working at Tybrind Vig recorded cultural continuity from 5400–4000 Cal BC, 

submerged 2–3 metres under the western Baltic Sea with exceptionally well- preserved organic remains. 

Submerged Middle and Late Holocene pile-dwellings  to date were globally known only from the lagoonal 

sediments on the Sozopol and Urdoviza sites in the Black Sea (Draganov 1995), showing a similar continuous 

discontinuity to the Alpine pile-dwellings with an occupational hiatus of a few hundred years, possibly 

connected to the increased rate of sea-level rise in the mid 4th century BC (Flaux et al. 2016:65). Most 

recently, an Early Bronze Age pile-dwelling architecturally similar to the one in Zambratija Bay was found in 

the Alepu paleo-lagoon, submerged from -5.8–6.8 m MSL on the western coast of the Black Sea (Flaux et al. 

2016).  

Whether submerged under the sea or a lake, or preserved under layers of peat, all the mentioned 

sites above have three common components. First, they were all built and used as settlements between the 

Late Neolithic and the Bronze Age. Second, they were constructed in environmentally different circumstances 

than of those found in the present. Third, both of those components are overlapping on the Zambratija site, 

making it an archaeologically interdisciplinary combination of Prehistoric Archaeology of the Continental 

Shelf (PACS) (Bailey et al. 2017b; Benjamin et al. 2011b; Harff et al. 2016a; Lewis Johnson and Stright 1992; 

Masters and Flemming 1983b) and Wetland Archaeology (Menotti 2004b, 2012). As a consequence, these 

archaeological sites, including Zambratija, today represent a suitable ground for studying the impact of 

previous climate change and how it affected the relationships between past environmental and cultural 

systems. Therefore, the investigation methods for this PhD research were chosen based on those previously 

successfully performed on prehistoric continental shelf and wetland archaeological sites, both of which use 

a set of interdisciplinary methods known as Environmental Archaeology (Dincauze 2000; Reitz and Shackley 

2012). The results of these methods were then interpreted through the theoretical lens of Climate Change 

Archaeology, originally described by Van de Noort (2011) (Figure 67). Therefore, in order to choose the most 

effective research methods for investigating the submerged pile-dwelling in Zambatija Bay, it was necessary 

to understand the archaeological disciplines which represent the theoretical viewpoints through which the 

site can be assessed from. 
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Figure 67 A graphical illustration of the combination of archaeological disciplines used for choosing the research 
methods. The specific environmental and cultural issues of the submerged Zambratija Bay pile-dwelling are a 
combination of Submerged Prehistory and Wetland Archaeology. Both of these disciplines use Environmental 
Archaeology research methods for addressing their hypotheses. In Zambratija, the hypothesis will be addressed 
through the theoretical lens of Climate Change Archaeology. 

 

Prehistoric Archaeology of the Continental Shelves 

 

According to Article 1 of the Convention on the Continental Shelf held in Geneva in 1958, the term 

‘continental shelf’ refers to “(a) the seabed and subsoil of the submarine areas adjacent to the coast but 

outside the area of the territorial sea, to a depth of 200 metres or, beyond that limit, to where the depth of 

the superjacent waters admits of the exploitation of the natural resources of the said areas; (b) to the seabed 

and subsoil of similar submarine areas adjacent to the coasts of islands” (UN 1958:2). In archaeology, a 

continental shelf is the part of the seabed exploited by society in the form of navigation, fishing or mineral 

exploration (Chiocci and Chivas 2014:2). As presented in previous chapters, the exposure of past coastal 

landscapes and shorelines on the continental shelves to subaerial conditions during periods of lower sea 

levels has been known for over a century (Andrijašević 1910; Reid 1913). The focus on the post-glacial marine 

transgression and Holocene landscape evolution and their impact on prehistoric coastal societies has seen a 
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renewed interest in the archaeological community over the last decade (Bailey and Flemming 2008; Bailey et 

al. 2017b; Benjamin et al. 2011b; Evans et al. 2014; Harff et al. 2016a), however the origin of this development 

can be traced back to the 1981 Symposium held in La Jolla, California at the Scripps Institute of Oceanography 

(Masters and Flemming 1983a). Although attempts have been made in addressing the archaeological 

potential of the submerged landscapes on the continental shelves (Emery and Edwards 1966; Shepard 1964), 

the significance of this symposium is known today as the first global recognition and identification of the 

world’s continental shelves as a mutual field of interdisciplinary study which included oceanographers, 

geologists, climatologists, anthropologists and archaeologists (Bailey 2011:312, 2014:291; Masters and 

Flemming 1983a). The proceedings of the symposium, Quaternary coastlines and Prehistoric archaeology: 

Towards the prehistory of land bridges and continental shelves by Masters and Flemming (1983b), therefore 

represents a benchmark in archaeological literature as the first academic attempt to include archaeological 

research as an equal participant in sea-level change and paleo-climate studies of the continental shelves 

worldwide. 

When addressing the issues regarding the impact of sea-level change to prehistoric coastal 

communities and the missing prehistoric archaeological record which is now submerged under shallow 

coastal waters around the world, authors with a mutual interest in the topic have used a combination of 

several different terms. These terms, such as Submerged Prehistory (Benjamin et al. 2011b; Faught and 

Gusick 2011), the Underwater Archaeology of Submerged Landscapes (Benjamin 2010; Benjamin et al. 2018; 

Ward et al. 2016) and the Archaeology of the Continental Shelf (Bailey 2011; Bailey and Flemming 2008) or 

their combinations (Harff et al. 2016a; Lacroix et al. 2014), all have a mutual interest in identifying 

archaeological deposits in natural environments submerged by the rising sea-levels throughout history. Due 

to the fact that archaeological remains and past landscapes can be submerged not only under the oceans but 

also lakes, rivers and other aquatic environments, the term used in this thesis will be Prehistoric Archaeology 

of the Continental Shelves (PACS), which indicates that the case study for this thesis is a prehistoric site that 

was transgressed by a marine environment and is currently located submerged under coastal waters. 

Since its beginnings, the discipline of investigating PACS has evidently been a collaborative science 

which included a number of different, but equally important and cross-referential methods and approaches, 

most often as a combination of archaeology, geology, oceanography and environmental sciences (Harff et al. 

2016a; Lewis Johnson and Stright 1992; Masters and Flemming 1983b). The re-emergence of PACS revoked 

some issues regarding the organisation of the methodological steps to take in order to investigate a 

submerged site to its fullest potential. Although several edited books and scientific papers (Draganov 1995; 

Lambeck et al. 2002; Lewis Johnson and Stright 1992; Quinn et al. 2002; Šegota and Filipčić 1991; Stein 1986) 

emerged in the years following the Masters and Flemming (1983b) edition, it wasn’t until the last decade 

when archaeologists worldwide started to express a deeper interest in the landscapes and the archaeology 

which were submerged due to the polar ice deglaciation after the LGM. Published research such as Antonioli 
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et al. (2016), Bailey et al. (2017c), Dixon and Monteleone (2014), Gearey et al. (2017), Ward et al. (2015) and 

others have a common interest in the environmental mechanisms behind these post-LGM processes 

worldwide, but also in the multidisciplinary research methods and practices for investigating the natural and 

cultural responses to those processes. The results of these methods and practices have a potential to improve 

and change our knowledge of past human behaviour and migration patterns, which shaped the world we live 

in today (Dixon and Monteleone 2014:95). Today, the academic interest in PACS seems to have reached a 

global level of understanding regarding the archaeological significance of the landscapes lost due to sea-level 

rise, however the interest in the topic was not equally represented in the academic literature in the past. 

Systematic underwater archaeological investigations of PACS started in the areas with geographic, tectonic 

and climate conditions favourable for long term preservation of sediments and organic remains (Fischer et 

al. 2011:332; Flemming 1983b), and where archaeological research was already highly developed during the 

emergence of SCUBA gear in the mid 20th century (Masters and Flemming 1983a:xi). In Europe, these 

pioneering systematic investigations were performed in the Western and Eastern Mediterranean and the 

Baltic Sea. In the Western Mediterranean, The French Department for Underwater Archaeological Research 

(Département de Recherches Archéologiques Sous-Marines – DRASM) carried out their first studies of 

underwater caves between Marseilles and Cassis during 1968–1980, which resulted in the first findings of 

Palaeolithic occupation in the submerged cave of Grotte des Trémies near Cassis, which lies 20m below sea 

level (Clottes et al. 1992:583). The Eastern Mediterranean investigations started on the Israeli Mediterranean 

coast, where a submerged Neolithic village at Neve Yam was exposed due to a storm in 1968 and immediately 

excavated (Wreschner 1983:325). In the Baltic Sea, the first excavations of the Late Mesolithic Ertebølle 

culture submerged settlements at Tybrind Vig in Denmark started in 1972 (Andersen 1985, 2011, 2013). 

As mentioned, PACS is now a recognised archaeological discipline dedicated to the investigation of 

land areas of the continental shelf worldwide, which were submerged due to the past global sea-level, 

tectonic and climate change events (Sturt et al. 2018:655). The focus of interest of many archaeologists 

studying PACS is to identify the preserved submerged archaeological sites that have not yet been discovered, 

which are spread across vast areas of seabed. This is evident in the most recent edited books (Bailey et al. 

2017b; Benjamin et al. 2011b; Evans et al. 2014; Harff et al. 2016a) with chapters discussing the importance 

of collaborative research on submerged prehistoric sites led by archaeologists. Expert-led research has so far 

mostly been limited to survey such as remote sensing, landscape surveys, seabed mapping and sub-bottom 

profiling (Cassen et al. 2011; Dixon and Monteleone 2014; Faught 2014; Flemming 1983a; Missiaen et al. 

2017b; Quinn et al. 2002), and unfortunately still relying on chance and amateur finds (Clottes et al. 1992:584; 

Masters and Flemming 1983a:xi) which, as a consequence, were either partially or completely contextually 

ruined (Geddes et al. 1983:179; Lacroix et al. 2014:24; Pearson et al. 2014:54).  

Unlike most archaeological disciplines, current PACS research does not rely on excavated, stratified 

sites and material culture but rather on predictive models and survey results. This lack of physical evidence 
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significantly limits the research, which often does not happen due to unsuccessful grants and a loss of interest 

from the general public and potential investors. That is why it is important to develop an additional 

methodological step to fill out this ‘methodological gap’ between survey and excavation, which can even be 

seen in the earliest publications which raised issues such as ”Does significance merit the effort?” (Masters 

and Flemming 1983c:605) and “…controversy is healthy as long as it is accompanied by dialogue.” (Lewis 

Johnson 1992:v). The technical advances in the precision of marine seabed research methods such as remote 

sensing and radiocarbon dated seabed cores and a worldwide recognition of underwater archaeological 

evidence (Bailey and Flemming 2008:2154), as well as the development of high-resolution past sea-level 

geophysical models such as that of the Mediterranean by Lambeck and Purcell (2005), stimulated further 

archaeological questions in the twenty-first century. Not only that these new datasets demonstrated a 

significant gap in knowledge about the extents of past landscapes and their occupation and exploitation, but 

PACS also provided evidence of settlement and migration patterns in past human behaviour regarding the 

use of marine resources, which were unavailable or have not yet been supported by the finds provided with 

terrestrial archaeology (Bailey and Flemming 2008:2162). However, with more evidence of PACS which is 

constantly updated with new data, it becomes evident that submerged sites are often endangered by the 

same natural forces that reveal them.  

Factors such as seabed erosion, biological destruction and extreme climate events (Fischer 2011), 

represent a current threat to submerged archaeological evidence. As a consequence of this threat, combined 

with the mentioned methodological gap in the discipline, archaeologists recently revoked the old questions 

(“…where next?” (Bailey 2011)), and started suggesting possible solutions for a systematic research 

infrastructure (Flemming 2011) with clear research questions (Bailey 2014:294) and exploration strategies 

(Bailey 2014:297). With authors reaching as far as suggesting mathematical equations to assess the 

significance of a submerged site (Flatman and Evans 2014:6) (Figure 68), current academic discussions 

emphasise the importance of an interdisciplinary approach, which would include not only scientific research 

but also other areas of the society such as governments, industry and the general public (Bailey 2011:327; 

Bailey et al. 2017a:15; Flatman and Evans 2014:8; Harff et al. 2016b:7; Holmlund et al. 2017; Salter et al. 

2014; Satchell 2017; Sturt et al. 2017). 

 

W (area) + X (potential) + Y (likelihood) = Z (significance) 

Figure 68 PACS Significance Equation by Flatman and Evans (2014). 

 

One part of the solution to these new/old issues lie in the publication of not only new research and 

data, but also sharing experiences and providing advice and possible solutions. Recently, maritime 

archaeology studies and projects such as Gately and Benjamin (2017) or Sturt et al. (2017) have already 
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started discussing about experiences within some of these mentioned areas (general public and industry in 

the mentioned cases) and started identifying and addressing the misunderstandings with which maritime 

archaeology is faced with today and the lessons that were learned for the future. Another part of the solution 

is to develop a research methodology for the efficient recognition of submerged archaeological sites (Lacroix 

et al. 2014:18) of great significance to the understanding of past, present and future human behaviour and 

relationship to the environment. 

Although not originally developed for the purposes of archaeological research, seabed mapping 

methods  such as sidescan and multibeam sonar surveys and shallow water sub-bottom profiling, as well as 

aerial photography and SCUBA diving surveys, are now considered the standard in maritime investigations 

whose aim is to recognise submerged archaeological sites (Benjamin and Bonsall 2009:166; Carabias et al. 

2014:143; Dunbar et al. 1992; Faught 2014; Garrison 1992:104; Keegan 1992:11; Lacroix et al. 2014:21; 

Moseley et al. 1992). However, for many reasons such as legislation or budget restrictions (Salter et al. 

2014:155), and unfortunately for PACS, this is often the moment when most fieldwork research stops. In the 

rare cases when the research is continued further, it involves diving, excavation, coring or dredging (Carabias 

et al. 2014:134; Faught 2014:44) which are actions that represent a stressful risk for both the archaeologists 

and the investors, not only because it involves diving and underwater excavations, but also because of the 

high likelihood of a negative archaeological result (Faught 2014:46), regardless of the promising preliminary 

surveys. This is why PACS often relies upon chance finds, mostly due to industrial and commercial seabed 

drilling, dredging or trawling (Bynoe et al. 2016:858; Emery and Edwards 1966:733; Faught 2014:37; Geddes 

et al. 1983:179; Kraft et al. 1983:88; Lacroix et al. 2014:14; Pearson et al. 2014:54; Stanford et al. 2014:73). 

Some improvements have been made, thanks to the large, government-financed and archaeology-based 

projects worldwide, with a focus to improve, investigate and promote PACS as a significant contributor to 

the knowledge of the global cultural and environmental past. Some of these recent and current projects are 

Gateway to the Americas (Dixon and Monteleone 2014:104), with the aim to search for Late Pleistocene PACS 

sites in the North Pacific; SINCOS (Sinking Coasts—Geosphere, Ecosphere and Antroposphere of the Holocene 

Southern Baltic Sea), focused on the research of changes in coastal landscapes od the German Baltic coast 

(Jöns and Harff 2014:173); SPLASHCOS – investigating European submerged landscapes5 (Bailey 2014:295; 

Bailey et al. 2017a:1; Galili et al. 2017a; Uldum et al. 2017:65); The Lost Frontiers project – investigating 

Doggerland6 (Gaffney et al. 2017); and Deep History of Sea Country – investigating submerged landscapes in 

Australia7 (Benjamin et al. 2018). Seabed coring provides an insight into the submerged environment, and of 

the cultural layers of a mapped site. Therefore, the risk of ‘empty’ units is minimised, and the sediment 

contents represent a connection between archaeological survey and fieldwork. As one possible step towards 

filling and/or overlapping the mentioned methodological gap, this thesis proposes a research-based and 

 
5 https://www.splashcos.org  
6 https://lostfrontiers.teamapp.com  
7 https://deephistoryofseacountry.com  

https://www.splashcos.org/
https://lostfrontiers.teamapp.com/
https://deephistoryofseacountry.com/
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tested interdisciplinary method: a combination of geological, environmental and archaeological fieldwork 

and laboratory techniques, under the term ‘Archaeology of the Core’, described in more detail in Chapter 6. 

 

Wetland Archaeology 

  

The oldest fossil records of a wetland ecosystem comes from the Silurian era 440 million years ago 

(Greb et al. 2006:4). The ecological appearance seen in the fossil footprint of wetlands was evidently changing 

throughout the millions of years reaching the Quaternary, which is when environmental records show the 

start of peat moss or Sphagnum-mire complex domination (Greb et al. 2006:29). The growth and 

development of Sphagnum moss is closely connected to low oxygen levels, which allows for organic material 

to accumulate over time and develop into peat deposits, which are known to be a natural reservoir of fuel, 

building material and agricultural soil (Reitz and Shackley 2012:194) highly valuable within human societies 

throughout history (Greb et al. 2006:30). 

The term ‘wetland’ was first internationally recognised and accepted at the 1971 Convention on 

Wetlands of International Importance in Ramsar, Iran8. According to the convention, wetlands are “…areas 

of marsh, fen, peatland or water, whether natural or artificial, permanent or temporary, with water that is 

static or flowing, fresh, brackish or salt, including areas of marine water the depth of which at low tide does 

not exceed six metres.” (Matthews 2013:38). In other words, a wetland is an ecosystem which was at some 

point in its existence, whether seasonally or daily, partially or entirely covered by water (Nicholas 1998:721). 

Being extremely biologically diverse and susceptible to environmental change, wetlands represent ideal case 

studies for the investigation of past and present climate and seasonal variations (Coles and Coles 1995:1; 

Greb et al. 2006). Due to attractive biodiverse characteristics which are economically favourable for human 

occupation, such as being a natural resource of food, water, fuel, raw material and fertile ground, wetlands 

have had an important role within the Early Holocene societies worldwide (Greb et al. 2006:30; Nicholas 

1998:722; Van de Noort 2013). The development of the earliest civilisations as well as the beginning of 

neolithisation were geographically positioned in wetland locations, such as the Nile River delta in Egypt and 

the river systems of Euphrates and Tigris in the Arabian Peninsula (Greb et al. 2006:30). Wetlands therefore 

represent an important resource of not only environmental but also archaeological information, and due to 

their aquatic nature a methodologically transitional area between terrestrial and maritime archaeology 

(Coles 2004:98; Menotti 2004b:3).  

Wetland Archaeology investigates waterlogged ancient remains found in the past and present 

wetland environments (Menotti 2012:1). Due to the mentioned oxygen deficiency, wetlands represent a 

 
8 www.ramsar.org  

http://www.ramsar.org/
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natural repository of organic remains not only in the form of plant and animal fossils (Greb et al. 2006:26), 

but also human remains, such as the well-known bog bodies (Coles 2004:111), and remains of material 

culture such as wooden architectural components (Flaux et al. 2016) or artefacts made from organic material 

like wood (Gaspari et al. 2011) or textile and leather items (von Carnap-Bornheim et al. 2007). One of the 

world’s oldest archaeological evidence of hunting, the 400,000-year-old spears found inside the remains of 

a horse in the Schöningen cole mine in Germany, were preserved because of the anaerobic conditions of the 

superimposed peat (Dennel 1997). The biological and cultural diversity is reflected in wetland studies with 

the use of interdisciplinary scientific methods (Menotti 2004b:3). The discovery of prehistoric Alpine pile-

dwellings in the nineteenth century (Chapter 4) is considered as the start of wetland archaeology (Menotti 

2004b, 2012) and the beginning of using scientific methods adopted from geology and environmental 

sciences to answer archaeological research questions. In the twenty-first century, archaeological laboratories 

investigating the relationships of natural and cultural histories of wetlands coexist with laboratories for 

dendrochronology and other paleo-environmental scientific disciplines such as sedimentology and 

palynology (Billamboz 2004; Jacomet 2004; Schlichterle 2004:25; Stopp 2015; Wiemann and Rentzel 2015). 

One of the most important contributions to wetland studies is the reveal of accurate prehistoric 

cultural and environmental timelines which was made possible with the discovery and application of 

dendrochronology. Dendrochronology is a science which gathers information on the annual growth rate of 

trees by looking at the content and structure of tree-rings, and applying that information to answer questions 

regarding past historical events and environmental variations (Kaennel and Schweingruber 1995:91; Menotti 

2012:365). In comparison with other absolute dating methods, dendrochronology is considered highly 

precise and calendrically accurate (Menotti 2012:20), and has a co-dependant connection with radiocarbon 

dating (Kromer 2009). The precision of long dendrochronological sequences is often used to calibrate 

radiocarbon dates (Kromer 2009:16; Reimer et al. 2004:1031), and vice-versa, where ‘floating’ tree-ring 

sequences without an available master sequence are wiggle-matched to a certain chronological timeframe 

(Barfield et al. 2010; Billamboz 2008:117; Kromer 2009:450; Menotti 2012:232) The use of 

dendrochronological sequences to date historical objects and events by determining the timeline period of 

the chain of events from felling, transporting, processing to using the wood for manufacturing and 

construction is often referred to as dendroarchaeology (Kaennel and Schweingruber 1995:90; Reitz and 

Shackley 2012:253).  

Dendrochronological databases with undisturbed timelines can therefore be used for determining 

the age of not only prehistorical, but also any other wooden historical find. Examples of using a tree-ring 

database for historical objects can be seen in the study of the assumed Antonio Stradivari-built “Messiah” 

violin, where a dendrochronological assessment confirmed that it was indeed made during his lifetime 

(Grissino-Mayer et al. 2004), as well as in the calendrical dating of New Zealand Māori waka canoes where 

the findings showed a potential to use dendroarchaeology as a research method for dating waka canoes from 
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museum collections across New Zealand (Boswijk and Johns 2018:448). There are limitations for 

dendrochronological determinations, such as the necessity of long and localised tree-ring sequences, the 

availability of a single species (eg. Oak) to be present in a certain area through time, as well as the fact that 

the time of the tree cutting may have not been the time when the dendrochronologically determined objects 

were manufactured and used (Reitz and Shackley 2012:254). These limitations, however, are frequently re-

examined with examples such as Jarman et al. (2017) who studied Sweet Chestnut tree-ring sequences which 

were successfully compared to contemporary Oak sequences. This revealed a new potential assessment 

method for paleo-environmental, historic and archaeological events in Britain. The growth of tree-rings is 

primarily associated with establishing calendrical chronologies of specific tree species for the purposes of 

dating historical, geological, ecological and climatic events (Reitz and Shackley 2012:253; Schweingruber 

1993:vi). This is because tree-ring growth is closely connected to local environmental conditions, and the 

physical characteristics of tree-rings such as their width or colour represent the natural records of these 

conditions in past climates. The utilisation of tree-ring climatological data to reconstruct past and present 

climates is known as dendroclimatology and is also often applied in addressing archaeological issues (Kaennel 

and Schweingruber 1995:67; Reitz and Shackley 2012:253; Van de Noort 2013:54). 

Due to its high-resolution calendrical dating potential and a variety of assessment categories (such 

as dendroarchaeology and dendroclimatology mentioned above), dendrochronology is considered to be a 

key method for the investigation of waterlogged wood from prehistoric lake dwellings and wetlands (Kaennel 

and Schweingruber 1995:381; Menotti 2012:260). Dendroarchaeology has therefore also been widely 

applied in Alpine pile-dwelling research, where the preservation of large quantities of waterlogged piles 

offered the opportunity to analyse more than 50,000 pile-dwelling individual timbers to date (UNESCO 2017–

2018:28). As described in Chapter 4, the building of  the German-Hohenheim oak chronology, which is the 

world’s longest existing tree-ring sequence covering an undisturbed calendrical timescale of 10489 years 

(Billamboz 2004:117; Čufar et al. 2015:92), was initiated in the 1980s during archaeological research of the 

Swiss Alpine pile-dwellings (Becker et al. 1985). Tree-ring data has also been useful for paleo-environmental 

reconstructions concerning past forest management, providing valuable information on the relationships 

between climate variations, environmental changes and pile-dwelling settlement patterns (Billamboz 

2004:126; Menotti 2012:261). As mentioned, dendroecology provides a paleo-ecological insight into the 

investigated site. This can be done by closely studying the anatomical features which can be recognised as a 

product of environmental changes, such as frost or insect activity, or as a product of human interventions 

such as cutting and shredding (Billamboz 2004:120). 

Other than preserving waterlogged wood, wetlands also represent reservoirs of past micro and 

macro botanical remains which contain crucial information for the interpretation and reconstruction of 

paleo-environments and climate (Magny 2004, 2015; Magny et al. 2009). Using paleo-environmental 

databases, such as geochemical, biological and physical data and comparing it to archaeological records from 
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the same areas is often referred to as Environmental Archaeology (Reitz and Shackley 2012:18). The sampling 

techniques of non-archaeological remains combined with the archaeological ones, represent the crucial 

component for accurate interpretations in Environmental Archaeology. If the correct standard of sampling 

methods procedures have been followed during the collection of botanical and archaeological samples, these 

remains have the potential to reveal the nature of archaeological contexts in the investigated samples in the 

form of primary (intentional or unintentional deposits as a result of a specific activity in an archaeological 

stratigraphic context) or secondary (unintentional deposits in an archaeological context) refuse (Menotti 

2012:245) (Figure 69).  

Wetland archaeology also represents a combination of cultural studies, science and technology with 

the aim to address archaeological issues within wetland studies (Menotti 2004b:3). This combination is also 

present in lake-dwelling research, where interdisciplinary approaches helped build a database network 

composed of chronologies (Billamboz 2004; Billamboz and Martinelli 2015; Čufar et al. 2015), paleo-climate 

(Magny 2004, 2015; Magny et al. 2009; Menotti 2009), archaeozoological (Schibler 2004) and 

archaeobotanical (Jacomet 2004) reconstructions of the environment and economy (Antolín et al. 2014) as 

well as cultural and socio-economical (Menotti 2004a) aspects of prehistoric communities around the Alpine 

lakes. Some of the occupational hiatuses in the prehistoric Alpine lakeside settlements were proven to be 

closely connected to lake level fluctuations caused by rapid climate changes (Magny 2004:139), which was 

confirmed with the studies of paleo-climate by using multi-proxy data. As an example, three different types 

of assessment of a lakebed sediment core sampled in will be presented below. 

 

Refuse 
type 

Sampling factor 

Influence on final results 

Grid/unit (Archaeology) Core (Paleo-environment) 

Advantages Limitations Advantages Limitations 

Primary 

Sample density Large scale Limited to 
specific area 

Possibility of 
network grid 

Small scale 

Sample volume Large 
quantities 

Risk of 
negative 
results 

High 
resolution 

Risk of small 
quantities 

Sample type Low risk of 
excluding 

taxa 

Poor analysis 
of taxa 
quality 

Effective 
quantity 
analysis 

High risk of 
excluding taxa 

Secondary 

Sediment type High chance 
of diversity 

Disturbed 
surface layers 

Multy-
disciplinary 

Disturbed 
layers 

Sediment 
stratigraphy 

High chance 
to identify 
events (eg. 

burning) 

Risk of profile 
collapse 

disturbance 

Secure 
stratigraphic 

control 

Risk of 
identification 

errors 

 

Figure 69 A combination of archaeological and paleo-environmental sampling procedure factors and their potential 
influence on final results. Table designed by the author after (Menotti 2012:246). 
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The first assessment includes extracting plant macrofossils from the core sediments. The species of 

the found macrofossils are known to only grow, develop and therefore be deposited in specific zones within 

a lake ecosystem. By following the uniformitarianism principle, the changes in the macrofossil assemblage 

throughout the vertical stratigraphy of the core is assumed to reflect the past lake level variations of the 

geographical position where the core was taken. The second assessment includes the investigation of 

sediment texture, lithology and concretion variations throughout the core where the changes in the relative 

frequency of each of these sedimentological categories indicated past lake-level fluctuations (Magny 

2004:135). The third assessment is often used in past precipitation and seasonal reconstructions by looking 

at fossil pollen assemblage deposits throughout the core, by determining the vegetation structure or biome 

from which they originated from and finding modern day analogues (Magny et al. 2009:140). 

 

Avoiding the pitfalls of Environmental Archaeology in Zambratija Bay 

 

When investigating the human past in the context of its environment, it is important to include not 

only archaeological, but also all other types of evidence, and be aware that cultural systems and the 

environment are interlinked. These presumptions allow the application of a broad range of scientific 

methods, which can then give cross-referenced support for the interpretations of changes and connections 

in human behaviour in a given environment. Holocene studies are known for including both cultural and 

environmental sciences. Archaeologists try to interpret the past by examining contextualised archaeological 

remains, but those remains represent a statistically unknown portion of evidence. More answers lie in the 

sediments and soils which, although also prone to changes during long periods, contain many organic and 

inorganic evidence to confirm the changes in human behaviour and past interactions with the environment. 

In order to have a more accurate idea of the past, the relationships between all the mentioned types of 

evidence should be examined. Environmental archaeology uses theories and practices which originated from 

biology, chemistry, physics, and social sciences, which makes it an eclectic, but very reliable scientific method 

with multiple ways of self-assessment (Reitz and Shackley 2012:1). 

Paleo-environmental reconstructions often apply uniformitarianism as a tool of understanding the 

past (Magny 2004:134). This approach represents a potential risk for the archaeological interpretation of in 

the form of  environmental determinism and opportunism, where cultural change is explained as an exclusive 

result of the environmental pressures; as well as environmental relativism, where the influence of the 

environment is included as a post-processualist concept used in the past in landscape archaeology (Budja 
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2015:173; Van de Noort 2013:22-24). There are, however, mechanisms to avoid these traps, explained in 

further text on the example of the archaeological potential in Zambratija Bay. 

In an environmentally deterministic model, a visible decline in the immediate environmental 

resources is interpreted as food excess, which consequently shapes new ways of supply-providing 

organisation. Another version of this model is its opposite, opportunist variety, in which a community seizes 

the newly available resources visible in the archaeological record, which are then interpreted as a result of 

environmental change favourable to local communities (Roberts 1998:146). If these were the only models 

applied in the archaeological interpretation of Zambratija Bay, it would be a case of environmental 

determinism, where the only considered trigger for the changes in human behaviour would be the 

environment.  Furthermore, if the hypothetical evidence would suggest that the settlement in Zambratija 

was indeed a maritime outpost of a, otherwise traditionally lacustrine Alpine pile-dwelling, the 

environmentally relativistic approach might consider that the different Adriatic landscape had little or no 

effect for a population to give up on their Alpine building traditions. In other words, it would suggest that the 

people who have, and those who still do live in a specific landscape have their own perspective of the 

environment they inhabit. These biased assumptions would make the interpretation and role of Zambratija 

dramatically different to what they are in this thesis. A different approach to the same landscape can also be 

seen in the experience of an insider versus an outsider (Menotti 2012:22). A number of other questions can 

be generated from the archaeological landscape viewpoint, and if they would be used exclusively it would be 

a case of environmental relativism, because the people and their perception of landscape would be more 

important than the landscape itself. 

The traps of environmental determinism, opportunism and relativism can be avoided by applying 

theories and practices from ecological sciences, in the forms of cultural ecology, human ecology and historical 

ecology (Reitz and Shackley 2012:7). The latter is an approach used in Climate Change Archaeology (Van de 

Noort 2011, 2013), which will be discussed in the following paragraphs. 

 

Climate Change Archaeology 

 

Established and described by Robert Van de Noort (2013) as “a repository of ideas and concepts that 

can help build the resilience of communities in a time of rapid climate change”, Climate Change Archaeology 

is a combination of theories and methods with an aim to explore and test the ability of past communities to 

cope with their contemporary environmental impact of climate and sea-level changes (Van de Noort 

2013:vii). By investigating past human behaviour during rapid environmental changes, archaeology becomes 

an essential part of contemporary climate change debates and scientific research. The Intergovernmental 
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Panel on Climate Change (IPCC) was established in 1998 as a provider of meta-analyses of published academic 

climate change studies, presenting them in the form of Assessment Reports, with their Fourth Assessment 

Report (AR4) (IPCC 2007) being rewarded with the Nobel Peace Prize (Van de Noort 2011:1039-1040). The 

IPCC is currently in their Sixth Assessment cycle9, and released their most recent, Fifth Assessment Report 

(AR5) in 2014 (IPCC 2014). The AR5 report predicts that future global sea-levels between 2081–2100  will 

very likely be rising at a rate from 8–16 mm/year in more than 95% of the world’s ocean areas, with 

approximately 70% of coastlines experiencing sea-level change within ±20% of the global mean values (IPCC 

2014:62) (Figure 70).  

Although the report’s future sea-level change predictions are presented as averages, which has been 

critiqued as not being useful in practice due to uneven local sea level variations across the world’s oceans 

and seas (Gehrels and Long 2008:11), the IPCC report should be considered as an authoritative statement 

and the starting point for further in-depth research and observations (Van de Noort 2013:7). Together with 

the twentieth century data, where the average global sea-level rise rate was 1.7 mm/year with short periods 

of intensified rates of up to 5.1 mm/year (as was the case between 1975–1985) (Gehrels and Long 2008:12), 

the IPCC report supports the fact that current climate and sea-level changes are affecting global coastal 

landscapes and populations at a rate that hasn’t been recorded since the end of the LGM and the beginning 

of the Holocene (Van de Noort 2013:11-14). Climate Change Archaeology therefore investigates the 

combination of archaeological and environmental evidence from the post-LGM and Early Holocene coastal 

wetland sites and recognises elements of human adaptive pathways from the past that have a potential to 

build resilience of modern coastal communities are faced with rapid climate change (Van de Noort 2013). 

 

Image removed due to copyright. 

Figure 70 The AR5 predictions of global average surface temperature change and global MSL, represented in two 
scenarios, or Representative Concentration Pathways (RCP). RCP2.6 (blue) represents a conservative scenario, 
calculated based on constricted greenhouse gas emission results, whose measurements were available in scientific 
literature. RCP8.5 (red) is a scenario based on a presumption where greenhouse gas emissions have not been 
constricted (IPCC 2014:2) (Simplified after IPCC (2014)). 

 

Climate Change Archaeology is an improved and modified systems theory (Van de Noort 2013:23) 

(Figure 71). Systems theory, as a theoretical framework, is adopted from the natural sciences (Salmon 

1978:174). It was first applied to archaeological research by early processual archaeologists (Hodder and 

Hutson 2003:21; Plog 1975) With its distinct and quantitively measurable categories of self-regulation, 

positive and negative feedback, oscillation and dynamic equilibrium, the systems theory became attractive 

to young scholars in the 1960s and 1970s which had also started experimenting with the first applications of 

 
9 https://www.ipcc.ch  

https://www.ipcc.ch/
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software simulations to archaeological interpretations (Doran 1970:290). Used in studies such as Flannery 

(1968) for identifying the exploitation of agricultural resources in ,000–200 BC Mesoamerica, the adaptations 

of an environmental approach to archaeological discourse faced difficulties early on, making the conclusions 

unclear and attributing cultural evolution to the cognitive capacities of the human mind, such as inventions 

and genius, without further explanation (Flannery 1968:85). It is important to emphasise that even at the 

time, archaeological scholars using the systems theory were criticised and warned of its limitations, the main 

one being that the environmental systems are simplistic compared to the multidimensional and complex 

human socio-economic systems, making it a non-applicable and redundant framework (Doran 1970:291; 

Salmon 1978:182). Later on, post-processualists argued that the systems theory and its categorisations are 

based on a Western worldview pointing out that concepts such as subsistence, trade, society and symbolism 

might not be fitting for the interpretation of past societies (Hodder and Hutson 2003:29). Although the 

systems theory represented a benchmark in archaeological theory by interpreting remains not only as objects 

but also as ideas, and including cultural production and human agency to the discussion, the archaeology of 

human ‘systems’ was dismissed because of the timelessness of human activity which is driven by 

relationships rather than historical progressions (Hodder and Hutson 2003:43).  

 

Image removed due to copyright. 

Figure 71 Relationships between Earth and Human systems according to Van de Noort (2011, 2013). 

 

In building his framework, Van de Noort (2013) argues that the focus of his attention is not to 

conceptualise human behavioural patterns into a systematic categorisation, but rather connect the natural 

and human aspects of the environment and search for the evidence of feedback mechanisms and interactions 

between the two. That way the natural systems can be linked to human behaviour, and the framework 

investigation has a focus on their mutual dynamics (Budja 2015:171; Van de Noort 2013:3). This 

conceptualisation of systems theory which views systems as being composed of interconnected components 

is known as Complex Systems Theory, which is also used as the framework for the structuring of the IPCC 

reports (IPCC 2014:vii). Complex systems can be studied through various spatial scale and timeframe factors, 

which means their analysis can be constrained by specific localised landscapes or global environments in 

certain short or long-term historical periods (Crumley 2006:17). They are considered to be dynamic in their 

nature, which means that the social and environmental histories of a specific landscape is examined through 

the lens of historical influences and memories visible in specific timeframes (Crumley 2006:18; Van de Noort 

2013:32). 

In Zambratija, these influences and memories will be examined through comparative research of two 

datasets composed of new data from radiocarbon dated seabed core vertical stratigraphy and the data from 
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excavation units recorded in the investigations between 2008 and 2014. Such investigation, which uses 

archaeological and archival research combined with environmental proxies provided by Earth science 

research is used Historical Ecology (Crumley 2006:18), which is together with resilience and sustainability one 

of Climate Change Archaeology’s three building blocks. According to Van de Noort (2013), they have been 

named as ‘building blocks’ due to their mutual interest in the various links between the human and natural 

parts of the world (Van de Noort 2013:28).  

 

Historical ecology 

Cultural ecology, as a discipline, defines cultures and environments as having a relationship where 

environments play an active role in human affairs, as opposed to being passive. Furthermore, human ecology 

attempts to expand that idea by applying ecological concepts in order to predict the relationships between 

people and the environment they inhabit. This kind of approach includes system models to understand 

cultural behaviour. The next stage in the progression of the concepts of combining cultural and ecological 

theories is historical ecology, a methodological tool which includes time into the interpretations of changing 

landscapes (Reitz and Shackley 2012:7). Historical ecology is composed of scientific research methods from 

the biological and physical sciences that are applied to theoretical frameworks of the humanities and social 

sciences (Crumley 2017:565; Van de Noort 2013:31). In other words, it allows experts with a mutual interest 

to the element of research, which is usually the landscape, including the submerged landscape, to collaborate 

in its scientific exploitation (Bailey 2011:325-327; Crumley 2006:17). That way, different disciplines can create 

an all-including framework, with the use of complex systems theory. Complex systems theory states that 

systems are built of interconnected historical, biophysical and human elements. All those elements are 

integrated into joined human-environment systems, while following every discipline’s specific conventions 

(Van de Noort 2013:33). Therefore, historical ecology will serve as a chronological background for the original 

results obtained with the research methods adopted from environmental sciences. 

The first research question (How did the physical environment evolve at Zambratija Bay during the 

Early and Middle Holocene, with special reference to sea-level changes?) focuses on past sea-level and climate 

change, because those were the global events which chronologically overshadowed the cultural and social 

interactions in the bay since prehistory, and they are still ongoing today. As presented in Chapter 3, the post-

LGM sea-level rise was progressing at an uplift mean rate of 10 mm/year between 17,000–5000 BC (Benjamin 

et al. 2017:14), after which GIA models show a significant decrease in the rate of sea-level rise. The latter 

indicates that the process of the glacio-isostatic water melt into the oceans has stopped, and the global sea 

levels were starting to stabilise (Vacchi et al. 2016:173). The global occurrences can also be seen in the 

Mediterranean, where predictive post-LGM marine transgression calculations show similar sea-level uprise 

trends (Lambeck and Purcell 2005; Stocchi and Spada 2007). By 4000 BC, the values for the Northern Adriatic 

Sea show and inconsistency in the sea-level uplift, where the local RSL levels were between 4 and 9 metres 



 

105 

lower than those for the rest of the Mediterranean. This was at first hypothetically connected (Lambeck and 

Purcell 2005:1976) and later on discussed (Stocchi et al. 2005) with the accumulation and episodical 

deglaciation of the Alpine glacier, resulting in the stabilisation of the Northern Adriatic sea level uplift, 

aligning with present-day levels at around 2000 BC (Monegato et al. 2017; Stocchi et al. 2005:140), after 

which the changes were mostly influenced by tectonic factors made visible in submerged and coastal 

archaeological sea-level markers (Antonioli et al. 2007; Antonioli et al. 2009; Faivre et al. 2011; Florido et al. 

2011; Lambeck et al. 2004b).  

 

Resilience 

As defined by ecologists, resilience is a measure of a system’s ability to absorb change and 

disturbance and maintain a state of stability after those occurrences. It offers a model that can be successfully 

used for understanding ecosystems but has not been persuasive when used on human systems. Applying a 

social component gives it a new perspective called socioecological resilience. It is described as the capability 

of a community to manage with the impact of the varieties of forms of environmental changes (Budja 

2015:176; Van de Noort 2013:28-29). It is evident that the Adriatic Basin was highly impacted by the post-

LGM sea-level and climate changes (Vacchi et al. 2016) and addressing that issue in Zambratija Bay will build 

enough evidence to answer the question how strong were the connections between environmental change 

and site abandonment (Benjamin et al. 2011a:195). The answer will not only help build a high-quality dataset 

for interpreting submerged prehistoric sites worldwide, but also provide new answers to the existing 

problems visible in the interpretation of occupational hiatuses in the Alpine pile-dwellings and their 

connection to climate and social changes (Magny 2004, 2015). The second research question (What affect 

did the environmental changes have on the people living at the prehistoric pile-dwelling in Zambratija Bay 

and on the taphonomy and preservation of the archaeological site left behind?) will therefore address the 

resilience capacity of the prehistoric community in Zambratija Bay.  

The results of the systematic dendrochronological research of the Alpine pile-dwellings revealed an 

incredibly accurate chronology of Central European Prehistory on a calendrical timescale with a six month 

resolution (Köninger 2015:37), and stemmed the longest undisturbed tree-ring sequence in the world of the 

Northern Alpine oak, today dated between 8480 BC and 2009 AD (Čufar et al. 2015:92). The Alpine mountain 

massive represents a physical barrier, naturally dividing the lakes and their surrounding environment and 

consequently the prehistoric pile-dwellings to the Northern and Southern variations. Dendrochronology 

showed that life on the Northern lakes lasted from the Late Neolithic, at around 4,200 Cal BC to the Iron Age 

around 630 Cal BC (Köninger 2015:37), with three occupational hiatuses between 3,540–3,410 Cal BC, 2,400–

2,000 Cal BC and 1,500–1,200 Cal BC (Menotti 2004a:211, 2015b:24). Due to different biological markers to 

those in the Northern Alpine oak tree-rings, the dendrochronology of the Southern pile-dwellings is still under 
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reconstruction. However, wiggle-matching dating methods (Billamboz 2004:125; Billamboz and Martinelli 

2015:95) and teleconnection (Čufar et al. 2015:92), which use radiocarbon dated floating southern oak tree-

ring sequences and align them with the northern master sequence, showed a shorter pile-dwelling tradition 

in the south, lasting from around the Late Neolithic to the Early Bronze Age (Marzatico 2004:93; Menotti 

2015b:24; Velušček 2006a:63), with a hiatus found in Slovenian dendrochronology between around 3,300 

and 3,160 Cal BC (Čufar et al. 2010). The date from Zambratija indicates that this is one of the earliest 

examples of a prehistoric pile-dwelling south of the Alps, with an open possibility of it being a maritime 

outpost of a traditionally lacustrine settlement building practice. The nearest contemporary pile-dwellings 

are in Austria (Ruttkay et al. 2004; Swierczynski et al. 2013), Italy (Marzatico 2004; Pini 2004; Visentini 2001) 

and Slovenia (Velušček 2006a, 2006b), showing evidence of flood risk and other climate variations which 

have had an impact on occupational discontinuity (Menotti 2009).  

Indirect cultural connections between Zambratija and the southern Alpine settlements are visible in 

the pile-dwelling building tradition unusual for the Northern Adriatic. However, the pottery remains show a 

cultural continuity with connections to the Eastern Adriatic prehistoric complexes. Together with undeniable 

sea-level uplift which was still transgressing and shaping the Northern Adriatic shoreline, the colliding Alpine 

and Adriatic social networks visible on site indicate that Zambratija represents an ideal case study for the 

investigation of the impact of rapid climate change to a socio-economically complex coastal community. The 

possibility of revealing the adaptive pathways which this community used to adapt to the fast-changing 

environment would not only answer this research question but also reveal to which extent does cultural 

change follow climate change and vice versa, and how it can be confirmed and empirically proven through 

interdisciplinary investigation of archaeological sites throughout history and worldwide. In Zambratija, both 

resilience and sustainability can be explored by investigating the adaptive paths that made the settlement 

keep functioning in its lifetime, and possibly find a reason for final abandonment. 

 

Sustainability 

Sustainable development is a state of successful maintenance of political and social structures, when 

economic resources are permanently accessible (Budja 2015:175; Van de Noort 2013:34). The connections 

between environmental and economic sustainability are evident, but in the case of social sustainability those 

links are not equivalent (Van de Noort 2013:34). The relationship between the environment and human 

sustainability is facilitated in problem-solving capacities. As presented in previous chapters, the prehistoric 

Alpine pile-dwellings have had multiple exchanging periods of intense settlement and abandonment in their 

overall occupation. The reasons for that could have been either cultural or environmental, but it is definite 

that in the times of rebuilding there were periods of lifestyle readaptation to the new environment (Menotti 

2004b:3). This is why the focus on answering the third research question (With consideration for the site’s 

chronology, spanning the Late Neolithic to the Bronze Age, what socio-economic developments are 
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observable at the Zambratija Bay site relative to the braoder Alpine Adriatic archaeological record(s)?) will 

be to find evidence of cultural connections between the prehistoric Alpine pile-dwellings and their lacustrine 

lifestyle and the establishment of the Zambratija near-shore settlement. The paleo-environmental evidence 

from the site will serve as a comparative reference to argue whether there were environmental similarities 

between the Alpine and Northern Adriatic localities during their occupations, and how did the population of 

the Zambratija settlement sustain a lifestyle which was adapted to a different ecosystem. Focusing on 

sustainability will explore the cultural migrations of Late Neolithic/Early Copper Age pottery styles on the 

Eastern Adriatic coast, through a framework with potential to give valuable new insight into one of the most 

enigmatic periods in the prehistory of that area (Forenbaher et al. 2013:603). That way the three conditions 

of sustainable development – environmental, economic and social sustainability, will be addressed through 

the analysis of environmental and archaeological evidence found on site. Sustainability requires constant 

effort and it can be assessed with evidence of resilience. Sustainability and resilience often clash, because 

the first one is striving to continue a certain condition or process despite the outside political or social 

changes, while the second one is trying to adjust to those changes (Budja 2015:176). 

The typology of the pottery found around the seabed as well as in the stratigraphic contexts of the 

five excavated units in Zambratija, sets the occupational timeframe of the submerged settlement between 

the Late Neolithic to the Early Bronze Age of the Eastern Adriatic cultural complexes (Koncani Uhač and Čuka 

2015). More precisely, the Nakovana style pottery, described as the first appearance and originally a direct 

stylistic import of the Central Balkans Early Copper Age Vinča culture in the Adriatic (Dimitrijević 1979:371; 

Forenbaher 1999–2000:380), was found in the stratified seabed layers of Unit 1 and 5, together with lithics, 

and remains of land animal bones and botanical remains (Koncani Uhač and Čuka 2015). It is common for 

Late Neolithic/Early Copper Age sites on the Eastern Adriatic coast to show stratified evidence of Nakovana 

style pottery. Although scarce, but reliable, radiocarbon dates from Nakovana contexts on the Eastern 

Adriatic all show a consistency of setting these pottery sherds into the timeframe between 4000–3500 BC 

(Forenbaher et al. 2013:592). Other than Nakovana style, the other found pottery shows a diverse collection 

of shapes and decorations attributed to wider timeframes, such as brushed surface pottery found in layers 

ranging from the Late Neolithic to the Early Bronze Age in the Eastern Adriatic (Čuka 2009; Jerbić Percan 

2011; Vitasović 1999). 

The most recent fragment found on the seabed in Zambratija is a triangular handle, which is a shape 

that appears in the Early Bronze Age in Istria (Koncani Uhač and Čuka 2015:37). This find indicates a cultural 

continuity on the site connecting two significant socio-economic stages of Central European and 

Mediterranean Prehistory – the Neolithic/Copper Age and the Bronze Age, where Copper Age represents a 

transitional period. One of the most evident cultural features that divides the two socio-economic stages are 

settlement patterns (Buršić-Matijašić 2012). The Neolithic and Copper Age sites are represented by caves 

and open-air sites (Čuka 2009; Jerbić Percan 2011; Komšo 2004, 2007, 2008), and the Bronze Age is 
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represented with fortified megalithic structures on high positions overlooking the surrounding landscapes, 

known as hillforts (Buršić-Matijašić 1998, 2007; Hänsel et al. 2005). Pile-dwellings were not found in the 

Adriatic coast. In the Alps however, they represented an architectural solution, in some cases confirmed to 

have been closely related to climate change (Magny 2004, 2015; Magny et al. 2009; Menotti 2004a:211) 

which showed a 3000-year-old continuity around the Alpine glacier lakes and marshlands (Menotti 2004a, 

2015a), seemingly not being influenced by the carriers of the Bronze Age and later on Iron Age cultural 

traditions. Archaeologists have argued that one of the occupational hiatuses in the Alpine lake-dwelling 

tradition might have been connected to the Early Bronze Age Bell Beaker Culture expansion around 2400–

2000 BC (Magny 2004; Menotti 2004a:211). The one radiocarbon date in Zambratija was obtained from a 

wooden pile rammed into the peaty sediments in Unit 1 (Koncani Uhač and Čuka 2015), dating the submerged 

site between 4230–3980 Cal BC, which chronologically connects the site to both the contemporary Eastern 

Adriatic and Alpine settlements.  
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CHAPTER 6: RESEARCH ORGANISATION AND METHODS 

 

 

It is evident that several archaeologically and environmentally significant events occurred in 

Zambratija Bay during the mid and late Holocene. Starting with the most recent of these events, and 

progressing further back in time, the order of their appearance is: 1) Sea transgression to present-day level 

and the deposition of marine sediments, 2) The construction and use of the Roman Antiquity embankment, 

3) Late Bronze Age/Early Iron Age boat abandonment, 4) The building and settlement of the pile-dwelling, 5) 

The formation of peat deposits in a brackish environment, 6) The formation and marine disturbance of 

freshwater environments. This thesis will attempt to chronologically reconstruct the timeline of these events 

through the lens of archaeology. The research questions were built around the knowledge progression used 

for creating the research hypothesis. They also represent archaeological disciplines through which the site 

was investigated, starting with a globally significant topic of the Holocene marine transgression and the 

significance of submerged prehistoric sites, followed by a discussion on the neolithization and transition to 

the Bronze Age in the Alpine Mediterranean. By focusing the discussion to the occupational discontinuity 

connected to the undeniable relationships between culture and climate, which is an underlying topic of 

almost all research of PACS and Alpine pile-dwellings, this thesis should set Zambratija on the list of 

archaeological sights worldwide, which represent historically significant cultural progressions that shaped 

modern civilisation. In Zambratija, that progression was investigated by combining methods from 

environmental sciences and archaeology, which will be described in the following chapter. 

Fieldwork was conducted in Zambratija Bay in May and June 2017 with the aim to test the presented 

hypothesis. It was an interdisciplinary project which included an international team of environmental 

scientists, volunteers and maritime archaeologists. The fieldwork project had two separate components – 

the first one was seabed coring, which resulted in 7 sediments cores. The second part was an underwater 

survey of a selected area in the bay with a dense concentration of wooden piles protruding from the seabed, 

which resulted with a georeferenced site plan, a photomosaic of the area as well as 20 samples from wooden 

piles. Taking cored samples of seabed soil for paleo-environmental research and wood for dendrochronology 

are methods of environmental research used in both the investigation of PACS (Berger 1983; Flaux et al. 

2016; Gifford 1983; Stein 1986) and Wetland Archaeology (Billamboz 2004; Billamboz and Martinelli 2015; 

Čufar et al. 2010; Čufar et al. 2015; Flaux et al. 2016). The mentioned archaeological disciplines also 

frequently use digital reconstructions based on geophysical investigations as well as 3D photogrammetry 

models as a tool to better understand site formation processes and finding large-scale patterns (Faught 2014; 
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Harff et al. 2016a; Jöns and Harff 2014; Locke 2004). The methods were deliberately chosen to be 

interdisciplinary and performed by an international team of environmental scientists and underwater 

archaeologists in order to include Zambratija and future research on the Eastern Adratic into the global PACS 

network of the 21st century. 

All mentioned interdisciplinary elements were collected by following the sampling methods used in 

underwater (Hafner 2004) and wetland archaeology (Menotti 2004b) in combination with modern 

technology (Locke 2004). Some of these methods and practices have been used in this thesis, by examining 

a combination of archaeological and environmental evidence found on site in order to answer the research 

questions. The answers to the questions have the potential to change and expand the existing knowledge on 

the prehistoric societies, their cultural interactions as well as their pathways to adapt to the Middle Holocene 

climate and sea-level changes in the Alpine and Adriatic region, which are historically significant for the 

broader Central European area. 

 

The unique environmental and cultural background of Zambratija Bay, which includes a submerged 

paleo-landscape with evidence showing human occupation during the time prior to inundation, allows for an 

interdisciplinary study which involves a SCA of the submerged paleo-landscape and settlement. The 

interdisciplinary approach and therefore the chosen methods were designed to address three issues. Firstly, 

the determination of the physical characteristics of the paleo-landscape (Research Question 1); secondly, the 

archaeological interpretation of how the defined paleo-environmental characteristics mirror human 

behaviour in the landscape (Research Question 2); and thirdly, a comparative analysis of that human 

behaviour in Zambratija on a local scale of the Istrian Peninsula as well as on a broader scale of Alpine pile-

dwellings and Central European Neolithic/Copper Age transition (Research Question 3). 

 

Regulatory context and background 

 

In order to address the research aim and collect all the necessary data, a sustainable strategic plan 

had to be carefully developed and successfully implemented. Therefore, a plan of fieldwork, composed of 

interdisciplinary surveys and investigations, and which included multiple governmental, academic, cultural 

and environmental institutions from Australia, Croatia, France and the United Kingdom, was conducted 

periodically in Zambratija bay, Croatia between March and June 2017. The responsible institution for this site 

and the holder of the archaeological investigation permit (Appendix II) was the Archaeological Museum of 

Istria (AMI) In Pula, Croatia. The lead underwater archaeologist, and the head of the AMI Underwater 

archaeological collection was senior curator Ida Koncani Uhač. All the necessary permits for performing the 
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campaign were obtained by AMI, and the fieldwork was undertaken on the basis of an agreement between 

the museum and the author (Appendix III). 

AMI is financed by the Croatian Government, and therefore must follow governmental legislation 

policies and rules regarding underwater archaeological investigations, all of which are stated in the 

aforementioned permit issued by the Croatian Ministry of Culture. On a list of some twenty specific laws and 

regulations that are completely or predominately related to culture, there are two that are specific for 

conducting underwater archaeological investigations: The Law on the Protection and Preservation of Cultural 

Assets and the Maritime code (Primorac et al. 2014). A brief explanation of the Croatian cultural laws and 

legislations in the English language can be found in the Country profile: Croatia by Primorac et al. (2014)10. 

All Croatian laws regarding underwater archaeology legislations and codes can be found on the 

Croatian Government website11, the Croatian Ministry of Culture website12, and the Ministry of the Sea, 

Transport and Infrastructure website13. The English translations of the laws and legislations are available on 

the Ministry of Foreign Affairs website14. Every Croatian participant of an archaeological investigation in 

Croatia must undertake training and pass the tests for: “Working in a safe manner”, and the testing of 

knowledge according to the “Program for implementation of preventive measures for fire protection and 

rescuing people and property threatened by the fire”. The author has passed both tests in 2011. 

Croatia ratified the UNESCO Convention on the Protection of the Underwater Cultural Heritage on 

December 1 2004 (Rodrigues 2005:22), which represented a natural follow-up to its rich and long tradition 

of ethical underwater archaeological exploration (Radić Rossi 2012a). An overview of applying underwater 

archaeological standards in Croatia can be seen in the “Exploring Underwater Heritage” Handbook (Bekić and 

Miholjek 2009). 

The PhD research fieldwork was performed for the purposes of a PhD project at the Maritime 

archaeology program at the College of Humanities, Arts and Social Sciences at Flinders University, which has 

a well-established and frequently updated Diving Procedures Manual (2016), which explains the safe 

procedures that must be understood and followed for all diving and snorkelling conducted through the 

University. All diving approvals and forms were obtained, assessed and approved before the start of the 

fieldwork by Flinders University (Appendix IV). 

 

 

 
10 www.culturalpolicies.net. 
11 https://vlada.gov.hr  
12 www.min-kulture.hr  
13 www.mppi.hr  
14 http://www.mvep.hr  

http://www.culturalpolicies.net/
https://vlada.gov.hr/
http://www.min-kulture.hr/
http://www.mppi.hr/
http://www.mvep.hr/
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Research design 

 

Zambratija represents a suitable research ground for performing site catchment analysis, where the 

resource potential accessible from a single site can be its own assessment (Roberts 1998:147). Since the site 

catchment was performed by using methods borrowed from environmental sciences, the chosen methods 

tools can be defined as Environmental Archaeology. The diversity of different sciences used in Environmental 

Archaeology allows environmental archaeologists to develop their ideas and methods without the case of 

overlapping them, thus creating a scientific environment where different types of information is oriented 

around the same site (Reitz and Shackley 2012:18). The traditional methods of studying regional climate 

change is through proxies such as pollen, foraminifera, ostracods, fossil insects, and testate amoeba, as well 

as from tree-ring studies, research into tree- and snowlines, and paleosols (Roberts 1998:147). This evidence 

can be used as indicators of past climate change, and some of them were used in Zambratija (see listed 

methods below). The concept of using environmental proxies dates back to the late 18th and 19th century 

assumption made by geologists that the environmental processes and changes that occur in the past, will be 

the same in the present. This assumption is also known as the uniformitarianism principle (Reitz and Shackley 

2012:3; Van de Noort 2013:54), and it allows for all the visible changes to be used as indicators of past climate 

changes (Van de Noort 2013:54). 

It is important to emphasise here that Zambratija is, and continues to be, an elaborate project with 

many moving parts, involving multiple institutions and people (Figure 72). Time management and budget 

have been a significant consideration, with all the necessary finances expected to be secured and provided 

by the author. Fortunately, a few successful scholarships, grants and awards, all acknowledged in this thesis, 

provided enough financial support to undertake the research, as well as to perform further laboratory 

analyses crucial to the understanding of the archaeological and environmental submerged prehistory in 

Zambratija. It is the author’s intent that this thesis, which includes a series of tested methods and techniques 

designed on the basis of other sites with similar paleo-environmental and archaeological characteristics, will 

potentially serve as a starting point of a large-scale project, thus establishing Zambratija as a globally 

significant archaeological case study. 
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Institution People Designation Zambratija project role 

Archaeological 
Museum of Istria in 
Pula, Croatia (AMI) 

Darko Komšo Director Agreement signee 

Ida Koncani 
Uhač 

Senior curator, Head of 
the Underwater 

Archaeology Department 

Fieldwork permit holder, 
AMI dive coordinator 

Maja Čuka Senior curator, Head of 
the Prehistory 
Department 

AMI diver 

Aix-Marseille 
University, France 

Alba Ferreira 
Gomez 

PhD student Volunteer, diver, xylologist 

Dr Lisa Shindo Researcher Dendrochronologist 

Croatian Geological 
Survey, Zagreb, 
Croatia (CGS) 

Dr Slobodan 
Miko 

Director, researcher CGS laboratory supervisor, 
geochemist 

Dr Ozren Hasan Researcher Coxswain, corer, geochemist 

Dr Nikolina 
Ilijanić 

Researcher, Head of 
Mineralogy and petrology 

department 

CGS laboratory supervisor, 
geochemist 

Dea Brunović PhD student Volunteer, CGS laboratory 
trainer 

Hrvoje Burić Technician Corer 

Dr Ivan Razum Associate Corer, geochemist 

Flinders University, 
Adelaide, Australia 

 
College of 

Humanities, Arts 
and Social Sciences 

Dr Jonathan 
Benjamin 

Senior lecturer in 
maritime archaeology 

Primary PhD supervisor 

Dr Wendy van 
Duivenvoorde 

Associate professor in 
maritime archaeology 

Associate PhD supervisor 

Enrique Aragon 
Nuñez 

PhD student Volunteer, diver 

Katarina Jerbić PhD student Agreement signee, 
fieldwork leader, corer, 
diver, surveyer, CGS and 
UYO laboratory trainee 

Kurt Bennett PhD student Volunteer, Flinders dive 
coordinator 

N/A Christian 
Petretich 

Zambratija local, boat 
owner 

Coxswain 

University of York, 
UK (UYO) 

 
Department of 
Geography and 

Environment 

Dr Roland 
Gehrels 

Professor Adjunct PhD supervisor, 
UYO laboratory supervisor 

Luke Andrews PhD student Plant macrofossil analyst 

 

Figure 72 A list of institutions and people involved in the organisation and execution of the Zambratija PhD project. 
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List of research methods 

 

The combination of environmental and archaeological features presented in the thesis make 

Zambratija Bay fitting for the study of the local sea-level, climate and cultural histories. Combined with the 

one initial radiocarbon date, they represented the research background for the design of the thesis research 

methods in the form of SCA. The catchment will be interpreted through Historical Archaeology in order to 

address the issues concerning Climate Change Archaeology. The presented methods below have been chosen 

based on the literature review of the relevant past and current interdisciplinary studies of sites which share 

perspective similarities with Zambratija Bay, and where archaeological research contributed significant new 

knowledge to the disciplines of PACS and Wetland Archaeology.  

The environmental and cultural aims and objectives will be addressed with the methods presented 

below, which can be divided into three categories: fieldwork, laboratory and desk-based methods. They have 

been performed throughout the three-year period of the PhD candidature. Where applicable, relevant 

literature is provided as an indicative reference to show where the method was successfully used in the past 

on archaeological sites, which is then further explained in the following chapters and paragraphs explaining 

each individual method. 

 

1. Fieldwork methods 

a. Sub-bottom profiling (Bailey et al. 2017c; Cliquet et al. 2011; Faught 2014; Gearey et al. 2017; 

Hepp et al. 2017; Missiaen et al. 2017a; Missiaen et al. 2017b; Quinn et al. 2002; Ryabchuk 

et al. 2016; Werz et al. 2014; Westley et al. 2011) 

b. Seabed coring (Bailey et al. 2017c; Carabias et al. 2014; Faught 2014; Hansson et al. 2017; 

Hepp et al. 2017; Missiaen et al. 2017b; Pearson et al. 2014; Stein 1986) 

c. Underwater archaeological investigations and survey (Abelli et al. 2016; Antonioli et al. 2016; 

Bailey et al. 2017c; Carabias et al. 2014; Feulner 2017; Galili et al. 2017a; Goldhammer and 

Hartz 2017; Hafner 2004; Hansson et al. 2017; Leineweber et al. 2011; Missiaen et al. 2017b; 

Momber 2014; Ruoff 2004; Uldum et al. 2017; Uldum 2011) 

2. Laboratory methods 

a. Initial core description and preparation for further analyses (Gearey et al. 2017; Glørstad et 

al. 2017) 

i. Digital photography 

ii. Magnetic susceptibility (Dalan and Banjeree 1998; Jordanova et al. 2001) 

iii. Colour spectrometry (Manzanilla 1996) 

iv. Discrete sampling 
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b. Depositional microfauna analysis (Galili et al. 2016; Gearey et al. 2017; Scudder 2001) 

c. Grain size analysis (Scudder 2001, 2003) 

d. Total Organic Carbon (TOC) and Total Nitrogen (TN) content 

e. XRD mineralogy 

f. XRF scanning (Holliday and Gartner 2007; Lubos et al. 2016; Manzanilla 1996; Middleton 

2004; Shackley 2011; Stanford et al. 2014) 

g. Scanning electron microscope 

h. Archaeology of the core 

i. Microflotation by heavy liquid mineral separation (Lentfer and Boyd 1998) 

j. Plant remains identification (Alve and Murray 1999; Antolín et al. 2014; Galili et al. 2017b; 

Gearey et al. 2017; Hansson et al. 2017; Jacomet 2004) 

k. Dendrochronology (Becker et al. 1985; Berger 1983; Billamboz 2004, 2008; Billamboz and 

Martinelli 2015; Čufar et al. 2010; Čufar et al. 2015; Haneca et al. 2009) 

l. Radiocarbon dating (Berger 1983; Dunbar et al. 2016; Gillespie 1984; Kromer 2009) 

3. Desk-based methods 

a. Sea-level markers archival data collection (Abelli et al. 2016; Antonioli et al. 2007; Antonioli 

et al. 2009; Antonioli et al. 2016; Benjamin et al. 2017; Chiocci et al. 2017; Faivre et al. 2011; 

Florido et al. 2011; Furlani et al. 2014; Glørstad et al. 2017; Karle and Goldhammer 2017; 

Lambeck et al. 2004a; Lambeck et al. 2004b; Sakellariou and Galanidou 2016; Scicchitano et 

al. 2017; Vacchi et al. 2016; Van Andel and Tzedakis 1996; Ward et al. 2016; Wurster and Bird 

2016)  

b. Digital data processing (Bicket et al. 2017; Chiocci et al. 2017; Feulner 2017; Locke 2004; 

Missiaen et al. 2017b; Uldum et al. 2017) 

c. Site mapping and data overlay (Dixon and Monteleone 2014; Foglini et al. 2016; Glørstad 

2016; Glørstad et al. 2017; Harff et al. 2017; Jöns and Harff 2014; Ryabchuk et al. 2016; 

Scicchitano et al. 2017; Van Andel and Tzedakis 1996; Ward and Veth 2017) 

 

Fieldwork methods 

 

All fieldwork research for the purposes of this thesis was conducted in Zambratija Bay and organised 

by the author in collaboration with AMI and CGS. The original idea for performing the fieldwork and the 

workflow were designed by the author. 
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Sub-bottom profiling 

The sub-bottom profiling survey fieldwork was organised by the author and AMI. It was performed 

on March 15 2017 by Harpha sea d.o.o., a Slovenian company which provides services of hydrographical sea 

measurements (Appendix V). Harpha sea d.o.o. was also the company that was hired by AMI to perform the 

bathymetric survey of the bay in October 2012. 

Sub-bottom profilers produce a low-frequency beam that penetrates the seabed. The finishing 

product is a cross-section of the beam’s pathway. In archaeology, it represents a non-invasive way of 

determining partial or complete burials of structures, features and artefacts (Quinn et al. 2002:441-442). 

Nevertheless, they are more commonly used as a tool for understanding the geological and sedimentary 

formations under the sea bed (Green 2004:82). The purpose of the survey was to provide an insight into the 

stratigraphy of the sediment layers in the submerged sinkhole and settlement area, and to add 

complimentary data to the previously done bathymetric and total station surveys.  

The survey was carried out from an inflatable boat equipped with a parametric Innomar SES-2000 

compact sub-bottom profiler, with a 1–400 m range, and an acoustic penetration of up to 40 m into the 

seabed, with a vertical resolution of up to 5 cm (Figure 73). 

 

Figure 73 The Innomar SES-2000 compact sub-bottom profiler.15 

 
15 https://www.innomar.com/ses2000compact.php 

https://www.innomar.com/ses2000compact.php
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Real-time Global Navigation Satellite System (GNSS) correction was assured with the Croatian 

Positioning System (CROPOS), a reference station network that transmits correction for the Global 

Positioning (GPS) and Global Navigation Satellite (GLONASS) Systems. Two mobile GNSS receivers were used 

– a JAVAD Triumph-1 and JAVAD TRG3T. Both are carrier phase GNSS receivers that work with GPS, GLONASS 

and Galileo systems with a horizontal accuracy of ± 2cm in RTK mode. Teledyne Reson PDS2000 software was 

used for the navigation. The software enables sensor integration, and it monitors the survey and the plotting 

of the vessel in real-time. The operator can view the data and control navigation according to the survey lines 

and the cartographic background. The parametric SBP operation and logging was done in the Innomar SesWin 

software. 

 

Seabed coring 

Paleoenvironmental specialists have been extracting vertical sections of sediments for the purpose 

of assessing their depositional processes through coring methods, the practice has also been used in 

archaeology since the 1930s (Stein 1986:506). In PACS, seabed cores can mirror information on cultural 

interventions on the submerged environment which can be seen in the paleo-environmental samples 

extracted from seabed core layers, such as shells, microfossils, charcoal or pollen (Flatman and Evans 2014:4), 

and are considered to be the most cost-effective technique for ground truthing of surveyed areas (Nutley 

2014:270). Coring is also an effective method for interdisciplinary reconstruction and interpretation of 

sediment deposits in wetland environments (Menotti 2012:205), especially in archaeological contexts where 

a combination of multi-proxy data gathered from excavation units and sediment cores from the same 

investigation areas have been useful in reconstructing the relationships between human and natural systems 

in the past (Magny 2004:135; Menotti 2012:256). The archaeological investigations in Zambratija between 

2008 and 2015 revealed the presence or submerged archaeological remains as well as peat deposits. This 

unique combination of cultural and environmental elements made Zambratija Bay not just a 6000-year-old 

submerged landscape but a submerged wetland site with archaeological potential. The field methods 

selected for this PhD were therefore informed by existing practice in PACS and Wetland Archaeology. 

Core sampling was organised and performed by the author and the Croatian Geological Survey (CGS), 

in collaboration with AMI, the site investigation permit holder, between May 2–5 2017 (Appendix VI). Coring 

involves drilling, pressing or hammering a hollow cylinder into a land surface to take samples of soil. It can 

require less physical effort than underwater archaeological excavation but provides valuable stratigraphic 

data with minimal site destruction. The aim is to extract a core, which is defined as “a continuous section of 

sediment or rock” (Stein 1986:505). Coring is a common method used by researchers to investigate 

submerged paleo-landscapes in the past (eg. Faught 2004:278; Gifford 1983), and cores containing biological 

markers have proven to be successful in sea-level studies (eg. Lambeck et al. 2004a:1569). The purpose of 
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the coring in Zambratija was to provide seabed sediments samples for archaeological, paleo-environmental 

and sea-level change analyses. 

CGS operates a 3 m long and 60 mm diameter UWITEC percussion-system Niederreiter 60 system 

Piston Corer16 manufactured in Mondsee, Austria. The system consists of a steel tube corer (Figure 74) lined 

with a 2 or 3 m long and 60 mm diameter PVC tube for each individual core (Figure 75), a hydraulic core 

catcher (Figure 76) and a stabilizing tripod (Figure 77), which keeps the corer in a vertical position. The coring 

is executed from an inflatable raft secured to the seabed with four anchors. The rope-operated piston corer 

(Figure 78) is hand-driven by a steel hammering 60kg weight (Figure 79), which pushes the coring cylinder to 

the sediment surface, leaving the core catcher in place while the tube penetrates the ground (Figure 80). 

 

 

Figure 74 Steel tube corer filled with sediment (Photo: K. Jerbić). 

 
16 www.uwitec.at  

http://www.uwitec.at/
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Figure 75 2 and 3 metre PVC tube liners (Photo: K. Jerbić). 

 

 

Figure 76 Adding water to the hydraulic core catcher (Photo: K. Jerbić). 
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Figure 77 The stabilising tripod on an inflatable raft (Photo: K. Jerbić). 

 

 

Figure 78 The rope operated piston corer inside a PVC tube liner (Photo: K. Jerbić). 
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Figure 79 The corers pulling the 60kg weight (Photo: I. Koncani Uhač). 

 

 

Figure 80 The corer tube is visible under the inflatable raft as it is pushed into the seabed surface (Photo: K. Jerbić). 
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Based on the bathymetric and sub-bottom data, eight positions (Figure 83) were picked to collect 

seabed sediment cores in Zambratija Bay, and seven were performed successfully. After they were collected 

on site, the PVC tubes with the seven successful cores were then transported to the CGS laboratories in 

Zagreb and stored in a cooling chamber at +4°C, until they were to be further analysed in due course. 

 

Core code Date of coring Total core length 
measured on site 

GPS  coordinates 

X Y 

ZAM-1 May 3 2017 (2 segments) 577 cm 45°28'27.65" 13°30'13.55" 

ZAM-2 May 3 2017 136 cm 45°28'29.40" 13°30'11.35" 

ZAM-3 May 3 2017 190 cm 45°28'26.13" 13°30'14.85" 

ZAM-4 May 4 2017 10 cm 45°28'18.04" 13°29'48.28" 

ZAM-5 May 4 2017 219 cm 45°28'08.55" 13°30'12.76" 

ZAM-6 May 4 2017 283 cm 45°28'15.85" 13°30'23.21" 

ZAM-7 May 4 2017 (2 segments) 426 cm 45°28'28.47" 13°30'15.70" 

ZAM-8 May 5 2017 201 cm 45°28'26.50" 13°30'22.80" 

 

Figure 81 A list of all cores taken in Zambratija Bay. 

 

 

It is important to note that, if the sediments show a thickness longer than 3 m, coring is performed 

on the same position to extract deeper sediments until reaching bedrock, by using a new PVC tube. It is then 

important to measure the thickness of the sediment sections trapped in the core catcher and then calculate 

those measurements in the total core length (Figure 82). 

 



 

123 

 

Figure 82 Fieldwork notes with measurements of the sediment trapped in the core catcher and calculating them into 
the total core length (Photo: K. Jerbić). 

 

 

Underwater archaeological investigation and survey 

The diving-based archaeological fieldwork was organised and led by the author in collaboration with 

AMI. It was performed between May 29–June 6 2017 by the author and AMI employees, Flinders University 

and Aix-Marseille University PhD student volunteers and one Zambratija local (Appendix VII, VIII).  

The diving campaign was designed to produce a 3D photogrammetry model and a site plan of a 

selected area with visible piles, to document and collect wooden samples for dendrochronology, and to geo-

reference the newly investigated area with a total station. Therefore, an assessment plan of the objectives 

and an outline of research methods was designed to successfully gather the necessary data. This plan was 

developed by the author based on the knowledge about the site and the available data provided by AMI, 

coring positions, and research questions, all methodologically framed by following the second edition of 
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Maritime Archaeology Technical Handbook by Green (2004). The underwater archaeological investigation 

and survey were designed based on two sets of results. The first one was the preliminary data obtained from 

the research done on the site by AMI between 2008 and 2015, presented in Chapter 2. The second set of 

data were the initial results from the sub-bottom survey and the coring sampling presented above. These 

two sets of data provided valuable information about the geophysical characteristics and sub-bottom 

stratification, as well as the connection of that evidence to the preserved and recorded archaeological 

features and material culture found on the site. The location chosen for the recording and collection of 

wooden architectural components was therefore selected on these criteria: 

1. The location had to be placed in the area between the peat platform and Units 1 and 5. The peat 

represented both an important archaeological landmark as well as an environmental feature crucial for the 

recognition of potential architectural patterns. Units 1 and 5 were important sources of stratigraphy and 

contextualised pottery, as well as of the location from where the one preliminary radiocarbon date has been 

sampled from. Since the peat is composed of very delicate and soft organic matter, it was important not to 

place the new research area directly on its surface so that the feature stays preserved and intact in situ. The 

intention for the placement of the new archaeological research area was to connect these two already 

researched areas. 

2. The location had to be in an area with a dense concentration of wooden piles protruding out of the seabed. 

This was because the research was limited to 6 days, which did not allow for an investigation of a large surface 

area. The dense concentration of wooden piles inside a smaller area would allow for a short-term research 

but with a large dataset for further laboratory and desk-based research. 

3. For the purposes of obtaining original data, the new research area was to be placed in an area where no 

archaeological research or surveying has been performed prior to 2017. 

After meeting all the requirements described above, a 6-day fieldwork, which included snorkelling 

and SCUBA diving (Figure 83–85) commenced. A 5x7 metre research trench was marked on the south-

western ridge of the submerged karstic sinkhole at depths between -3.17 and -3.53 MSL. After the selection 

of the trench, all visible piles were marked with previously numbered tags. There were two sets of tags 

prepared, one set was for piles in situ, and the other one was for marking the collected samples which were 

taken for further analyses (Figure 86). 
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Figure 83 Preparations for a dive (Photo: K. Jerbić). 
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Figure 84 Pre-dive check on the site (Photo: C. Petretich). 

 

Figure 85 Marking the piles in the selected area and drawing a sketch (Photo: K. Bennett). 
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Figure 86 Pre-marking two sets of yellow tags (Photo: K. Jerbić). 

 

The marked trench and piles were then photographed with a GoPro Hero3 camera for producing a 

3D model of the site. Even though this was a simple and low-cost approach, it has been proven to achieve 

high-quality results, and is especially suited to smaller investigation areas (McCarthy and Benjamin 2014:96). 

An initial low-resolution photogrammetric test-model (Figure 87) was produced during the first days of the 

campaign in order to verify the quality of the taken photographs and evaluate whether they were suitable 

for creating a high-resolution 3D model. 
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Figure 87 The initial low-resolution 3D photogrammetry model made during the investigation campaign (Author: E. 
Aragon Nuñez). 

 

The quality of the taken pictures were assessed as suitable for processing a high-resolution model 

further on in the PhD candidature. The assessment was based on the clarity of visible features placed on the 

seabed for the purpose of methodological accuracy. These features are seen on Figure 78 as white 

photogrammetry targets around the research area; yellow and grey tags marking the piles (although the low 

resolution blurred the numbers, they are  visible in the high-resolution model presented in Chapter 8); white 

tape measures in yellow casings, prepared for the baseline-offset drawing later on in the research; and red 

and white measuring poles indicating the orientation of the trench. The natural features, such as trepangs, 

Pinna nobilis molluscs, seagrass, and the sea surface wave shadows scattered around the seabed are also 

detectable. After the verification of the low-resolution photogrammetry, the next step was to produce a 

hand-drawn site plan, for the purpose of having a reference when processing the digital data as well as an 

additional dataset for the potential recognition of architectural building patterns. The original site plan was 

hand drawn underwater (Appendix IX), after which it was re-drawn on a clean and dry paper sheet (Figure 

88) and digitalised after the total station survey, dendrochronological analysis and radiocarbon dating results, 

presented further in this chapter, were obtained. A total of 35 wooden piles situated inside and slightly 
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around the trench area were identified. Piles that were marked outside the investigation trench were marked 

for a desk-based spatial analysis.  

 

Figure 88 A scanned image of the re-drawn site plan (Author: I. Koncani Uhač). 

 

Out of the 35 marked piles, 20 were sampled for dendrochronology and radiocarbon dating. The final 

number of samples was pre-defined due to the semi-destructive nature of method performance, as well as 

due to budget and timeline sensitivity of the PhD project. The underwater archaeologists performing the 

sampling selected the 20 piles based on the in situ evaluation of the quality of preservation and on their 

position in the seabed regarding availability for a safe sampling performance. Sampling was performed by 

hand sawing the visible protruding part of a pile (Figures 89–90), leaving the remaining part in the seabed 

(Figure 91). The sample was temporarily stored in the near vicinity of the trench and marked with a previously 

prepared second tag with a matching number (Figure 92), and later transported with the rest of the samples 

(Figure 93) to the fieldwork land base for preliminary analyses and preparations for transport. The samples 

were cleaned in fresh water (Figure 94), after which they were measured (Figure 95) and appropriately 

packed for transport (Figure 96).  
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Figure 89 Pile 23 before sampling (Photo: K. Jerbić). 

 

 

Figure 90 Pile 23 sampled (Photo: K. Jerbić). 
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Figure 91 The remaining part of Pile 23 in situ after sampling (Photo: K. Jerbić). 

 

 

Figure 92 Pile 23 in temporary storage (Photo: K. Jerbić). 
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Figure 93 Sampled and marked piles before transporting to land (Photo: K. Jerbić). 

 

 

Figure 94 Washing the samples in fresh water (Photo: M. Čuka). 
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Figure 95 Preliminary measurements (Photo: K. Jerbić). 

 

 

Figure 96 Packed wooden samples (Photo: K. Jerbić). 
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Since Aix-Marseille University and AMI had a well-established contract allowing collaboration on all 

the maritime archaeology sites that the Museum holds the permits for17, the wooden samples were sent to 

the Centre Camille Jullian for Mediterranean and African archaeology’s dendrochronological laboratory at 

Aix-Marseille University in France for further analyses. 

The finished sampling allowed for final site measurements and documentation of fifteen 

georeferenced points (Figure 97) on the underwater site and on land. The measuring was performed by using 

a Leica FlexLine TS06 manual total station, using the MGI 1901/Balkan zone 5 GIS coordinate system. 

 

Total station point Description X Y Z 

FT 1 Zambratija beach point 1 5383600.9079 5037868.5287 0.9937 

FT 2 Zambratija beach point 2 5383599.4035 5037871.7502 1.8261 

FT 3 Zambratija beach point 3 5383579.8687 5037876.1621 2.2364 

FT 4 Zambratija beach point 4 5383586.8269 5037882.2683 2.4468 

FT 5 Zambratija beach point 5 5383572.5995 5037867.5467 1.0317 

FT 6 Zambratija beach point 6 5383550.7901 5037881.2412 1.0052 

ST 1 Total station position 5383587.5464 5037875.5352 2.3142 

SONDA.1 Trench point 1 5383360.5018 5037710.9609 -3.2347 

SONDA.2 Trench point 2 5383365.6166 5037710.9396 -3.1709 

SONDA.3 Trench point 3 5383364.5671 5037717.1079 -3.3237 

SONDA.4 Trench point 4 5383359.5956 5037717.6158 -3.3918 

PILON23 Wooden pile no. 23 5383361.1111 5037715.6759 -3.5297 

PILON35 Wooden pile no. 35 5383361.2048 5037714.7516 -3.3342 

PILON29 Wooden pile no. 29 5383361.3222 5037713.2239 -3.2942 

PILON33 Wooden pile no. 33 5383360.3261 5037712.0012 -3.2299 

 

Figure 97 A list of all total station points taken for the 2017 Zambratija diving campaign.  

 
 
Laboratory methods 

 

The laboratory analyses for the purposes of this thesis were organised by the author in collaboration 

with Aix-Marseille University, CGS and the University of York. The initial idea for performing the laboratory 

analyses and the workflow were organised by the author. Methods were performed by the author and other 

PhD project collaborators from CGS, The University of York, UK and Aix-Marseille University in France. XRF 

scanning at the Institute of Marine Science (ISMAR) in Bologna, Italy. 

 

 
17 www.ccj.cnrs.fr/spip.php?article2104  

http://www.ccj.cnrs.fr/spip.php?article2104
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Initial core description and discrete sample preparation 

Due to the budget and timeline sensitivity of this PhD research, three out of the seven cores were 

chosen for further preparations and analyses. Those were cores ZAM-1, ZAM-2 and ZAM-7. The preparation 

process was organised and performed by the author at the CGS laboratories in Zagreb, Croatia, under the 

supervision and training from the scientific and technical staff at CGS (Dr Slobodan Miko, Dr Ozren Hasan, Dr 

Nikolina Ilijanić and PhD students Dea Brunović18, Dragana Šolaja and Ivona Ivkić) during periods between 

June 13–26 2017, January 3–4 2018 and June 3–6 2018; as well as by the CGS scientific staff in 2017 and 2018. 

The three cores were taken under a standardised procedure for PVC-held sediment core initial 

analysis, developed and described by CGS (Hasan 2017). The initial protocol consists of five steps (described 

below), which allowed for choosing the desired discrete 1 cm samples of sediment for further analyses. 

1. Splitting the core horizontally into two identical splits (Figure 98). The PVC tubes were cut with a hand-

held saw Bosch POF 1200 AE 1200-Watt router (Figure 99), and the sediments were carefully cut through 

with a fishing line (Figure 100). 

 

Figure 98 Core ZAM-2 after splitting in half (Photo: K. Jerbić). 

 

 
18 Now Dr Dea Brunović. 
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Figure 99 Cutting the PVC lining of the core (Photo: D. Brunović). 

 

 

Figure 100 Cutting through the sediments with a fishing line (Photo: D. Brunović). 
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2. Archiving and sediment descriptions. The surface of both halves were cleaned and smoothed for better 

understanding of the relations between sediment layers (Figure 101). One half was covered with plastic 

wrapping and archived in the CGS cold storage for reference and/or additional analyses (Figure 102). The 

other, working half, is where all the data presented in the PhD originates from. A Munsell Soil Colour Chart 

(Munsell Color Co. 1992) was used for colour descriptions and the sediments were then processed according 

to the Troels-Smith standard system for describing unconsolidated sediments (Troels-Smith 1955)19. 

3. Digital photography. The working half was photographed with a Canon EOS 500D digital camera, inside a 

dark box, with controlled lighting (Figure 103). The photographs were taken in 5 cm intervals for the entire 

length of each core. 

 

 

Figure 101 Smoothing out the core’s halves surfaces for choosing the archival and working half (Photo: K. Jerbić). 

 

 
19 The Troels-Smith standard system for describing unconsolidated sediments (Appendix X) was performed 
retrospectively on the archival halves on cores ZAM-1 and ZAM-2, and on the working half on core ZAM-7 in June 2018 
by the author, after consultation with her associate supervisor, Prof. Roland Gehrels in November/December 2017. In 
order to obtain the necessary training and experience, the author took part as a volunteer on three coring fieldworks 
led by the University of York’s Department of Environment and Geography PhD students Graham Rush (Ythan estuary, 
Scotland, UK, November/December 2017) and Sophie Williams (Tara valley marsh near Yarram, Victoria, Australia, April 
2018; and Simpsons Bay marsh on Bruny Island, Tasmania, Australia, April 2019). 
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Figure 102 The author wrapping one half of core ZAM-1 for archiving (Photo: D. Šolaja). 

 
Figure 103 The author and Dr Dea Brunović taking detailed photographs of core ZAM-1 (Photo: D. Šolaja). 
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4. Spectral colour analysis. After taking photographs, the working half was sent to a 1 cm accuracy spectral 

colour analysis, with an X-Rite Inc. DTP22 Digital Swatchbook Spectophotometer (Figure 104). Used with a 

laptop (Figure 105), this device gave accurate colour measurements in numerical CIE L*a*b (Lightness, 

red/green and yellow/blue) values (X-Rite and Pantone® 2016:11), according to the International Commission 

of Illumination (Commission  Internationale de l’Eclairge – CIE) (X-Rite and Pantone® 2016:7), which were 

then digitally transformed into a graph. 

5. Magnetic susceptibility. The same working half was then measured in 1 cm distances with a Barrington 

Magnetic Susceptibility Meter (Figure 106) with a MS2E High resolution Surface Scanning Sensor connected 

to a laptop (Figure 107). Magnetic susceptibility measurements were transformed into a graph form, which 

gave a visible representation of the magnetic changes occurring throughout the core in a 1 cm resolution. 

Magnetic susceptibility measurements marked the final step of the initial core analysis, and a working 

core half was ready for the collection of discrete samples taken from 1-cm-wide positions20 (Figure 108). 

These discrete samples were placed in labelled bags and sent to further microscopic, chemical and other 

types of laboratory analyses (Figure 109).  

 

Figure 104 X-Rite Inc. DTP22 Digital Swatchbook Spectophotometer (Photo: K. Jerbić). 

 
20 The positions and analyses were handpicked and chosen by the author under the scientific supervision and 
consultation with Dr Slobodan Miko, based on the changes and properties seen in the graphs and photographs from the 
initial core description. It was also important to extract any visible organic remains from each centimetre and set it aside 
as a potential radiocarbon dating sample. 
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Figure 105 Inserting measurements taken with the spectrophotometer into a database (Photo: D. Šolaja). 

 

Figure 106 Barrington Magnetic Susceptibility Meter (Photo: K. Jerbić). 
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Figure 107 Taking magnetic susceptibility measurements (Photo: D. Šolaja). 

 

 

Figure 108 Collecting discrete samples from 1-cm-wide positions (Photo: D. Šolaja). 
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Figure 109 Discrete samples from core ZAM-2 (Photo: K. Jerbić). 

 

Depositional microfauna 

The extraction and counting of benthic foraminifera was organised and performed by the author 

under the supervision of Prof. Roland Gehrels at the Department of Environment and Geography’s research 

laboratories at the University of York, UK between June 28–July 3 2017, November 11–December 11 2017 

and July 11–August 13 2018. 18 samples in total were processed, 2 from ZAM-1, 11 from ZAM-2 and 5 from 

ZAM-7. 

Foraminifera are multi-chambered marine microorganisms. Foraminifera shells vary in morphology 

between different species, making them visually identifiable. Each species has a distinguished habitat 

preference (brackish/marine, warm/cold water etc.) and is sensitive to variables such as salinity, water depth 

and temperature. These properties make them useful proxies for tracing environmental histories in vertical 

sediments, including the history of sea-level change (Gehrels 2000; Jorissen 1987). Therefore, by looking at 

the statistical average of different species of fossil foraminifera distribution in undisturbed vertical 

depositions of sediments (cores), it is possible to reconstruct the types of habitats they were formed in (Reitz 

and Shackley 2012:161-181). An accurate paleo-environmental reconstruction relies on modern-day data, 

making our knowledge of the past as good as it is of the present. The assumption that the relationships we 
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see in ecosystems today were the same in the past is called uniformitarianism which has its limitations, but 

has so far proven to be a valuable and accurate principle in paleo-reconstructions (Roberts 1998:28-29). A 

few studies of modern-day foraminifera have been conducted in the Adriatic so far (Ćosović et al. 2006; 

Ćosović et al. 2011; Jorissen 1987; Shaw et al. 2016). 

Foraminifera was extracted from 1 cm sediment sequences, selected on the specific properties seen 

in the graphs and photographs from the initial core description. A known volume of each sample was wet 

sieved between a 500 μm and a 63 μm sieve. The material left in the ≥ 63 μm sieve was collected and washed 

with deionised water into a beaker to settle and transferred in a counting tray (Figure 110). The tray was 

placed under the 80x magnifying Zeiss Stemi 305 binocular microscope. Foraminifera was hand-picked from 

the tray and placed on a pre-glued microfaunal slide using a fine paintbrush (Figure 111). 

 

Figure 110 Foraminifera counting tray (Photo: K. Jerbić). 
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Figure 111 Foraminifera counting tray (left microscope) and the pre-glued microfaunal slide (right microscope) 
(Photo: K. Jerbić). 

 

Grain size analysis 

Grain-size analysis was organised by the author under the supervision of Dr Slobodan Miko at the 

CGS laboratory in Zagreb. The analysis was performed on samples from core ZAM-1 and ZAM-2 by Dr Dea 

Brunović in January 2019. The results were plotted in the C2 software (Juggins 2011). 

Grain-size analysis is one of the basic methods for sedimentological characterization used to describe 

the type of sediment accumulation and the water energy dynamics at the time of the deposition (Håkanson 

and Jansson 2002). In combination with other geochemical and depositional proxies, the down-core 

distribution of sediment grain sizes is therefore a good indicator of the intensity of changes in depositional 

environments in archaeological layers (Scudder 2001, 2003). 

A total of 73 samples were analysed, 60 from core ZAM-1 and 13 from core ZAM-2. The analysis was 

performed by using the Shimadzu Laser Diffraction Particle Size Analyzer SALD-2300 combined with the 

WingSALD II-2300 program, which measures range from 17 nm to 2500 μm. Each 0.1 g sample was added to 

2 ml of 30% hydrogen peroxide (H2O2) to remove organic matter. Prior to taking measurements, the samples 

were dispersed by adding 2 ml of sodium hexametaphosphate. Grain-size results were interpreted using 

GRADISTAT software (Blott and Pye 2001), which uses following grain-size scale: very coarse sand (2–1 mm), 

coarse sand (1000–500 µm), medium sand (500–250 µm), fine sand (250–125 µm), very fine sand (125–63 
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µm), very coarse silt (63–31 µm), coarse silt (31–16 µm), medium silt (16–8 µm), fine silt (8–4 µm), very fine 

silt (4–2 µm) and clay (<2 µm). Sediments were classified according to Folk and Ward (1957). 

 

Total Organic Carbon (TOC) and Total Nitrogen (TN) content 

TOC and TIN analyses were organised and performed by Dr Slobodan Miko at the CGS laboratory in 

Zagreb. The total number of samples was 73; 60 from ZAM-1 and 13 from ZAM-2.  TOC and TIN were analised 

by using the CN analyser.  

Organic carbon and total nitrogen analysis indicate the changes in primary productivity and organic 

matter source in marine and lake sediments. They give evidence of the input of land plants to sediments. 

Higher values are a measure of higher nutrient load into the system and lake productivity, and thus associated 

with warmer climatic conditions (Lamb et al. 2006). The concentration of total organic carbon (TOC) is a 

fundamental proxy for describing the abundance of organic matter in sediments. Nitrogen concentrations 

strongly depend on the source of the organic matter; terrestrial plants gave low values, while phytoplankton 

has higher values. This variation can be tracked using the total organic carbon (TOC) and total nitrogen (TN) 

ratio. TOC and TN provide information about the proportion of algal and land plant contribution to organic 

matter (Meyers and Teranes 2001). When the origin of organic matter is from lake algae, atomic TOC and TN 

values typically lie between 4 and 10, whereas terrestrial plants usually have values of 20 and greater. Atomic 

TOC and TN values of 12–17 suggest a mixture of algal and terrestrial plant input (Meyers and Teranes 2001). 

The TOC and TN analyses were performed with the CN elemental Thermo Fischer Scientific, Flash 

2000 NC Analyser. Samples were freeze-dried, finely ground in agate and mortar and packed in tin (Sn) 

capsules, which are placed in the CN analyser. The analysis is composed of combustion of samples at 900°C, 

which allows the determination of Total Organic Carbon and Total Nitrogen. TOC is measured after a 

treatment with hydrochloric acid (10% HCl). The calculation of Total Inorganic Carbon (TIC) is based on the 

difference between Total Carbon (untreated sample) and Total Organic Carbon (sample treated with HCl). 

The results of TOC and TN analysis were graphically displayed in the C2 software (Juggins 2011). 

 

X-ray Diffraction (XRD) 

XRD analysis of the mineralogical composition of sediments was organised under the supervision of 

Dr Slobodan Miko and Dr Nikolina Ilijanić at the CGS laboratory in Zagreb. The analysis was performed on 

selected powdered samples from cores ZAM-1 (32 samples) and ZAM-2 (7 samples) by Dr Nikolina Ilijanić in 

January 2019. 
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The determination of mineral phases present in sediments gives valuable information on sediment 

source, as well as depositional conditions. Since minerals and clays are formed on the soil formation of the 

Earth’s surface, the mineral composition of the analysed soil therefore depends on the general physical 

characteristics of the geological features of its origin (Chamley 1989:623). For example, kaolinites are found 

in soils originating in warm and humid climate, and silicates are found in soils originating in cold and dry 

climates (Sheldon and Tabor 2009:7).  

XRD was performed by using the PANalytical X'Pert Powder X-ray diffractometer, equipped with Ni-

filtered Cu X-ray tube (CuKα1, λ=1.5405 Å), vertical goniometer with a θ-θ geometry and a PIXcel detector. 

The dry samples were ground in agate and mortar and packed on aluminium holders for analysis. 

Measurement conditions were: 45 kV voltage and 40 mA current, step-size 0.02°2θ, time per step 4 s, with a 

range of 4-66 °2 θ. The interpretation of diffraction patterns was made using HighScore program using ICDD 

database (PDF4/Minerals), according to Moore and Reynolds (1997). 

 

X-ray Fluorescence (XRF) 

XRF scanning was organised by the HGI under the supervision of Dr Slobodan Miko and Dr Ozren 

Hasan from the CGS laboratory in Zagreb. The analysis was performed on the archival half of core ZAM-1 at 

the Institute of Marine Science (ISMAR) in Bologna, Italy. 

The elemental composition of sediments depends on the origin of the deposited sediments, the 

environment in which they accumulated, and potential early sediment modifications which occurred 

immediately after rock formation. Sediments have initially been eroded from a certain source rock/soil and 

have subsequently been transported by streams/rivers or wind before they finally settle. The geochemical 

composition of the sediments accumulated at any site, therefore, contains original source rock/soil 

information (Sheldon and Tabor 2009:8). Increased primary productivity (PP) and anoxic conditions enhance 

the potential preservation of organic matter, which can result in distinctive black layers. As organic matter is 

usually darker than the more carbonate-rich, organic-poor sediments, changes in colour can also be applied 

as proxies for changes in PP or anoxia. Past changes in source material and provenance, sediment runoff and 

erosion, primary productivity and anoxia, are all impacted by changes in climate. Therefore, if the elemental 

composition of sediments and the different pathways leading to their deposition are known, the data can be 

used to reconstruct past climate (Weltje and Tjallingii 2008:424).  

Sediment elemental composition of discrete samples is most often determined by applying one of 

two methods: Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), which is the most 

reliable and traditional method and X-Ray Fluorescence scanning (XRF), a non-destructive and less time- 

consuming method. For XRF, the flat surface of core sediments is excited with X-rays, after which the 
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characteristic fluorescent X-rays emissions are used to determine the elemental composition. This rapid 

method is considered to be semi-quantitative (Richter et al. 2006; Weltje and Tjallingii 2008). 

The archive half of sediment core ZAM-1 (0-559 cm) was scanned at 1 cm resolution with the 

AVAATECH μXRF core-scanner at Institute of Marine Science (CNR-ISMAR) in Bologna, Italy, during April and 

May 2018. The sediment was protected with Ultralene during X-ray transmisson foil in order to avoid 

contamination. Richter et al. (2006) give technical details on the XRF scanning technique. Elements Al, Ba, 

Ca, Cl, Cr, Fe, K, Mn, P, Rh, S, Si, Ti and V were measured at an X-ray voltage of 10 kV, elements Br, Bi, Cu, Ga, 

Nb, Ni, Mo, Pb, Rb, Sr, Zn, Zr and Y were measured with an X-ray voltage of 30 kV; and elements: Ag, Cd, Sn, 

Te and Ba with voltage 50 kV. The count time of each measurement was 30 seconds. The XRF results are 

expressed as element intensities in counts per second and were graphically displayed in the C2 software 

(Juggins 2011). 

 

Scanning electron microscope 

Some of the extracted minerals and microfossils were documented with a scanning electron 

microscope (SEM) for a more accurate interpretation and high-resolution imagery and X-ray spectroscopy. 

The scanning was performed by Dr Ozren Hasan at the the CGS laboratory in Zagreb in January 2018. 

 

Archaeology of the core 

As described in Chapter 5, PACS has been faced with a unique problem since its very beginnings 

regarding research strategies of identifying submerged landscapes and archaeological sites. Although site 

locations, inundation timeframes and even paleo-landscapes were known facts, they were also well 

preserved and protected under large masses of water, and, in many cases, marine sediments. The 

opportunity to obtain archaeological evidence about the human populations that had access to these 

landscapes, and whether there was ever a time that they exploited or inhabited them (eg. Ward et al. 2015; 

Ward and Veth 2017) is therefore limited. Once sea-level reconstructions and models started to appear 

(Berger 1983), scientists and archaeologists became aware that these submerged areas contain not only ‘lost’ 

landscapes, but also knowledge of our own past (Masters and Flemming 1983b), making PACS one of the 

most fast-growing archaeological disciplines in the 21st century. None the less, problems regarding issues 

such as finding more sites (Flatman and Evans 2014:1) and those regarding logistics and funding (Bailey 

2014:298) are still representing significant limitations when trying to investigate submerged landscapes.  

When addressing these limitations, authors often conclude that since PACS is a topic concerning all 

human past as well as our future (Van de Noort 2013:vii), the discipline should have a universal checklist 

which can be applied to every submerged site around the world, and provide results that can predict a 
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submerged prehistoric archaeological site with as much certainty possible. The checklist starts with models 

of inundated local geomorphology, preferably with recognisable cultural features and basic environmental 

factors necessary for humans to inhabit a certain area. Factors can be traced by surveying techniques such 

as remote sensing and target identification, for creating predictive models. These factors are: traces of fresh 

water access, natural protection from environmental hazards, and the availability of food (Evans et al. 

2014:5). The predictive models, however, have a limitation that often represents the end of a maritime 

archaeology project, which is the inability to recognise with certainty the presence of a submerged 

archaeological site remotely (Faught 2014:40). In PACS, when fieldwork research is continued after the initial 

surveys, it involves diving and underwater excavations. These actions represent a stressful risk for both the 

archaeologists and the investors, not only because they involve diving and underwater excavations, but also 

because of the high likelihood of a negative archaeological result, regardless of the promising preliminary 

indications. In the instances where seabed coring is performed on potential submerged archaeological sites, 

the sediments are assessed for the purpose of reconstructing the environmental history of the submerged 

sediments, rather than cultural history those sediments contain. 

The proposed method, colloquially named archaeology of the core, represents a consequential 

product of this research project. It was inspired by the works of Momber (2011), who used a SCUBA diving 

method of extracting samples of submerged archaeological sediments to land, where they could be more 

carefully examined (Momber 2011:90) and the concept of Microarchaeology described by Weiner (2010). If 

applied on sites with archaeological potential, archaeology of the core could become a standard when 

investigating coastal and submerged archaeology, placing it next to methods such as seabed mapping and 

3D modelling. It is important to nothe that, while archaeology of core has a potential to become standard 

practice, there are some contextual limitations to be considered. These include, but are not exclusive to, 

situations where the submerged prehistoric sites are only present on the sea bed, or are very shallowly buried 

(O'Shea et al. 2014), or in sandy contexts where sediments are not consolidated (Galili et al. 2017a). Tested 

on core ZAM-7, where the core stratification indicated undisturbed environmental and cultural layers, the 

method is composed of steps known to every trained field archaeologist and therefore easily applicable. 

As presented in fieldwork methods, seabed coring is performed from a raft or a boat, and no diving 

is needed, minimising the mentioned limitations regarding logistics and funding. Since the environmental 

assessments use only a small percentage of the overall vertical composition of the sediments in a core, the 

remaining sediments are often put aside and eventually discarded. The discarded sediments, however, 

represent intact vertical stratigraphical contexts with potential to support the process of site determination 

and its significance. The sediments might contain valuable archaeological evidence, and the core can be 

transformed into an archaeological test unit on a micro scale. This is where archaeology of the core can 

represent the connection between remote sensing and excavation. The risk of empty units and trenches is 

minimised, and the sediment contents represent a connection between archaeological survey and fieldwork, 
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and potentially add to the archaeological and cultural significance of a submerged site in need of excavation, 

rescue or protection. A small-scale sediment sample such as a core, and minimal time spent on fieldwork 

makes it possible to perform an excavation in a laboratory environment, on almost 100% of the sample. This 

makes the analysis to have a high likelihood of scientifically performed, measurable results necessary for the 

assessment of a site’s future perspective and deciding on what further steps to plan and present to potential 

collaborators and/or investors. Archaeologists agree that PACS methods should be improved and refined 

(Flatman and Evans 2014:10). As for the question asked seven years ago by Bailey (2011): Continental Shelf 

Archaeology: where next?, this method may represent one of many directions. 

Archaeology of the core was performed on sediments from the core ZAM-7 by the author, with the 

assistance of PhD student Luke Andrews, at the Department of Environment and Geography at the University 

of York, UK in June and July 2018. Sediments were documented as stratigraphic units, divided to 1 cm discrete 

samples and wet sieved through a 500 μm sieve (Figure 112).  

 

 

Figure 112 Fractions after wet sieving ready for an archaeological assessment (Photo: K. Jerbić). 

 

Smaller fractions were collected into a 63 μm sieve and stored in labelled viles for potential 

environmental analyses. Fractions left in the sieve were placed on paper towels to dry (Figure 113). Once 
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dry, the sample was carefully examined with a picking tool, where recognisable finds were extracted, 

documented and separately stored for further processing. 

 

 

Figure 113 Fractions drying on paper towels ready to be picked (Photo: K. Jerbić). 

 

Microflotation by heavy liquid mineral separation 

Microflotation by heavy liquid separation was organised by the author under the supervision of Dr 

Slobodan Miko at the CGS laboratory in Zagreb. The analysis was performed on six 2 cm3 volume samples 

from core ZAM-7 by Dr Ivan Razum in December 2018. 
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The heavy liquid flotation method is commonly used to extract silicified plant material, or phytoliths 

(Lentfer and Boyd 1998), which are used in archaeological contexts for determining decayed or burned plant 

remains (Reitz and Shackley 2012:286). A part of the analysis requires for phytoliths to be separated from 

sediment, clay and other microscopic fractions in order to perform a quantitative analysis (Lentfer and Boyd 

1998:1159). In the ZAM-7 core, the focus of the analysis was to identify those separated fractions, with the 

aim to find potential particles of anthropogenic origin such as microscopic pottery particles or lithic 

microdebitage, in order to potentially identify the cultural site formation processes (Hull 1987). 

All samples were wet sieved where the fractions between 32–125 μm in size were taken retained for 

a microscopic analysis. To remove carbonates, samples were treated with 10% acetic acid to prevent apatite 

dissolution (Mange and Maurer 1992:11). The insoluble fraction was analysed on glass slides, with Canada 

balsam used as mounting medium (Mange and Maurer 1992:16). The optical analysis, which consisted of 

estimating the observed quantities of microscopic pottery remains, was done with a Nikon ECLIPSE LV100N 

POL polarising microscope.  

 

Plant remains identification 

Plant remains identification was organised by the author. Wood species determination of the 20 

waterlogged wooden piles taken for dendrochronology was performed by PhD student Alba Ferreira Gomez 

at the Centre Camille Jullian for Mediterranean and African archaeology’s dendrochronological laboratory at 

Aix-Marseille University in France in November 2017. Plant remain analysis was performed by PhD student 

Luke Andrews at the Department of Environment and Geography at the University of York, UK, in May 2019. 

Wood species determination or wood anatomy is a subdiscipline of dendrochronology which focuses 

on tree species determination by looking at cell structures of the sampled trees (Kaennel and Schweingruber 

1995:397). The method is composed of slicing three thin sample sections – transversal, tangential and radial, 

from each pile with a cutter blade (Figure 114). The species was determined by visual interpretation through 

an Olympus Electron microscope. 
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Figure 114 Slicing a wood sample with a cutter blade (Photo: K. Jerbić). 

A sample of plant epidermis from ZAM-7 148–149 cm was sent for radiocarbon dating (described 

further in Chapter 6). A similar remain was found in ZAM-7 146–147 (Figure 115), which was retained for 

plant fossil identification. The sample was washed through a 63 μm sieve and stored in de-ionised water in a 

refrigerated storage room below 4°C to prevent desiccation and decay. The analysis consisted of mounting 

the sample on a microscope slides in water and identified under high power microscopy at 100–400x 

magnification. The identification to the closest taxonomic resolution was possible by referring to the Grosse-

Brauckmann (1974) identification guide. 

 

Figure 115 Leaf remain from ZAM-7 146–147. The leaf is 4 cm long and 1.5 cm wide (Photo: K. Jerbić). 
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Dendrochronology 

The dendrochronological analyses of wooden pile samples were performed by PhD student Alba 

Ferreira Gomez and Dr Lisa Shindo at the Centre Camille Jullian for Mediterranean and African archaeology’s 

dendrochronological laboratory at Aix-Marseille University in France in November 2017 (Appendix XI). 

Dendrochronology is the study of the growth rings of trees (Kaennel and Schweingruber 1995:91), 

Dendrochronology is based on correlating the tree-ring sequences of one sample with the sequences from 

previously built databases. Since the remains of trees are made of organic material and contain carbon, the 

same sample used for dendrochronology can be used for radiocarbon dating (Kaennel and Schweingruber 

1995:273). Cross-referencing the two dating techniques gives more accurate results, and it allows for other 

radiocarbon dates from the same site to be calibrated (Berger 1983; Kromer 2009; Roberts 1998:18). Using 

dendrochronology is a well-established dating method in the field of environmental archaeology (Berger 

1983; Reitz and Shackley 2012:253) and pile-dwelling research, simply because of the vast quantities of wood 

preserved in a wetland anaerobic environment (Billamboz 2004:117; Menotti 2012:14). The limitations of 

this method lie in the fact that a tree master-sequence for the particular area has to exist in order to correlate 

with the sample (Menotti 2012:20). Dendrochronology is used not only as a dating method but also as a tool 

for paleo-environmental and socio-economic studies linked to building technology, occupational patterns 

and the studies that investigate the impact that humans have on the landscape. Traces of wood technology 

on archaeological wooden artefacts enable the recognition of the settlement’s genesis, development and 

organisation. Wood remains can lead to exploring even further into the social components of the community, 

by studying the organisation of used wood for different types of buildings (Menotti 2012:20). 

Initial preparations of the wooden samples were undertaken on site in Zambratija (see fieldwork 

methods described previously in this chapter), and sent to the laboratory, where they were photographed 

and prepared for determining the tree ring measurements (Appendix XII). For the tree-ring sequences, ring 

widths (Figure 116) were measured using the incremental measuring table LINTAB with 0.01 mm (Figure 

117). The measurements were automatically digitally transferred into the TSAP-Win software (Rinntech 

Company, Heidelberg, Germany). Cross-dating was carried out by means of DENDRON IV software, 

developed with RunRev LiveCode, Edinburgh, Scotland, by G.-N. Lambert CNRS, University of Franche-Comté, 

Besanҫon, France and the University of Liege, Belgium (Version: 20150221). 
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Figure 116 Pile 19 tree-rings through the microscope lense (Photo: K. Jerbić). 

 

 

Figure 117 Dr Shindo performing the tree-ring measurements (Photo: K. Jerbić). 
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Radiocarbon dating 

The Radiocarbon dating of samples collected during the PhD research fieldwork was performed by 

the Scottish Universities Environmental Research Centre (SUERC) in East Kilbride, Scotland, UK, between 

January and September 2018. Dating by radiocarbon determination can be applied to all organic materials. 

When an organism dies, it can no longer exchange carbon and at that moment the carbon begins the process 

of its radioactive decay (Gillespie 1984:3). The unstable carbon isotope 14C changes at a known fixed rate 

through time, and eventually becomes a stable 14N. The remaining radioactivity in the element indicates the 

time passed since the last exchange of carbon in the organism and gives a measurable age of the sample. The 

Accelerator Mass Spectometer (AMS) allows the radioactive dating of smaller sized samples, such as seeds. 

The radioactive dates of samples older than 2500 years underestimate the actual age, but it is possible to 

apply calibration factors, such as dendrochronology, to turn them into true dates (Roberts 1998:15). 

Eleven samples were sent to radiocarbon dating and nine were successful (Figure 118), because two 

unsuccessful samples did not contain sufficient amounts of carbon for radiocarbon determinations 

(Appendix XIII). All radiocarbon dates were calibrated to the calendar timescale using the Oxford 

Radiocarbon Accelerator Unit calibration program OxCal 4. The date ranges have been calibrated using the 

Marine 13 calibration curve, and a regional marine offset (ΔR) of 105 ± 47 years for the SUERC-76718 sample. 

All other successful samples were calibrated using the IntCal13 atmospheric calibration curve. The methods 

used for radiocarbon dating  at SUERC are thoroughly described by Dunbar et al. (2016). 

 

# Sample context Sample type Lab code Successful Figure 

1 ZAM-1, 151–154 cm Shell SUERC-76718 (GU46016) Yes 119 

2 ZAM-1, 266–268 cm Unknown material (GU46017) No  120 

3 ZAM-1, 420–421 cm Fibrous peat SUERC-76722 (GU46018 Yes 121 

4 ZAM-2, 31–33 cm Shells and snails SUERC-76723 (GU46019) Yes 122, 123 

5 ZAM-2, 81–82 cm Unknown material (GU46020) No 124 

6 ZAM-2, 109–111 cm Shells and snails SUERC-76724 (GU46021) Yes 125, 126 

7 ZAM-7, 95–96 cm Charcoal SUERC-81648 (GU48799) Yes 127 

8 ZAM-7, 148–149 cm Leaf SUERC-81649 (GU48800) Yes 128 

9 ZAM-7, 260–261 cm Plant macrofossils SUERC-81653 (GU48801) Yes 129 

10 Pile 18 Waterlogged wood SUERC-77772 (GU46526) Yes 130 

11 Pile 29 Waterlogged wood SUERC 77773 (GU46527) Yes 131 

Figure 118 A list of all samples sent for radiocarbon dating. 
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Figure 119 Radiocarbon dating sample 1 (Photo: K. Jerbić). 

 

 

Figure 120 Radiocarbon dating sample 2 (Photo: K. Jerbić). 
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Figure 121 Radiocarbon dating sample 3 (Photo:  K. Jerbić). 

 

 

Figure 122 Part 1 of 2 of radiocarbon dating sample 4 (Photo: K. Jerbić). 
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Figure 123 Part 2 of 2 of radiocarbon dating sample 4 (Photo: K. Jerbić). 

 

 

Figure 124 Radiocarbon dating sample 5 (Photo: K. Jerbić). 
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Figure 125 Part 1 of 2 of radiocarbon dating sample 6 (Photo: K. Jerbić). 

 

Figure 126 Part 2 of 2 of radiocarbon dating sample 6 (Photo: K. Jerbić). 
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Figure 127 Radiocarbon dating sample 7 (Photo: K. Jerbić). 

 

 

Figure 128 Radiocarbon dating sample 8 (Photo: K. Jerbić). 
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Figure 129 Radiocarbon dating sample 9 (Photo: K. Jerbić). 

 

 

Figure 130 Radiocarbon dating sample 10 (Photo: K. Jerbić). 
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Figure 131 Radiocarbon dating sample 11 (Photo: K. Jerbić). 

 

 

Desk-based methods 

 

All desk-based work was performed by the author at the Flinders University Digital Archaeology 

Laboratory between June 2017 and June 2019. The sea-level marker data of the Northern Adriatic has been 

extracted from Vacchi et al. (2016) and presented in Chapter 2. 

 

Digital photography data processing 

Three software used for the digital processing of the data collected on fieldwork and in the 

laboratory, listed here in alphabetical order: Adobe Lightroom, Adobe Photoshop and Agisoft Photoscan Pro 

1.3. Adobe Lightroom is a software developed for the organisation and manipulation of a large number of 

digital images (Adobe 2018). It was used here for the colour correction of underwater photographs with a 

blue-green cast, for the purposes of creating a 3D photogrammetric model of the 2017 investigation trench. 

Adobe Photoshop was used for combining photographs or cores ZAM-1, ZAM-2 and ZAM-7 taken during the 

initial core description. Once removed from their original context, the characteristics of sediment and soil 

samples start to change very quickly (Reitz and Shackley 2012:145). This is why it is very important to collect 

and document as much information possible on the field or, in the case of core samples, immediately after 
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they are split in two halves (See pages 14 and 15 of this chapter). One of the most indicative characteristics 

of environmental changes, the sources of which vary from physical, chemical, post-depositional etc., is the 

soil colour. Together with sediment structure and texture, the colour of the sediment may indicate the kinds 

of agents which contributed to these changes (Reitz and Shackley 2012:142). That is why the cores were 

described and digitally documented within 30 minutes after they were cut in half. As seen on Figure 81, total 

lengths of successfully taken Zambratija cores varies from 136 to 577 centimetres. In order to have a high-

resolution visual representation of each examined core, photographs of the working core halves were taken 

in 5 cm intervals, and later connected in Adobe Photoshop to create a continuous photomosaic. The 

photomosaic of each core was then used as a descriptive part in graphs as evidence of changes in soil colour. 

This practice is a very useful for showing parallel sets of data of a sediment column (eg. Benjamin et al. 

2017:6). Agisoft Photoscan Pro 1.321 was used for creating a photomosaic of the seabed area where wooden 

samples were taken for further analyses. Even though it was not as practical and low-cost as today (McCarthy 

and Benjamin 2014:95; Yamafune 2016:89), 3D photogrammetry has been used and recognised as a valuable 

tool for understanding sites from the very start of the development of underwater archaeological recording 

techniques (Bass 1966:112-118). The early 21st century technical development of compact high-resolution 

digital cameras, in conjunction with software programs that use trigonometry and geometry to 

simultaneously generate multiple images, have both contributed to photogrammetry becoming a standard 

method for accurate archaeological data site planning and interpretation. 3D photogrammetry has previously 

been used to accurately record and analyse submerged Prehistoric and pile-dwelling sites. The site was 

recorded by video footage with a GoPro Hero 3 digital camera, which was later transformed into video frame 

photogrammetry, following the method described by Yamafune (2016:89-93). The digital processing was 

performed by following the method described by McCarthy and Benjamin (2014:98-100). 

 

Site mapping and data overlay 

While describing archaeological excavations undertaken on Lake Biel in Switzerland, Hafner (2004) 

states that diver archaeologists sometimes argue that underwater fieldwork (referring to shallow lake 

environments) is a straightforward job, and significant problems start to occur when the large collected 

datasets have to be contextually joined together (Hafner 2004:182). In order to avoid an overload of data 

and to minimise errors, it is therefore crucial to carefully develop a project plan before starting any 

archaeological project (Green 2004:13).  For Zambratija, two different sets of data were initially collected to 

accurately visualise the research context material. The first one was through archival work in collaboration 

with AMI and Flinders University, by gathering all the available published and unpublished data created 

before presenting the Research Proposal, presented in Chapters 1–4. After synthesizing that preliminary data 

 
21 Agisoft changed the name of the software to Agisoft Metashape in December 2018. 
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and designing the research questions in mind, a fieldwork and laboratory-based research, presented in the 

methods above, was designed to collect the second set of data. By combining these two sets, it became 

possible to create the necessary digital visualisations used in the thesis. This action involved the processing 

of all collected information so far, by creating graphs, maps and models to better understand and further 

compliment the thesis discussion and conclusions. Two software programs were used: Autodesk AutoCAD 

and ArcGIS. 

Since some of the analyses were performed by other individuals and not the author, and a part of 

the data used for interpretation came from desk-based research, the collected information came in various 

digital formats. The compiled graphs and information were therefore digitally traced and appropriately 

scaled in Autodesk AutoCAD by the author for the purposes of a uniformed representation of all data in this 

thesis.  

The possibility of layering multiple numerical, text-based and graphical information into digital 

visualisation environments (Green 2004:210) has made Geographical Information Systems (GIS) one of the 

essential image-making tools in archaeology (Connoly and Lake 2006). In other words, GIS makes it possible 

to place information like GPS coordinates, sonar traces, excavation site plans, artefacts etc. into a real-life 

georeferenced space (Green 2004:211). In maritime archaeology, GIS is most commonly used in survey, 

excavation and site distribution (Green 2004:212), which makes it possible to visualise, manage, analyse and 

present the data in the form of digital maps (Connoly and Lake 2006:16). For Zambratija, the ArcGIS online 

mapping tool was used to combine multi-beam, GPS and total station data collected by archival and 

fieldwork, to produce a series of visualisations of the bay and the broader areas used for comparative 

research. 
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CHAPTER 7: ORIGINAL RESULTS 

 

 

The following paragraphs represent the core findings of the fieldwork and laboratory research 

obtained at the time of the PhD candidature. The hypothesis that the submerged site in Zambratija Bay is a 

6,000-year-old pile-dwelling will be supported here with consideration of the prior data (2008–2015) and the 

original research included in this thesis, including new radiocarbon dates as well as geophysical, 

environmental and archaeological evidence. Original results will be presented here in the order of fieldwork 

and laboratory methods performed on individual cores and wooden samples. After presenting the original 

data, the results obtained by desk-based work will be synthesized in the discussion (Chapter 8). 

 

Sub-bottom profiles 

 

 Fieldwork consisted of sub-bottom profiling, seabed coring and underwater archaeological research. 

The sub-bottom track lines and sediment thickness served as a guideline to select the most suitable positions 

for seabed cores with long stratigraphy. The survey area was concentrated above the submerged karstic 

depression filled with soft sediments. 

A total of 21 profiles were recorded (Appendix XIV), covering a combined total length of 9 km (Figure 

132). Out of the 21 profiles, 13 were configured in a grid formation directly over the submerged depression. 

The results of the survey performed above the karstic depression were interpreted as a 5-deep-sediment 

stratigraphy layered over a surface of limestone bedrock (Figure 133). The full Harpha Sea d.o.o. fieldwork 

report and the profiles can be seen in Appendix V. The sub-bottom profiles revealed the most suitable areas 

for a successful collection of vertical sediment samples in the bay. After an assessment of all the track lines 

and acoustic signals, eight positions were selected for seabed coring (Figure 134). 
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Figure 132 Sub-bottom profile track lines (Author: Harpha Sea d.o.o.). 

 

 

Figure 133 A rough interpretation of sub-bottom profile track line 1503207123947 (Author: Harpha Sea d.o.o.). 
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Figure 134 The positions of the cores (red dots) in relation to the sub-bottom profile track lines (black lines), the 
archaeological features (blue lines) and the georeferenced coordinates of the 2011 bathymetric survey (Image: O. 
Hasan). 

 

Sediment cores 

 

 As seen on Figure 134, cores ZAM-1, ZAM-2 and ZAM-3 were sampled inside the natural boundaries 

of the submerged sinkhole and positioned on the sub-bottom profile track lines 15032017123947, 

15032017122552 and 15032017125822. Core ZAM-4 was unsuccessful due to the sampled sediment being 

loose and unable to stay in the PVC core lining. It was positioned outside the natural boundaries of the 

submerged sinkhole on the sub-bottom profile track line 15032017133143. Although not analysed in the 

thesis, cores ZAM-5 and ZAM-6 were sampled outside the natural boundaries of the submerged sinkhole, for 
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the purposes of extracting valuable knowledge of the submerged landscape in the broader area of the bay in 

future HGI projects. After the sampling of the first 6 cores, they were assessed according to their positions 

and lengths which lead to the decision of taking one more sample inside the natural boundaries of the 

submerged sinkhole on the sub-bottom profile track line 15032017123340, marked as core ZAM-7, and a 

core positioned in the near the Bronze Age boat marked ZAM-8, taken for the Underwater Archaeology 

department in AMI to reconstruct the site formation processes of the boat in their future projects. 

The total number of the cores taken inside the natural boundaries of the submerged sinkhole is four, 

which are cores ZAM-1, ZAM-2, ZAM-3 and ZAM-7 (Figure 135). After the assessment of their lengths and 

positions, as well as the PhD project timeline and budget calculations, the first two cores chosen for further 

laboratory analyses in 2017 were cores ZAM-1 and ZAM-2. After initial laboratory analyses and consultation 

with supervisors, it was decided that the evidence from these two cores were sufficient for an in-depth 

analysis of the environmental and sea-level assessment of the submerged landscape but not for an 

archaeological interpretation. However, the candidate received an external research grant in 2018 which 

allowed for the analysis of one more core. Two cores were considered for further analyses, cores ZAM-3 and 

ZAM-7 which were both positioned inside the natural boundaries of the submerged sinkhole. Due to a longer 

stratigraphical sequence, which implied a possibility of reaching the peat sediments similar to the ones found 

in core ZAM-1, the additional core that was selected in 2018 was ZAM-7. The peat sediments were visible in 

the first segment of the core, which was 268 centimetres long, and after an assessment and consultation 

with the environmental scientists from HGI it was decided that this length was sufficient for an archaeological 

assessment and the second segment of the core was not analysed. 

Cores inside the 
submerged 

sinkhole 

Sub-bottom profile 
track line 

Total core length 
measured on site 

GPS 
coordinates 

Laboratory 
analyses 

ZAM-1 15032017123947 (2 segments) 
577 cm 

45°28'27.65" 
13°30'13.55" 

Yes 

ZAM-2 15032017122552 136 cm 45°28'29.40" 
13°30'11.35" 

Yes 

ZAM-3 15032017125822 190 cm 45°28'26.13" 
13°30'14.85" 

No 

ZAM-7 15032017123340 (2 segments) 426 cm 45°28'28.47" 
13°30'15.70" 

Yes 

Figure 135 A table with the four cores positioned inside the natural boundaries of the submerged sinkhole. 

 

Since the GPS coordinates were taken in the degrees, minutes and seconds format, they were 

converted to the latitude and longitude format to be compatible with the data from the sub-bottom profiles. 

The converted coordinates for ZAM-1, ZAM-2 and ZAM-7 are presented on Figure 136. 
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Cores inside 
the 

submerged 
sinkhole 

Sub-bottom 
profile track line 

GPS coordinates HTRS coordinates 

X Y X Y 

ZAM-1 15032017123947 45°28'27.65" 13°30'13.55" 265738.74 5041526.74 

ZAM-2 15032017122552 45°28'29.40" 13°30'11.35" 265693.08 5041585.32 

ZAM-7 15032017123340 45°28'28.47" 13°30'15.70" 265786.38 5041550.31 

Figure 136 The converted coordinates for ZAM-1, ZAM-2 and ZAM-7. 

 

ZAM-1 results 

 As seen on Figure 137, ZAM-1 was positioned over the 15032017123947 trackline (original trackline 

in Appendix XI). Figure 138 shows the position of the core on the sub-bottom profile (X 265738.74; Y 

5041526.74). The seabed surface depth for ZAM-1 (-3.05 RSL) was calculated according to the position on 

the profile. 

 

Figure 137 Trackline 15032017123947 (in red). 

 

 

Figure 138 The position of ZAM-1 (red) on the sub-bottom profile 15032017123947. The seabed is outlined in blue 
solid line. The blue dashed line is the multiple return signal. Bedrock is outlined in black. 
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As the known length of ZAM-1 (577 cm) was only a preliminary fieldwork measurement, it had to be 

reviewed after splitting in half during the initial core description protocol. ZAM-1 was therefore 

photographed in its full length composed of two separate core segments combining a corrected total length 

of 559 cm (Figure 139). Since ZAM-1 was longer than the 3 m corer PVC tube, it was composed of two 

segments. The thickness of the sediment sections trapped in the core catcher was calculated into the total 

core length and is demonstrated on Figure 141 as a gap.  

 

Figure 139 Sediment core ZAM-1 presented in 112 cm sequences left to right (Image: K. Jerbić). 

 

According to the Munsell soil colour chart (Munsell Color Co. 1992) and the Troels-Smith standard 

system for describing unconsolidated sediments (Troels-Smith 1955), the sediment colours and texture were 

appearing throughout the core as demonstrated in Figure 140. Sediments start with a thin layer of seabed 

yellow coarse sand with a sharp transition to a bluish grey clay at 4 cm below ground level (bgl). The bluish 

grey clay continues down to 365 cm bgl, when it gradually transitions to a darker colour and the sediments 

begin to have visible traces of organic components down to 395 cm bgl. At 395 cm bgl, the sediments are 

black, dry and almost exclusively composed of organic peat with visible wooden components until 411 cm 

bgl. At 411 cm bgl, a sharp transition changes the sediments to a laminated sequence until 471 cm bgl, from 

where it changes to yellowish brown mud and continues down to the end of the core at 559 cm bgl. 

Magnetic susceptibility and colour spectrometry showed the start of significant changes at around 

260 cm bgl (Figure 141). Foraminifera were identified in two segments. They were present at 37–38 cm bgl, 

indicating a marine environment, and not present at 421–422 cm bgl, indicating a freshwater environment.  
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Interval 
(cm) 

Munsell Characteristics Components 

Nig. Strf. Elas. Sicc. Lim. 

0–4 2.5Y 6/3 light yellowish 
brown 

1 0 3 1 - Gs2 Gg2 Ga+ 

4–255 GLEY 2 5/5B bluish gray 
 

2 2 0 1 4 Sh1 As1 Ag2 Ga+ 

255–294  GLEY 2 4/5B dark bluish 
gray 

3 1 0 2 1 Sh1 As1 Ag2 

294–365  5Y 3/1 very dark gray 
 

4 2 1 3 1 Sh1 As1 Sh2 Dg+ 

365–395  5Y 2.5/1 black 
5Y 5/1 gray 

4 
1 

2 2 3 3 Th4 Tl3 Sh2 Dh1 Dl4 
Dg+ 

395–411  5Y 2.5/1 black 
 

4 2 4 4 2 Sh4 Dl2 Dg1 As1 

411–471 5Y 3/1 very dark gray 
10YR 5/8 yellowish brown 

4 
2 

4 2 3 4 Dg2 As2 Ag2 

471–566  10YR 5/8 yellowish brown 
5Y 5/1 gray 

2 
1 

3 0 2 3 Dg3 As3 Ag2 

 
Figure 140 A vertical composition of sediment colours and texture throughout ZAM-1. 

 

Figure 141 Magnetic susceptibility and colour spectrometry values in the core ZAM-1. 
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Grain size analysis (Figure 142) shows that with an 77.7% average, silt is the dominant particle size 

throughout ZAM-1. Very coarse silt and coarse silt, as well as sand particles, increase in the upper part of the 

core down to approximately 170 cm bgl. Other than at the surface, sand appears only in intervals between 

405 and 430 cm bgl, where it reaches almost 100 %. This was explained as the result of peat containing plant 

residue, while the rest of the sediment is made of the remains of the shell molluscs. Intervals between 450 

and 470 cm bgl show a highest content of clay at 28 to 35.3 %, after which at 490 to 550 cm bgl clay averages 

down to 23.3 %. 

 

Figure 142 Grain-size variation for ZAM-1. 
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                Nitrogen and carbon results in sediments include total nitrogen (TN), total carbon (TC), total organic 

carbon (TOC), total inorganic carbon (TIC) and total organic carbon to total nitrogen ratio (TOC/TN), and 

subsequently insoluble residue content. The most valuable results provide total nitrogen (TN) and total 

organic content (TOC), as well as its ratio. TN and TOC in sediment core ZAM-1 (Figure 143) are higher 

between 395 and 460 cm bgl, with the highest values between 395 and 410 and 425 and 440 cm bgl for TN 

(1.04 to 1.46 % and 1.63 to 2.85 %, respectively) and for TOC (18.13 to 32.64 %). TOC/TN ratio shows a 

stability throughout the core with average values around 12 (11.85), except between 370 and 430 cm bgl, 

where it reaches values higher than 12 (14.10 and 22.75). The organic matter in this interval is result of the 

presence of terrestrial vascular plants, while the source of organic matter from the rest of the core is algal 

phytoplankton. Total inorganic carbon (TIC) indirectly indicates carbonate content in the sediments. TIC levels 

are higher in the lower part of the core, between 395 and 510 cm bgl, as well as in the upper part of the core 

down to 170 cm bgl. 

 

Figure 143 Variation of nitrogen and carbon content with depth in the sediment core ZAM-1. 
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The dominant mineral phase in ZAM-1 (Figure 144) is quartz in almost all samples, except between 

390 and 460 cm bgl. The sediment between 390 and 460 cm bgl is organic, evident in the dark colour and 

sediment components as well as a high organic carbon content. Calcite, Dolomite and Aragonite appear in 

the upper part of the core. Almost all samples contained Halite, which is the consequence of the drying of 

marine sediments after core splitting. Feldspars (Plagioclase and Potassium Feldspar) appear in most 

intervals except in the lower parts of the core.  

ZAM-1 Mineral phases 

  Main minerals Accessory minerals 

10-11 Qtz Dol, Cal, Arg, Pl, Kfs, Ms/I, Kln, Hl 

50-51 Qtz Cal, Dol, Arg, Pl, Kfs, Ms/I, Kln, Hl 

100-101 Qtz Dol, Cal, Arg, Pl, Ms/I, Hl 

150-151 Qtz Cal, Dol, Py, Pl, Kfs, Ms/I, Kln 

190-191 Qtz Pl, Kfs, Hl, Ms/I, Kln, Gp, Dol, Cal 

200-201 Qtz Pl, Kfs, Cal, Hl, Ms/I, Kln 

210-211 Qtz Pl, Ms/I, Kln, Py 

240-241 Qtz Py, Pl, Ms/I, Hl 

250-251 Qtz Pl, Py, Hl, Ms/I, Kln 

270-271 Qtz Py, Pl, Gp, Ms/I, Cal, Hl 

290-291 Qtz Py, Pl, Gp, Ms/I, Hl 

300-301 Qtz Py, Hl, Pl, Ms/I, Kln 

303-304 Qtz Py, Hl, Pl, Ms/I, Kln, Pyrrhotite 

310-311 Qtz Py, Hl, Pl, Ms/I, Kln 

320-321 Qtz Py, Hl, Pl, Ms/I, Kln 

330-331 Qtz Pl, Py, Hl, Gp, Ms/I, Kln 

340-341 Qtz Py, Hl, Pl, Ms/I, Kln 

350-351 Qtz Pl, Hl, Ms/I, Kln 

360-361 Qtz Py, Hl, Pl, Ms/I, Kln 

380-381 Qtz Py, Hl, Pl, Ms/I, Kln 

390-391 Qtz, Py Hl, Pl, Ms/I, Kln 

400-401 Qtz, Hl  Py 

410-411 Hl, Gp   

415-416 Qtz Hl, Py 

440-441 org Qtz, Cal 

445-446 org Vivianite, Qtz 

450-451 org Hl, Qtz 

460-461 org Hl, Qtz 

480-481 Qtz Pl, Hl, Ms/I, Kln 

510-511 Qtz Hl, Ms/I, Kln, siderite 

530-531 Qtz Hl, Ms/I, Kln 

540-541 Qtz Hl, Ms/I, Kln 

550-551 Qtz Hl, Ms/I, Kln 

Figure 144 The mineralogical composition of sediments from core ZAM-1. Abbreviations: Qtz-quartz, Cal-calcite, Dol-
dolomite, Arg-aragonite, Pl-plagioclase, Kfs-potassium feldspar, Ms/I-muscovite/illite, Kln-kaolinite, Hl-halite, Py-
pyrite, Gp-gypsum. 
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Pyrite is present between 150 and 415 cm bgl, almost always associated with Gypsum, except at 190-

191 cm bgl where Gypsum occurs without Pyrite. At 303–304, near the high magnetic susceptibility peak, 

there are traces of Pyrrhotite. At 410-411 cm, Halite and Gypsum are the only mineral phases. Dominant 

material in sediments between 440 and 460 cm bgl is organic material, in association with Quartz, Halite and 

Calcite. Surface spots with a violet-blue hue were noticed throughout the core at 443, 445, 460, 540 and 550 

cm (Figure 145), however the collected amounts were insufficient for XRD identification. Finally, at 445–446 

cm the collected sample was sufficient for the analysis and the violet-blue spots were determined as 

Vivianite. The sample was also documented with a scanning electron microscope (SEM) (Figure 146). 

 

Figure 145 Traces of Vivianite in a discrete sample taken from 443–444 cm (Photo: K. Jerbić). 

 

 

Figure 146 SEM image of Vivianite from 445–446 cm. Spectrum graphs in Appendix XV (Image: O. Hasan). 
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 The μ-XRF analysis yielded geochemical results for ZAM-1 in a 1 cm resolution for the following 

elements: Al, Si, Ti, K, Fe, Br, P and S (Figure 147) and Ca, Sr, Ba, Rb, Zr, Mn and Mo (Figure 148). 

 

 

Figure 147 Down-core variations of Al, Si, Ti, K, Fe, Br, P and S elements for ZAM-1. 

 

As XRF results are semi-quantitative and relative, they are not comparable between cores and the 

specific elements rather show a considerable trend in each core. In ZAM-1, Al, Si, Ti and K, as well as other 

lithogenic elements, are higher in lower part of the core, from 470 cm bgl downwards, following the 

appearance of brown mud. Their content decreases in black fine-grained and peaty sediments between 395 

and 470 cm bgl, with instances of increased values at 450–443 cm bgl and 425–412 cm bgl. Values are 

relatively constant from 35 to 395 cm bgl, somewhat decreasing between 150 and 170 cm bgl down to 210 

cm bgl. Values of siliciclastic lithogenic elements considerably decrease in the upper 35 cm of the core, where 

the highest values of elements Ca and Sr occur. The same segment is associated with carbonate mineral 

phases for Calcite, Aragonite and Dolomite (see Figure 148). Calcium and Sr are low in the lower and middle 

part of the core, except at 440–445 cm bgl. Iron content differs from the mentioned lithogenic elements; 
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higher values are observed in bottom part of the core, in the brown mud (440–559 cm bgl), with the highest 

values between 440 and 470 cm. In this interval, high values of P, Mo, Br and Mn refer to redox sensitive 

elements. In addition to these elements, the Vivianite phase also occurs here, which gives valuable 

information for phosphorus (P) retention in aquatic ecosystems. Sulfur shows high values down to 440 cm 

bgl, with the highest values between 410 and 440 cm bgl, while it is very low in the lower part of the core, in 

the brown clay. 

 

Figure 148 Down-core variations of Ca, Sr, Ba, Rb, Zr, Mn and Mo in ZAM-1. 

 

Radiocarbon dating analyses for the successful samples from ZAM-1 yielded a 3246–2882 Cal BC date 

for the shell in the marine sediments at 151–154 cm and 3632–3375 Cal BC date range for the fibrous peat 

at 420–421 cm (Figure 149). All results for core ZAM-1 showed promising evidence for a paleoenvironmental 

reconstruction of the bay, presented in Chapter 8. 
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Lab 
Reference 

Uncalibrated 
14C Age 

Calibrated Age Probability Location Sample 
description 

SUERC-76718 4836 ± 32 BP 3246–2882 Cal BC 95.4% ZAM-1 core, 
151–154 cm 

Shell 

SUERC-76722 4714 ± 32 BP 3632–3375 Cal BC 95.4% ZAM-1 core, 
420–421 cm 

Peat (fibrous) 

Figure 149 Radiocarbon dates from ZAM-1. 

 

ZAM-2 results 

As seen on Figure 150, ZAM-2 was positioned over the 15032017122552 trackline (original trackline 

in Appendix XI). Figure 151 shows the position of the core on the sub-bottom profile (X 265693.08; Y 

5041585.32). The seabed surface depth for ZAM-1 (-3.15 RSL) was calculated according to the position on 

the profile. ZAM-2 was deliberately sampled inside the limits of the submerged peat platform, the outline of 

which can be seen on Figure 152. 

 

Figure 150 ZAM-2 on trackline 15032017122552 (in red). 

 

Figure 151 The position of ZAM-2 (red on lower image) on the sub-bottom profile 15032017122552 (upper image). 
The seabed is outlined in blue solid line. The blue dashed line is the multiple return signal. Bedrock is outlined in 

black. 
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Figure 152 Outlines of the peat platform (green square). 

 

As the known length of ZAM-2 (136 cm) was only a preliminary fieldwork measurement, it had to be 

reviewed after splitting in half during the initial core description protocol. ZAM-2 was therefore 

photographed in its full length in its full corrected total length of 123.5 cm (Figure 153). According to the 

Munsell soil colour chart (Munsell Color Co. 1992) and the Troels-Smith standard system for describing 

unconsolidated sediments (Troels-Smith 1955), the sediment colours, texture were appearing throughout 

the core as demonstrated in Figure 154. The layers start with a dark peaty sediment with splatters of grey 

sand. At 26 cm bgl, the peat sharply transitions a very dark grey clay containing organic matter and some 

sand. The very dark grey clay continues down to 73 cm bgl, when it gradually transitions to a dark bluish grey 

clay.  

 

Figure 153 Full length (0–123.5 cm) of core ZAM-2 left to right. 

 

Interval 
(cm) 

Munsell and description Characteristics Components 

Nig. Strf. Elas. Sicc. Lim. 

0–26 5Y 2.5/1 Black 
 

4 1 4 3 - Th3 Tl+ Sh1 Gs2 
DhDlDg+ 

26–73  5Y 3/1 Very dark grey 
 

3 1 3 3 4 Th1 Sh1 Ag2 

73–123.5  GLEY 2 4/5B Dark bluish 
grey 

1 1 0 2 1 Th1 Sh1 Ag2 

 

Figure 154 A vertical composition of sediment colours and texture throughout ZAM-2. 
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Magnetic susceptibility and colour spectrometry (Figure 155) showed a significant increase at around 

75 and 105 cm bgl. Based on the changes seen in the magnetic susceptibility and colour throughout the core, 

eleven samples were chosen for foraminifera count. The presence of foraminifera was identified and showed 

some inconsistencies in appearance, making it difficult to distinguish marine from brackish and/or freshwater 

phases (Figure 156). 

 

Figure 155 Magnetic susceptibility and colour spectrometry values of core ZAM-2. 

 

13–14 
cm   

20–21 
cm 

29–30 
cm 

75–76 
cm 

76–77 
cm 

82–83 
cm 

83–84 
cm 

106–107 
cm 

108–109 
cm 

110–111 
cm 

115–116 
cm 

YES NO YES NO NO NO YES YES YES YES NO 

Figure 156 Foraminifera presence in ZAM-2. 

 

 



 

181 

Grain size analysis (Figure 157) showed the dominant particle size throughout the core ZAM-1 is silt, 

with a 66.2 % average throughout the core. A slight decrease in silt content is visible at the 40 and 90 cm bgl. 

Silt coarseness is evenly distributed throughout the core. Sand only appears only in the upper layers, at 0 and 

20 cm bgl, where it reaches almost 100%. Upper layers are mostly composed of loose sandy seabed sediment 

with plant residues and mollusk remains. Clay is evenly distributed throughout the core with an average 18.7 

%. At the 40 and 90 cm bgl the clay content increases proportionally with silt decreasing at the same 

positions.  

 

Figure 157 Grain-size variation with depth in the sediment core ZAM-2. 
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The highest values of TN and TOC in ZAM-2 are in the upper 20 cm of the core, 1.17 % and 17.29 % 

in average, respectively (Figure 158) where the TOC/TN ratio is approximately 15. The ratio shows lower 

values at approximately 14 between 30 and 70 cm bgl, and 12 between 60 and 120 cm bgl. Sediment organic 

matter comes mainly from vascular plants in the upper parts of the core, possibly connected to the peat 

platform inside which the core is located. 

 

Figure 158 Variation of nitrogen and carbon content in ZAM-2. 

 

The dominant mineral phase in ZAM-2 (Figure 159) is quartz in almost all samples, except between 

10 and 30 cm  bgl. Calcite and Gypsum only appear in the upper part of the core. Only two samples at 20 and 

30 cm bgl, contained Halite. Feldspars (Plagioclase and Potassium Feldspar) appear in all except one position, 

at 20 cm bgl. Pyrite and Gypsum appear only at the very top of the core. There were no visible traces of 

Vivianite detected in ZAM-2. 

 

 



 

183 

ZAM-2 Main minerals Accessory minerals 

10-11 Qtz, Hl Cal, Gp, Py, Pl, Kfs 

20-21 Hl Qtz, Cal 

30-31 Qtz Hl, Pl, Kfs, Ms/I, Kln 

60-61 Qtz Pl, Kfs, Ms/I, Kln 

80-81 Qtz Pl, Kfs, Ms/I, Kln 

100-101 Qtz Pl, Kfs, Ms/I, Kln 

120-121 Qtz Pl, Kfs, Ms/I, Kln 

Figure 159 Mineralogical composition of sediments from core ZAM-2. Abbreviations: Qtz-quartz, Cal-calcite, Pl-
plagioclase, Kfs-potassium feldspar, Ms/I-muscovite/illite, Kln-kaolinite, Hl-halite, Py-pyrite, Gp-gypsum. 

 

Radiocarbon dating analyses for the successful samples from ZAM-2 yielded a 2026–1781 Cal BC date 

for the shells and snails in the sediments at 31–33 cm and 70–227 Cal AD date range for the shells and snails 

at 109–111 cm (Figure 160). Although at first showing potential to include the peat platform into the 

environmental and archaeological study of Zambratija Bay, ZAM-2 showed many inconsistencies in the 

results. At this stage, combined with the upside-down radiocarbon dates showed on Figure 158, ZAM-2 is 

considered as having disturbed sediments insufficient for further interpretations. ZAM-2 did, however, show 

stratigraphical similarities to the archaeological excavations from 2008–2015 excavations. 

 

Lab 
Reference 

Uncalibrated 
14C Age 

Calibrated Age Probability Location Sample 
description 

SUERC-76723 3575 ± 32 BP 2026–1781 Cal BC 95.4% ZAM-2 core, 
31–33 cm 

Shells, snails 

SUERC-76724 1873 ± 32 BP 70–227 Cal AD 95.4% ZAM-2 core, 
109–111 cm 

Shells, snail 

Figure 160 Radiocarbon dates from ZAM-2. 

 

ZAM-7 results 

As seen on Figure 161, ZAM-7 was positioned over the 15032017123340 trackline (original trackline 

in Appendix XI). Figure 162 shows the position of the core on the sub-bottom profile (X 265786.38; Y 

5041550.31). The seabed surface depth for ZAM-7 (-2.70 RSL) was calculated according to the position on 

the profile. 

As the known length of ZAM-7 (426 cm) was only a preliminary fieldwork measurement, it had to be 

reviewed after splitting in half during the initial core description protocol. Since ZAM-7 was longer than the 

3 m corer PVC tube, it was composed of two segments. After an assessment of the core at the CGS 
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laboratories, it was decided that the first, upper segment of ZAM-7 was sufficient for an archaeological 

interpretation. Therefore, only the first segment at a length of 268 cm was photographed (Figure 163).  

 

 

Figure 161 ZAM-7 on trackline 15032017123340 (in red). 

 

 

 

Figure 162 The position of ZAM-7 on the sub-bottom profile 15032017123340. The seabed is outlined in blue solid 
line. The blue dashed line is the multiple return signal. Bedrock is outlined in black. 

 

 

Figure 163 The first 268 cm of ZAM-7. Upper section 0–149 cm, lower section 0–268. 
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Magnetic susceptibility and colour spectrometry (Figure 164) show a change in signal at around 75 

to 90 cm bgl. Several smaller peaks occur in the magnetism until around 145 cm bgl with a very high signal. 

The signal is undisturbed until 170 cm bgl from where it shows multiple peaks until 195 cm bgl, after which 

it is stable down to the bottom of the first segment of ZAM-7 at 268 cm bgl. 

 

Figure 164 Magnetic susceptibility and colour spectrometry values of core ZAM-7. 

 

The results presented above indicated potential for finding stratified cultural remains in the core, 

which is why a microarchaeological excavation, or archaeology of the core, was undertaken on ZAM-7. 
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According to the Munsell soil colour chart (Munsell Color Co. 1992) and the Troels-Smith standard system for 

describing unconsolidated sediments (Troels-Smith 1955), sediment colours, texture and components were 

appearing throughout the core as demonstrated in Figure 165. 

Interval 
(cm) 

Munsell Characteristics Components 

Nig. Strf. Elas. Sicc. Lim. 

0–10 2.5Y 6/3 light yellowish 
brown 

1 0 3 1 - Gs2 Gg2 Ga+ 

10–43 GLEY 2 5/5B bluish gray 
 

3 2 2 1 4 Sh+ As1 Ag2 Ga+ 

43–67  GLEY 2 4/5B dark bluish 
gray 

3 1 0 2 1 Sh1 As1 Ag2 

67–97  5Y 3/1 very dark gray 
 

4 2 1 3 1 Sh1 As1 Sh2 Dg+ 

97–99 5Y 5/1 gray 
5Y 2.5/1 black 

1 
3 

0 - 4 4 Gg4 

99–115 5Y 5/1 gray 2 2 0 1 4 Dg+ As4 Gg3 

115–149  10YR 2/2 very dark 
brown 

3 0 3 4 2 Th2 Tl4 Sh4 Dh4 Dl4 
Dg3 

149–180  5Y 3/1 very dark gray 
10YR 5/8 yellowish 

brown 

3 
2 

4 2 
1 

2 3 Sh 1 Dd+ Dl+ Dg1 As2 

180–268  10YR 5/8 yellowish 
brown 

2 3 1 1 2 Dh3 As4 Ag1 

Figure 165 A vertical composition of sediment colours and texture throughout ZAM-7. 

 

Sediments start with a thin layer of seabed yellow coarse sand with a sharp transition to a bluish grey 

clay at 10 cm bgl. The bluish grey clay continues down to 43 cm bgl, when it gradually transitions to a darker 

colour and the sediment begins to have visible traces of organic components and molluscs (Figure 166).  

 

 

Figure 166 ZAM-7, sediments from 0–43 cm (up) and 43–67 (down) cm bgl. 
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At 67 cm bgl, the sediment is almost black, but not dry, down to 97 cm bgl (Figure 167), where it is 

abruptly stopped by two burnt stones (Figure 168), sitting at 97–99 cm bgl. After sharp transition at 99 cm 

bgl (Figure 169) to a very fine, dense layer filled with ash, large pieces of charcoal and organic remains down 

to 115 cm bgl (Figure 170). The sediments between 115 and 149 cm bgl is very dry, compact and laminated, 

composed of organic peat, fragments of waterlogged wood and other plant macrofossils and charcoal. 

 

Figure 167 ZAM-7, sediments from 67–97 cm bgl. 

 

 

Figure 168 Burnt stone found in ZAM-7 at 97 – 99 cm bgl (Photo: K. Jerbić). 

 

 

Figure 169 ZAM-7, sediments from 97–149 cm bgl. 
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Figure 170 Ash layer inside the core ZAM-7 during excavation (Photo: K. Jerbić). 

 

A fragment of dark burnished ceramic rim with finger impressions was found just above the rocks, at 

95–97 cm bgl (Figures 171:1, 172). A fragment of charcoal from the same position was sent for radiocarbon 

dating. One more ceramic fragment was found in the ash at 102–103 cm bgl (Figure 171:2), and two at the 

very beginning of the peaty sediments with large quantities of wooden remains (Figure 173) at 115–116 cm 

bgl (Figure 171:3) and 116–117 cm bgl (Figure 171:4). 

 

Figure 171 Ceramics found in ZAM-7. A fragment of a rim with finger impressions from 95–97 cm bgl (1), small 
fragment from 102–103 cm bgl (2), thin ceramic fragments from 115–116 cm bgl (3) and 116–117 cm bgl (4) Drawings: 
K. Jerbić). 
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Figure 172 Fragment of a ceramic rim with finger impressions found at 95 – 97 cm bgl (Photo: K. Jerbić). 

 

 

Figure 173 A detail of the transition from ash with a large piece of charcoal, to the organic peat with visible organic 
plant fibres and wooden fragments. Pottery fragments were found between 115–117 cm bgl (Photo: Dr O. Hasan). 
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At 146–147 cm bgl and 148–149 cm bgl, two fully preserved plant fossil leaves were found intact. 

One was sent for radiocarbon dating (see Figure 128), and the other was analysed for species determination 

(discussed further in text). The sediments at 149 interchange from dark grey to yellowish brown clay until 

around 180 cm bgl, when they gradually become more wet, muddy and evenly brown down to 268 cm bgl 

(Figure 174). Plant macrofossils were sent to radiocarbon dating from 260–261 cm bgl. 

 

 

Figure 174 ZAM-7 sediments from 149–180 cm bgl (up) and 180–268 cm bgl (down). 

 

The plant epidermis from a leaf found at from 146–147 cm bgl compared favourably with Grosse-

Brauckmann (1974) as being Phragmites australis (Figure 175) or the common reed, a plant most often found 

in wetland systems (Grosse-Brauckmann 1974).  

 

Figure 175 Epidermal cells of plant macrofossil sent for identification at 200x (Photo: L. Andrews) 
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The presence of foraminifera in ZAM-7 was identified as presented in Figure 176. Foraminifera were 

present in the bluish grey marine sediments, as well as at 170–171 cm below surface level. There were no 

foraminifera identified at 190–191 cm, where sediments were mostly brown, clayey and laminated. 

40–41 
cm   

50–51 
cm 

60–61 
cm 

170–171 
cm 

190–191 
cm 

YES YES YES YES NO 

Figure 176 Foraminifera presence in ZAM-7. 

 

Six samples from ZAM-7 between 55 and 180 cm below surface level were sent for microflotation 

analysis (Appendix XVI). Layers contained microscopic particles resembling ceramics (Figure 177), the 

amount of which was expressed in density values. The density of ceramic particles was low in layers above 

80 cm, and high above 106 cm below surface level. There were no ceramic particles present at 179–180 cm 

below surface level (Figure 178). Although similar to natural flisch, the microscopic particles were interpreted 

as ceramics, due to the irregularity of their appearance within the samples, as well as the fact that some 

fragments were sealed around microcrystalline chert (Figure 179), which would not be the case had they 

been deposited naturally. 

 

Figure 177 Clay particle (Photo: Dr I. Razum). 
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# ZAM-7 Sample size Presence of microceramics 

1 55–56 cm 2 cm3 Small density 

2 74–75 cm 2 cm3 Small density 

3 80–81 cm 2 cm3 High density 

4 99–100 cm 2 cm3 High density 

5 105–106 cm 2 cm3 High density 

6 179–180 cm 2 cm3 Not present 

Figure 178 The density of microceramics throughout core ZAM-7. 

 

 

Figure 179 Clay particle surrounding a fragment of microcrystalline chert (Photo: Dr I. Razum) 

 

Radiocarbon dating analyses for the successful samples from ZAM-7 yielded a 4041–3819 Cal BC date 

for the charcoal found at 95–96 cm, 4461–4354 Cal BC for a leaf  found at 148–149 cm and  5669–5560 Cal 

BC date range for plant macrofossils found at 260–261 cm (Figure 180). 

Lab 
Reference 

Uncalibrated 
14C Age 

Calibrated Age Probability Location Sample 
description 

SUERC-81648 5157 ± 28 BP 4041–3819 Cal BC 95.4% ZAM-7 core, 
95–96 cm 

Charcoal 

SUERC-81649 5583 ± 28 BP 4461–4354 Cal BC 95.4% ZAM-7 core, 
148–149 cm 

Leaf 

SUERC-81653 6703 ± 28 BP 5669–5560 Cal BC 95.4% ZAM-7 core, 
260–261 cm 

Plant 
macrofossils 

Figure 180 Radiocarbon dates from ZAM-7. 
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Underwater archaeology 

 

The 2017 trench was positioned on the southwestern edges of the karstic sinkhole (Figure 181). 

Underwater archaeological investigations revealed two sets of results. The first set is combined of 3D 

photogrammetry and georeferenced site plan, and the second set is composed of a floating oak tree-ring 

sequence with limiting radiocarbon dates. 

 

Figure 181 The position of the 2017 investigation trench (red) in relation to the five excavation units from 2008–2015 
(T1–5), and cores ZAM-1 (C1), ZAM-2 (C2), ZAM-7 (C3) and their sub-bottom profiles (SBP1, SBP2 and SBP3). The green 
dots are clusters of georeferenced wooden piles. 

 

3D photogrammetry model and a georeferenced site plan 

 The 3D photogrammetry model (Figure 182) provided with high-resolution digital data for further 

archaeological interpretations. The investigation area was placed on a slightly sloping seabed, which was 
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documented in the form of two opposite side-views, A to the South (Figure 183) and C to the North (Figure 

184). The side views indicate that the wooden piles do not protrude enough out of the seabed for them to 

be detected in the sub-bottom profiles but are more likely Pinna nobilis (Figure 185). Wooden piles, as well 

as Pinna nobilis and trepangs are clearly visible in the enlarged details (Figure 186). 

 

Figure 182 Photogrammetry model top view (Image: K. Jerbić). 

 

Figure 183 Side view of section A (Image: E. Aragon Nuñez). 
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Figure 184 Side view of section C (Image: E. Aragon Nuñez). 

 

 

Figure 185 Sub-bottom profile 15032017123947 detail with protruding features which are more likely Pinna nobilis 
rather than wooden piles. 

 

 

Figure 186 A photogrammetry detail with wooden piles, trepang and Pinna nobilis. 
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Tree-ring sequence with radiocarbon dates 

Twenty samples from Zambratija were taken for dendrochronology (Figure 187) (Appendix XIV). 

Since tree rings can only be compared from the same tree species, the samples were first taken for tree 

species determination. The species was determined by observing microscopic varieties taken from the 

transversal (Figure 188), tangential (Figure 189) and radial (Figure 190) section of each sample. The samples 

were compared to Schweingruber (1993) and all showed to be oak (Quercus sp.). Out of the 20 oak samples, 

19 showed a sufficient amount of tree rings for performing a tree-ring analysis (Figure 191). The wood 

structure of sample ZAMB 28 was extremely damaged and weakened by seaworms, and it was not included 

in further measuring. 

 

Figure 187 Photogrammetry of the 2017 trench. The wooden samples taken for dendrochronology are marked with 
white. Other marked piles are outlined in green. The red lines are the official limits of the trench, however piles were 
also marked outside these parameters and the marks were there mostly for orientation. 
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Figure 188 Transversal sections of Pile 23 (Quercus sp.). 

 

Figure 189 Tangential section of Pile 23 (Quercus sp.). 
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Figure 190 Radial section of Pile 23 (Quercus sp.). 

 

# Pile Number of tree 
rings 

Included in 62-year average 

1 ZAMB 04 28 YES 

2 ZAMB 05 26 YES 

3 ZAMB 07 7 NO 

4 ZAMB 08 39 NO 

5 ZAMB 10 40 NO 

6 ZAMB 12 13 NO 

7 ZAMB 13 28 YES 

8 ZAMB 14 11 NO 

9 ZAMB 15 33 NO 

10 ZAMB 17 16 YES 

11 ZAMB 18 24 YES 

12 ZAMB 19 15 YES 

13 ZAMB 20 29 YES 

14 ZAMB 23 56 YES 

15 ZAMB 24 20 YES 

16 ZAMB 25 28 NO 

17 ZAMB 28 / / 

18 ZAMB 29 43 YES 

19 ZAMB 33 27 YES 

20 ZAMB 35 8 NO 

Figure 191 A list of dendrochronology samples from Zambratija. Samples in red were sent for radiocarbon dating. 
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Out of the 19 measurable samples, 11 were successfully synchronised into a 62-year-old average 

sequence (Figure 192), whereas the remaining eight samples did not correlate either to the 62-year average, 

or to one another. The results were sent this to Service de l’Archéologie de l’Office du Patrimoine du Canton 

de Neuchâtel (OPAN) in Switzerland and Dendrodata s.a.s. in Italy for possible correlations with long pile-

dwelling Oak sequences, but it could not be successfully matched to any known database.  

 

Figure 192 The synchronisation of the 11 correlated growth chronologies (Corridor indexing). The average chronology 
is represented at the bottom. The red squares mark the samples sent for radiocarbon dating. 
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 Two samples, one from the beginning and one from the end of the sequence were sent for 

radiocarbon dating. Sample 18 from the beginning of the sequence yielded a 4240–4044 Cal BC date. Sample 

29 from the end of the sequence yealded a 4034–3801 Cal BC date (Figure 193).  

 

Lab 
Reference 

Uncalibrated 
14C Age 

Calibrated Age Probability Location Sample 
description 

SUERC-77772 5310 ± 32 BP 4240–4044 Cal BC 95.4% Dendro 
sample #18 

Wood 

SUERC-77773 5129 ± 34 BP 4034–3801 Cal BC 95.4% Dendro 
sample #29 

Wood 

Figure 193 Radiocarbon dates derived from the dendrochronological samples from Zambratija Bay. 

 

 

Zambratija Bay: original results summary 

 

The original results provided from the research obtained in Zambratija Bay in 2017 and used in this thesis 

can be summarised as follows: 

1. Fieldwork 

a. 21 sub-bottom profiles 

b. 8 sea bed sediment cores, out of which 3 were used for further analyses – ZAM-1, ZAM-2 and 

ZAM-7 

c. 20 waterlogged wooden pile samples from the sea bed 

2. Laboratory analyses 

a. Colour spectrometry, magnetic susceptibility and detailed photography indicating changes 

in the stratigraphic composition of the cores 

b. Foraminifera findings separating lacustrine from marine and brackish sediments of the cores 

c. Grain size analysis indicating larger fractions in sediments brackish sediments 

d. Total Organic Carbon (TOC) and Total Nitrogen (TN) content indicating organic content in 

brackish sediments 

e. Pyrrhotite indicating a marine transgression and the start of marine sediments 

f. Vivianite indicating large amounts of P (phosphorous) in brackish sediments which is an 

indicator of human interactions with the landscape 
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g. Archaeology of the core ZAM-7 revealed ash layers filled with microscopic traces of pottery 

as well as 4 fragments of ceramics 

h. Radiocarbon dated sphagnum plant in the lower brackish sediments indicating a wetland 

environment  

i. 62-year-old radiocarbon dated dendrochronological sequence derived from 11 samples of 

wood 

j. 9 successful radiocarbon dates from cores and wooden piles revealing an environmental and 

cultural history of Zambratija Bay 
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CHAPTER 8: ENVIRONMENTAL AND ARCHAEOLOGICAL 
INTERPRETATIONS – A COMPARATIVE STUDY 

 

 

The presented results demonstrate how important it was to execute the sub-bottom profiling, coring 

and underwater investigations in the respected order. The results could therefore be built upon and 

complement each other. The sub-bottom profiling had to be commenced first to obtain knowledge of the 

seabed sediment thickness and preliminary stratigraphy of the bay. Since sub-bottom profiling was done by 

the same company that performed the bathymetric survey of the bay in 2012 (Koncani Uhač and Čuka 

2015:30), the available raw data made it possible to combine and overlap the existing seabed surface with 

the new subsurface datasets. According to the sub-bottom results, the coring component could be 

implemented effectively in order to obtain samples of long vertical stratigraphic sequences from areas of the 

bay with known geophysical and archaeological evidence implying a submerged landscape and an 

archaeological site. After sampling the cores, their georeferenced positions, as well as the positions of the 

previously recorded wooden piles, peat platform and excavated units (Koncani Uhač and Čuka 2015:28), were 

layered over the ortophoto mosaic of the bay (Figure 194).  

 

Figure 194 The data used in the thesis. 
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Furthermore, the combination of radiocarbon dates and the sub-bottom profiles interpreted by 

analysing the sediments from the cores, gave insight into the environmental and cultural history of the bay. 

Radiocarbon dates from cultural layers with the radiocarbon dated dendrochronological sequence, in 

combination with the first radiocarbon date gave insight into the life in the submerged prehistoric pile-

dwelling in Zambratija Bay (Figure 195). The results gave enough evidence for connecting environmental 

changes in the bay to the final abandonment of the settlement.  

Lab 
Reference 

Uncalibrated 
14C Age 

Calibrated Age Probability Location Sample 
description 

SUERC-76718 4836 ± 32 BP 3246–2882 Cal BC 95.4% ZAM-1 core, 
151–154 cm 

Shell 

SUERC-76722 4714 ± 32 BP 3632–3375 Cal BC 95.4% ZAM-1 core, 
420–421 cm 

Peat (fibrous) 

SUERC-76723 3575 ± 32 BP 2026–1781 Cal BC 95.4% ZAM-2 core, 
31–33 cm 

Shells, snail 

SUERC-76724 1873 ± 32 BP 70–227 Cal AD 95.4% ZAM-2 core, 
109–111 cm 

Shells, snail 

SUERC-81648 5157 ± 28 BP 4041–3819 Cal BC 95.4% ZAM-7 core, 
95–96 cm 

Charcoal 

SUERC-81649 5583 ± 28 BP 4461–4354 Cal BC 95.4% ZAM-7 core, 
148–149 cm 

Leaf 

SUERC-81653 6703 ± 28 BP 5669–5560 Cal BC 95.4% ZAM-7 core, 
260–261 cm 

Plant 
macrofossils 

SUERC-77772 5310 ± 32 BP 4240–4044 Cal BC 95.4% Dendro 
sample #18 

Wood 

SUERC-77773 5129 ± 34 BP 4034–3801 Cal BC 95.4% Dendro 
sample #29 

Wood 

Beta-296187 5260 ± 30 BP 4230–3980 Cal BC 95% Unit 1, Layer 
2 

Wood 

Figure 195 All radiocarbon determinations undertaken to date. SUERC dates represent new data undertaken for the 
purposes of this thesis while the BETA date was previously the only absolute date from the submerged prehistoric 

pile-dwelling in Zambratija Bay. 

 

Vertical stratigraphy 

 

The sediment cores from Zambratija provided evidence for a paleoenvironmental and archaeological 

assessment. By combining data from ZAM-1 and ZAM-7, the archaeological site could be interpreted by 

analysing and cross-referencing the microscopic and macroscopic contents of the sediments. Although the 

radiocarbon dates and the deposition of foraminifera in ZAM-2 (Figure 196) showed irregularities, the data 

is still valuable for confirming that the deposition of marine sediments occurred during the late Holocene. 
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Figure 196 With its irregular radiocarbon dates and deposition of foraminifera, core ZAM-2 represents one of the 
limitations of this research. 
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Paleoenvironment 

As seen on Figure 197, the paleoenvironmental changes throughout the Holocene can be seen in 

Zambratija Bay with the interpretation of core ZAM-1, located in the centre of the karstic sinkhole. The core 

starts with marine sediments which are characterised by the occurrence of bluish grey clay carbonate 

sediments containing marine shells and foraminifera. The bluish grey clay shows succession highly magnetic 

signal sediments containing pyrrhotite minerals, which are formed under marine influence through karstic 

underground (Siddal 2018). The pyrrhotite occurs before 3246–2882 Cal BC, which is a radiocarbon date 

derived from a marine shell. The marine sediments gradually become darker grey, and increasingly containing 

organic components until the sediment becomes an almost black, organic, dry peat. The fibrous peat from 

this part of the core yielded a radiocarbon date range between 3632–3375 Cal BC. The almost one-meter 

thick organic sediments here contain high TOC (15-30 %) and N (1.1-2.8 %) with high P, Fe and Mo levels, as 

well as reliable indications of vivianite in lower parts of the core towards the next changes in colour and 

composition. 

Vivianite, an authigenic ferrous iron phosphate mineral (Fe3(PO4)2·8H2O) usually appears in 

waterlogged soils and aquatic sediments (Rothe et al. 2016). It occurs on various Quaternary, and modern 

aquatic systems worldwide, which includes marine, freshwater and terrestrial waterlogged soils. Vivianite 

regularly occurs in close association with organic remains in iron-rich sediments with significant P content, 

and it is important indicator of P burial in the lake/marine basins (Rothe et al. 2016). Recent investigation 

indicate that it acts as an important burial sink for P in brackish coastal environments (Egger et al. 2015), 

however it also occurs in alluvial deposits (Grizelj et al. 2017). In archaeological contexts it is a common find 

in cultural stratigraphic layers of peat bogs (Siddal 2018) and has also been recorded as a secondary deposit 

on archaeological finds which include human remains (Maritan and Mazzoli 2004; McGowan and Prangnell 

2006; Tessadri 2000; Thali et al. 2011) and ceramic artefacts (Dillian and Bello 2008), as well as 

anthropologically influenced muddy wastewater layers settings with higher P levels (Rothe et al. 2016). This 

implies that the occurrence of vivianite in archaeological contexts represents a secondary refuse and a 

reliable indicator of human impact on aquatic environments. In the cases of small-scale sediment 

assessments such as core analysis, the occurrence of vivianite might also imply the presence of cultural 

remains in the near vicinity of the core location. The end of the organic sediments is characterized by lower 

values of δ13C and δ15N and a sharp change in colour starting with fine laminations to a yellowish brown 

clay sediment implying a freshwater environment. Occurrences of vivianite are still visible in underlying 

brown clay freshwater pond sediments, containing much more siliciclastic material compared to the organic 

sediment above. 
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Figure 197 The paleoenvironment of ZAM-1. Detailed images further in text. 



 

207 

The first research question (How did the physical environment evolve at Zambratija Bay during the 

Early and Middle Holocene, with special reference to sea-level changes?) focuses on the global climate events 

which chronologically overshadowed the cultural and social interactions worldwide since prehistory, and 

they are still ongoing today. According to comparative research, the process of the glacio-isostatic water melt 

into the oceans has stopped, and the global sea levels were starting to stabilise at around 5000 BC (Vacchi et 

al. 2016:173; Benjamin et al. 2017:14). The global climate trends are also present in the Mediterranean at 

the time, where predictive post-LGM marine transgression calculations show similar sea-level uprise trends 

(Lambeck and Purcell 2005; Stocchi and Spada 2007). In the Northern Adriatic Sea, the sea-level uplift is 

inconsistent with these global trends and the local RSL levels were between 4 and 9 metres lower than those 

for the rest of the Mediterranean at 4000 BC, most likely due to the deglaciation of the Alpine glacier 

(Lambeck and Purcell 2005:1976; Monegato et al. 2017; Stocchi et al. 2005:140). The Northern Adriatic sea 

level uplift therefore reached present day levels at around 2000 BC, after which the changes were mostly 

influenced by tectonic factors made visible in submerged and coastal archaeological sea-level markers 

(Antonioli et al. 2007; Antonioli et al. 2009; Faivre et al. 2011; Florido et al. 2011; Lambeck et al. 2004b).  

According to the sedimentological, mineralogical and geochemical and depositional microfauna 

results from ZAM-1, the Early and Middle Holocene physical environment and sea level change evolved as 

presented in Figure 198. Lower parts of the core contain brown clay sediments characterized by higher 

amounts of siliciclastic material. This layer of brown soil considerably rises towards the edge of the sinkhole, 

based on the geophysical seismic data, and it represents the layer where wooden piles were placed in at the 

time of the existence of the settlement. The brown clay is overlaid by organic sediments, which are fine-

grained in lower part and peaty, with organic plant residues in the upper part. The brown soil is identified as 

terrestrial freshwater pond/shallow lake environment which gradually transition to a more brackish 

environment. A high magnetic susceptibility signal between 360 and 300 cm bgl indicates the formation of 

strongly magnetic mineral, most likely pyrhottite, which forms under marine influence (Larrasoaña et al. 

2007). The freshwater to brackish transition is followed by the deposition of marine sediments, which are 

the result of a marine transgression between 3300 to 3200 Cal BC. This date also correlates to the 

Northeastern Adriatic trends, where according to (Vacchi et al. 2016)  sea level was at -2.9±1.0 RSL at around 

3000 BC and reached current level at around 500 AD. According to the radiocarbon dates from ZAM-2, sea-

level was rising in Zambratija until at least 70–227 Cal AD, which correlates with the results from the nearby 

Roman port in Savudrija Bay (Koncani Uhač and Auriemma 2015). 
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Figure 198 The historical ecology of Zambratija Bay. 
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Archaeology 

As seen on Figure 199, core ZAM-7 provides valuable information about the cultural horisons of the 

seabed stratigraphy in relation to environmental and sea-level changes. Similar to ZAM-1, the core starts with 

marine sediments which are characterised by the occurrence of bluish grey clay carbonate sediments 

containing marine shells and foraminifera. There are no cultural remains in this segment of the core. 

A low density of microceramics starts around the time when the marine sediments changes to a 

peaty clay, which also correspondes to higher magnetic signal between 70 and 90 bgl. A similar change was 

seen in ZAM-1 between 280 and 360 cm bgl with the occurrence of pyrrhotite, indicating marine 

transgression. The bottom of the peaty clay is marked by archaeological finds – a fragment of a ceramic rim 

with finger imprints, which was sitting on the top of 2 large rocks with traces of burning. A fragment of 

charcoal from the same position yielded a radiocarbon date range between 4041–3819 Cal BC. The rocks 

were covering a 15-cm layer of ashes with more ceramics. The magnetic signal showed a slight peak at the 

position where the ashes occurred. This position also marks the start of a high density of microceramics in 

the core. The ashy layers sharply change to an almost black, organic, dry peat, accompanied by one more 

slight peak in magnetism. Two more fragments of ceramics were found at the transition between the ash 

and peaty layers, where a large amount of wooden fragments were distinctively visible. The fibrous peat 

contnues downwards for around 35 cm, when the sediments change to fine laminations. 

Two common reed leaves were found at this transition, one of which was radiocarbon dated to 4461–

4354 Cal BC. The common reed is an aquatic plant which typically grows in wetlands. The magnetic signal 

showed a very high peak at this point of the core. In ZAM-1, the sedimentation beneath the organic peat 

contained traces of Vivianite, an element which occurrs in various waterlogged soils and aquatic 

environments. Vivianite also often appears in soils and sediments with anthropomorphic influences. After 

the laminations, the sediments gradually become more muddy and yellowish brown, and the foraminifera 

deposition, as well as the presence of microceramics, stops somewhere during this gradual transition. One 

more high magnetic peak appears at the exact moment when the foraminifera deposition dissapears from 

the core. The plant macrofossils from the very bottom of the core yielded a radiocarbon date range between 

5669–5560 Cal BC. Although this is not the end of core ZAM-7, the data obtained from the upper segment 

was sufficient for an archaeological assessment (Figure 200). 
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Figure 199 The paleoenvironment of ZAM-7. 
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Figure 200 The archaeology of ZAM-7. 

 

ZAM-7 provides stratified evidence of human occupation in the bay. According to the radiocarbon 

dates, ceramics, microceramics and the ash layer, the cultural horizon in ZAM-7 occurred between at least 

4100 and 3800 Cal BC. This hypothesis can be further developed by comparing data from ZAM-1 and ZAM-7 

(Figure 201), as well as the preliminary radiocarbon date from 2011 and the radiocarbon dated 

dendrochronological sequence. This comparative study will address the resilience of the Zambratija 

population to environmental and sea-level changes, therefore providing an answer to the second research 
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question (What affect did the environmental changes have on the people living at the prehistoric pile-dwelling 

in Zambratija Bay and on the taphonomy and preservation of the archaeological site left behind?). 

 

Figure 201 Correlating ZAM-1 and ZAM-7. A working study. 

 

Comparative vertical stratigraphy 

Although of varying in length and taken from two different positions in the karstic sinkhole (Figure 

202), cores ZAM-1 and ZAM-7 showed similarities in their vertical sediment deposition. They have also been 

assessed from different perspectives – ZAM-1 from a mostly environmental viewpoint, and ZAM-7 from a 

mostly archaeological viewpoint. Both cores, however, showed that a strictly environmental or a strictly 

archaeological assessment often include certain aspects of the other. This can be seen in the occurrence and 

interpretations of Vivianite in the lower segments of ZAM-1, or in the correlation of high magnetic 
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susceptibility peaks in ZAM-7 with the occurrence of ash, indicating a human intervention to the sediments. 

When looked at side-by-side in the sub-bottom profile 15032017120901, ZAM-1 and ZAM-7 can be analysed 

as one versatile dataset (Figure 203), which will be discussed further in text. 

 

Figure 202 Aerial view of cores ZAM-1 (C1) and ZAM-7 (C7) in relation to sub-bottom profile 15032017120901. 

 

 

 

Figure 203 Sub-bottom profile section 15032017120901 and the position of ZAM-1 and ZAM-7 in the karstic sinkhole. 
Detailed images provided further in text. 
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As seen in Figure 204, ZAM-1 and ZAM-7 also served for ground-truthing of the seismic profiles. 

According to the deposition of sediments in the centre and on the ridges of the sinkhole, the mentioned 

possibility of erosion was confirmed (Figure 205).  

 

 

Figure 204 Ground truthing of sub-bottom profile 15032017120901 depicting the accumulation of marine sediments 
in the centre of the karstic sinkhole.  

 

 

 

Figure 205 Outlines of the environmental sediments interpreted according to ZAM-1 and ZAM-7 layered over sub-
bottom profile 15032017120901. 

 

The marine deposits are gravitating towards the centre of the sinkhole, whereas the brackish and 

freshwater sediments are following the outlines of the bedrock. This situation might explain the difficulties 

faced with ZAM-2, as well as other irregularities such as the occurrence of wooden piles around the edges of 

the sinkhole and the peat platform staying uncovered by marine deposits for thousands of years. According 

to this data, the outlines of the sinkhole and the visible sediments on the seabed might look like Figure 206. 
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Figure 206 The estimated outlines of the spread of marine (green) and brackish (purple) deposits, according to ZAM-
1 and ZAM-7 stratigraphy. The peat platform staying uncovered by marine deposits over time is therefore explained 
by karstic erosion.  

 

 By incorporating the stratigraphy of the cores with the 2008–2015 excavation units, it is possible to 

perform a site catchment assessment of the submerged archaeological site. After the comparative study of 

the cores, the stratigraphy of the units was re-evaluated. Due to the ground truthing of the sinkhole and 

performing an archaeological excavation on ZAM-7, the stratigraphic units originally named in the fieldwork 

documentation (Koncani Uhač and Čuka 2015), were renamed to  ‘Marine sand’ and Brackish’, corresponding 

with the distinction between marine and brackish sediments in the cores. Since the brackish sediments are 

chronologically older than the piles (see Figure 204), this action was further supported by the fact that the 

‘Greenish clay’ was the layer containing all wooden piles found to date (Figure 207). 
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Figure 207 The change from naming ‘Greenish clay’ sediments in 2008 – 2015 units to ‘Peaty clay’ is demonstrated on 
Unit 3. See Figure 35 for reference. 

 

 Combined with the data visible in Figure 209, two stratigraphical sequences were made by following 

this hypothetical change (Figure 208). The first sequence connects ZAM-1 and ZAM-7 and the second one 

connects ZAM-7 and Unit 1 (Figure 209). 

 

Figure 208 The lines connecting the stratigraphical sequences on figure 213. 
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Figure 209 Site catchment stratigraphy according to ZAM-1, ZAM-7 and Unit 1. 

 

 

Horizontal stratigraphy 

 

As demonstrated on Figure 211, the reason for which the wooden piles and the peat platform are 

following the outline of the sinkhole is because the deposition of the marine sediments is sliding towards the 

centre. The 2017 trench was positioned on the southwestern edges of the sinkhole, with a very high density 

of protruding piles (Figure 210).  

 

Figure 210 The investigation trench from 2017 in relation to the excavation units 4 and 5 as well as a large number 
of surrounding piles. 



 

218 

One of the most evident cultural features of prehistory are settlement patterns (Buršić-Matijašić 

2012). The Neolithic and Copper Age sites in Istria are represented by caves and open-air sites (Čuka 2009; 

Jerbić Percan 2011; Komšo 2004, 2007, 2008), and the Bronze Age is represented with fortified megalithic 

structures on high positions overlooking the surrounding landscapes, known as hillforts (Buršić-Matijašić 

1998, 2007; Hänsel et al. 2005). Although with some possible exceptions presented in Chapter 2, pile-

dwellings were not found in the Adriatic coast. In the Alps however, lakeside pile-dwellings represented a 

building solution used throughout a 3000-year-old period, starting from the Late Neolithic. Three major 

occupational hiatuses occurred during the Alpine pile-dwelling tradition, in some cases confirmed to have 

been closely related to climate change (Magny 2004, 2015; Magny et al. 2009; Menotti 2004a:211). 

 Indirect cultural connections between Zambratija and the southern Alpine settlements are visible in 

the pile-dwelling building tradition unusual for the Northern Adriatic. Although with 100 marked piles, there 

were no official attempts for finding architectural patterns in Zambratija so far. This will be done here, by 

focusing mostly on the piles marked in and around the 2017 investigation trench (Figure 211).  

 

Figure 211 Possible patterns visible in the previously marked piles and the photogrammetry, marked with white 
lines. 

 

The spatial analysis of the sediment leads answering the third research question (With consideration 

for the site’s chronology, spanning the Late Neolithic to the Bronze Age, what socio-economic developments 

are observable at the Zambratija Bay site relative to the broader Alpine Adriatic archaeological record(s)?).  

As seen in Figure 211, several lines were recognised as possible architectural features. Since the number of 

marked piles is still growing, the potential for further investigations towards determining the settlement 

patterns in Zambratija can be expanded. The 62-year-old dendrochronological sequence derived from only 

11 piles, support the site’s research potential and significance as a valuable contributor towards building a 

Southern Alpine Oak dendrochronology.  
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The results of the systematic dendrochronological research of the Alpine pile-dwellings revealed an 

incredibly accurate chronology of Central European Prehistory on a calendrical timescale with a six month 

resolution (Köninger 2015:37), and stemmed the longest undisturbed tree-ring sequence in the world of the 

Northern Alpine oak, today dated between 8480 BC and 2009 AD (Čufar et al. 2015:92). The Alpine mountain 

massive represents a physical barrier, naturally dividing the lakes and their surrounding environment and 

consequently the prehistoric pile-dwellings to the Northern and Southern variations. Dendrochronology 

showed that life on the Northern lakes lasted from the Late Neolithic, at around 4200 Cal BC to the Iron Age 

around 630 Cal BC (Köninger 2015:37), with three occupational hiatuses between 3540–3410 Cal BC, 2400–

2000 Cal BC and 1500–1200 Cal BC (Menotti 2004a:211, 2015b:24). Due to different biological markers to 

those in the Northern Alpine oak tree-rings, the dendrochronology of the Southern pile-dwellings is still under 

construction. However, wiggle-matching dating methods (Billamboz 2004:125; Billamboz and Martinelli 

2015:95) and teleconnection (Čufar et al. 2015:92), which use radiocarbon dated floating southern oak tree-

ring sequences and align them with the northern master sequence, showed a shorter pile-dwelling tradition 

in the south, lasting from around the Late Neolithic to the Early Bronze Age (Marzatico 2004:93; Menotti 

2015b:24; Velušček 2006a:63), with a hiatus found in Slovenian dendrochronology between around 3300 and 

3160 Cal BC (Čufar et al. 2010) (Figure 212).  

The date from Zambratija indicates that the settlement is one of the earliest examples of a prehistoric 

pile-dwelling south of the Alps, with an open possibility of it being a maritime outpost of a traditionally 

lacustrine settlement building practice. The nearest contemporary pile-dwellings are in IItaly (Marzatico 

2004; Pini 2004; Visentini 2001) and Slovenia (Velušček 2006a, 2006b), showing evidence of flood risk and 

other climate variations which have had an impact on occupational discontinuity (Menotti 2009). The 

mentioned hiatus seen in Slovenian Oak dendrochronology coincides with the calculated marine 

transgression timeframe in Zambratija. The abandonment of the settlement in Zambratija is therefore 

supported with not only environmental evidence, but also comparative research. In regards to showing signs 

of interaction between the Alpine pile-dwellings and Zambratija on site, there is not enough reliable evidence 

at this stage. Indications of trade with the Adriatic do exist in the Ljubljansko Barje Hočevarica pile-dwelling, 

where a ray bone was found in the archaeological layers (Velušček 2004:78). There are also similarities in the 

ceramics with the occurrence of brushed surface ceramics with finger impressions, and spindle whorls at 

Restnikov Prekop (Velušček 2006b:169).  

Since the wooden piles showed radiocarbon date ranges similar to Nakovana pottery, the occurrence 

of architecture from the same timeframe would be a reliable indicator of Alpine cultural influences. The 

stratified cultural layer in Unit 5 contained Nakovana pottery, brushed surface ceramic fragments, a 

perforated funnel and two spindle whorls. The typology of the finds indicates a wide timeframe between the 

Neolithic and the Bronze Age. The unit also contained knapped chert tools and was surrounded by wooden 

piles. The archaeological layer was placed immediately over a layer of peat and organic remains, similar to 
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the stratigraphical situation in ZAM-7, and the piles were pushed into the clay sediments under the peat, 

described by the archaeologists as greenish clay. This clay is most likely the decayed peat found in the layers 

following the organic peat in the cores. As seen on Figure 211, layers containing material culture in units 1, 3 

and 5 as well as in core ZAM-7 were positioned between the organic peat at the bottom, and marine 

sediments towards the seabed surface. 

Site Lab reference Uncalibrated 
14C age 

Calibrated age Context 

Monkodonja 
hillfort 

KIA-15283 5778±31 BP 4768–4539 Cal BC Earliest occupation 

Palù di Livenza 
pile-dwelling 

GrN-22836 5560±80 BP  4490–4330 Cal BC Earliest occupation 

Jačmica cave OxA-18183 5325±29 BP  4252–4044 Cal BC Nakovana layer 

Zambratija SUERC-77772 5310±32 BP 4240–4044 Cal BC Dendro sample #18 

Zambratija Beta-296187 5260±30 BP 4230–3980 Cal BC Unit 1, Layer 2 

Palù di Livenza 
pile-dwelling 

GrN-25996 5240±110 BP 4230–3950 Cal BC Pile-dwelling occupation 

Novačka cave OxA-18184 5252±29 BP 4229–3978 Cal BC Nakovana layer 

Zambratija SUERC-81648 5157±28 BP 4041–3819 Cal BC ZAM-7 core, 95–96 cm 

Zambratija SUERC-77773 5129±34 BP 4034–3801 Cal BC Dendro sample #29 

Ljubljansko barje 
pile-dwellings 

Dendrochronology / 3300–3160 Cal BC Occupational hiatus 

Zambratija Beta-296186 2860±30 1120–930 Cal BC Laced boat 

Monkodonja 
hillfort 

KIA-28974 2820±26 BP 1040–901 Cal BC Peak occupation 

Figure 212 New radiocarbon dates from cultural contexts in Zambratija and the published preliminary Zambratija 
date (Koncani Uhač and Čuka 2015) as well as the radiocarbon date of the Bronze Age laced boat (Koncani Uhač and 
Uhač 2013) (in red). The dates are displayed in a chronological comparative order, starting with the earliest 
occupation of the Monkodonja hillfort and the Palù di Livenza pile-dwelling in Italy (Visentini 2001). Nakovana 
ceramics contexts on the Istrian Peninsula (Forenbaher et al. 2013) are also included, as well as the start of the 
occupational hiatus in Ljubljansko Barje (Čufar et al. 2010). All mentioned sites presented on a map in Figure 215. 

 

The settlement in Zambratija coincides with the timespans of Palù di Livenza/Bannia-Palazzine in Italy 

(Visentini 2001). The Square-mouthed pottery found on the sites (Visentini 2001:199) is a style that occurs in 

the Italian Liguria and Veneto Regions in Italy, where it appears in the Late Neolithic and at the beginning of 

the Copper Age. It is believed that the style was connected with the Adriatic-Balkans territory in the Late 
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Neolithic, in the last phase of the Danilo culture and the first phase of the Hvar culture. This link was observed 

not only based on pottery decorations, but also due to the appearance of female terracotta figurines and 

pintaderas (Aspes 1984:345). The only two fragments of the Square-mouthed pottery in Istria were found in 

the Jačmica cave (Jerbić Percan 2011:18), which is one of the rare sites in Istria with radiocarbon dated layers 

containing Nakovana style pottery (Forenbaher et al. 2013; Jerbić Percan 2011). 

 

Figure 213 Sites mentioned on figure 214: Zambratija (1), Monkodonja hillfort (2), Palù di Livenza pile-dwelling (3), 
Jačmica cave (4), Novačka cave (5), Ljubljansko barje pile-dwellings (6). 

 

Although scarce, but reliable, radiocarbon dates from Late Neolithic/Early Copper Age Nakovana 

contexts on the Eastern Adriatic all show a consistency of setting these pottery sherds into the timeframe 

between 4000–3500 BC (Forenbaher et al. 2013:592). Other than Nakovana style, the other found pottery 

shows a diverse collection of shapes and decorations attributed to wider timeframes, such as brushed surface 

ceramics (Čuka 2009; Jerbić Percan 2011; Vitasović 1999). The new radiocarbon dates align with the 

preliminary Zambratija date, as well as with known Nakovana-style from stratified contexts in the Eastern 

Adriatic, and some of the earliest dates from the prehistoric pile-dwellings south of the Alps (see Figure 212). 

Archaeological evidence suggests that Zambratija might have been occupied during the Bronze Age. 

One date range derived from ZAM-2 2026–1781 Cal BC can be taken into consideration for connecting the 
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site to Early Bronze Age radiocarbon dates from the Monkodonja hillfort, where the building of the earliest 

megalithic walls was set to between 1777 and 1745 Cal BC (Hänsel et al. 2005:16). The radiocarbon date 

derived from the Zambratija boat wood yielded a radiocarbon range between 1120–930 Cal BC (Boetto et al. 

2015; Koncani Uhač et al. 2017a; Koncani Uhač and Uhač 2012:534), which fits well into the peak 

occupational timeframe in Monkodonja between 1040–901 Cal BC (Hänsel et al. 2005:22).  

The remains of a laced boat and the one fragment of a Bronze Age handle are not from stratigraphic 

contexts, but they do at least indicate activity at the time. Also, the mentioned radiocarbon date from ZAM-

2 derived from a stratigraphically unclear context, from shells and snail. The possibility of marine origin of 

these samples would indicate that the deposition in the sediment occurred after the settlement was already 

abandoned due to sea-level rise. Whether that activity was caused by erosion or by human intervention 

during the Bronze Age can only be revealed with more in-depth systematic investigation. 
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 

 

 

The archaeological units, sediment cores and seabed finds in Zambratija Bay show that the Holocene 

climate change events had a significant impact to the environment and local population. The eroded 

sediments preserved in the submerged karstic sinkhole provide an ecological history of more than 6000 

years, showing evidence of the existence of three different environments – freshwater, brackish and marine. 

The brackish environment was directly influenced by human populations, visible in the form of settlement 

remains. The settlement was in use for at least 62 years according to the dendrochronology, but ceramics 

from the core sediments suggests a much longer cultural continuity. The abandonment of the settlement is 

closely related to the marine transgression, indicating a human response to climate change, significant to 

current scientific debates. Although not yet analysed, the remaining cores ZAM-3, ZAM-5, ZAM-6 and ZAM-

8 from Zambratija Bay represent repositories of these climatic events, which would not only help understand 

the adaptive pathways of past environments and human populations to climate change, but also to the 

modern Zambratija population. 

The discussion in Chapter 8 addressed the research questions by performing a comparative analysis 

of all available data from the submerged prehistoric pile-dwelling in Zambratija Bay. As seen, sea-level and 

environmental change coincide with the site’s occupation. Although the data from Zambratija is in line with 

the large sea-level change Northern Adriatic database (Vacchi et al. 2016), the current knowledge could be 

further expanded with valuable information and an in-depth statistical analysis of depositional sea-level 

markers, such as ostracods and foraminifera transfer functions. Other biological markers, such as marine 

shell and snail taxonomy would further support these studies, as well as environmental studies such as pollen 

analysis, microfauna and plant fossil analysis. With great potential for extensive dendrochronological 

investigation, the site could also contribute to the building of the Southern Alpine Oak database, and possibly 

changing the knowledge of the World Heritage listed prehistoric pile-dwellings around the Alps. 

 

The Zambratija sea-level curve 

 

Figure 214 represents a synthesis of all archaeological, environmental and radiocarbon data from 

Zambratija Bay. It is organised as a timeline starting at 6000 BC with information on the environmental 

changes and chronology depicted as two ribbons on the bottom of the image. The lower, colourful ribbon 
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represents environmental change and the upper ribbon shows all radiocarbon date ranges from ZAM-1, ZAM-

2 and ZAM-7, shown as black rectangles. The rectangles are represented in scale, meaning that the margins 

are positioned on their exact date range years on the timeline. The rectangles depicted above the 

radiocarbon ribbon represent the date ranges of wooden piles, also in scale. 

 

Figure 214 Environmental, cultural and sea-level changes in Zambratija Bay. 
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According to the data from this thesis, the environmental, sea-level and cultural reconstruction in 

Zambratija Bay goes as follows. Freshwater environments lay on top of the bedrock with the earliest 

radiocarbon date range between 5669–5560 Cal BC from ZAM-7. The reed leaf from the same core was 

radiocarbon dated to 4461–4354 Cal BC, indicating the change of environment to brackish further up in the 

core stratigraphy. Traces of Vivianite were found at the bottom of ZAM-1, where they most likely indicate 

anaerobic conditions, but also at the top of the freshwater layers of the same core, close to the laminations 

at the start of a brackish environment. Here, the Vivianite registered in ZAM-1 might be an indicator of human 

interventions in or around the environment. 

The settlement, marked with a green rectangle facing upwards, was built soon after wetland 

formation, with the earliest date from a wooden pile at 4240–4044 Cal BC. The tree-rings from this pile 

correlated to 10 more wooden piles from Zambratija Bay, forming a 62-year-old dendrochronological 

sequence, and the piles show possible building patterns. One more of those 10 piles was also radiocarbon 

dated, yielding an age range between 4034–3801 Cal BC. The two piles which are a part of the 

dendrochronological sequence are marked with red rectangles. One more rectangle in yellow represents the 

radiocarbon age of the initial radiocarbon date from Zambratija Bay at 4230–3980 Cal BC. The presence of 

wooden piles in a brackish, wetland environment and the radiocarbon dates derived from the piles indicate 

that this is a prehistoric pile-dwelling similar to those found around the Alpine lakes. 

The ashy layer from ZAM-7 containing ceramic fragments showed a similar date to the piles at 4041–

3819 Cal BC. The physical characteristics of this layer correlate to the cultural layers with Nakovana ceramics 

from Unit 1 and 5. Nakovana ceramics are an Early Copper Age cultural phenomenon which is documented 

throughout the Eastern Adriatic Coast. The layers around the ash contain significant amounts of 

microceramics, indicating a cultural presence until the sediments start changing colour and consistency to 

greenish clay, and a strong magnetic signal indicates marine transgression. 

Fibrous peat from core ZAM-1 shows that the environment was still brackish in Zambratija at 3632–

3375 Cal BC. Marine transgression, marked with a blue rectangle facing downwards, occurred sometime after 

the peat. The micoceramic deposits around these positions are present, but not as prevalent as during peak 

occupation. The transgression was recognised as a strong magnetic signal accompanied by the occurrence of 

pyrrhotite. Foraminifera, marine shells and marine clay prevail in ZAM-1 at 3246–2882 Cal BC, which is a 

trend that continues in ZAM-2. Although ZAM-2 was not the most reliable core, the dates did show Holocene 

deposits at 2026–1781 Cal BC and 70–227 Cal AD. The sea-level curve was constructed based on data from 

the cores, the Vacchi et al. (2016) study of sea-level markers in Northeastern Adriatic, as well as the data 

from Savudrija Bay (Koncani Uhač and Auriemma 2015). These markers are depicted on the image as blue 

squares. 
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Recommendations 

 

The results presented in this thesis opened a set of new research questions which imply that the 

investigations in Zambratija Bay should be focused on creating a database and preferably establishing an on-

site interdisciplinary laboratory. At this stage there is no evidence to support that the earliest settlement in 

Zambratija that was built right after wetland formation was Late Neolithic or Copper Age. The earliest 

radiocarbon dates from wooden piles and sediment core layers as well as the typological characteristics of 

the stratified pottery fragments do imply Copper Age. This is not a statistically sufficient sample size, and 

these assumptions should be confirmed with a larger trench. A suitable position for this trench would 

preferably in the area where the large quantities of piles are close to the centre of the sinkhole, such as that 

presented in Figure 208 and 209. Furthermore, the interdisciplinary research should also focus on expanding 

the current 62-year-old dendrochronological sequence, a complete paleoenvironmental reconstruction with 

regards to pollen, and zooarchaeological study. The main archaeological focus should remain on the material 

culture, especially with regards to ceramics and lithics, and architectural patterns and their position within 

the paleolandscape. 

The people that lived in the Zambratija Bay pile-dwelling were using Nakovana ceramics, which is a 

style originating from the Southern Adriatic. It is possible that life in the settlement continued after the most 

recent date, however there are no radiocarbon dates from stratigraphic contexts to confirm this assumption. 

The assumption was made based on the material culture found in archaeological units during the initial 

campaigns and due to the fact that a Bronze Age boat lies in the near vicinity of the settlement, with 

radiocarbon dates and with the new data obtained from microceramic deposits in shallower sediments. The 

microceramics can, however, be explained with possible erosion. Cultural continuity can be followed in the 

bay by looking at the submerged road assigned to the Roman Antiquity, which can be confirmed with the 

presence of a Roman Villa rustica in the Bay, which was the initiating reason for the discovery of all three 

underwater sites in Zambratija Bay. The original reason for the prospection of the bay was because the 

existing embankment was scheduled to be elongated due to not being efficient in protecting the Zambratija 

port from increasingly stronger climatic events in the few years prior. This makes Zambratija Bay a case study 

with a 6000-year-old climate change chronology. 
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Local involvement and future prospects 

 

 The archaeological investigations in Zambratija Bay have had a positive impact on the local 

population and opened a discussion about modern climate change and environmental and cultural 

protection. Driven by the 2008 archaeological discoveries in the bay, a group of local fishermen and 

enthusiasts that called themselves the Pinna Nobilis22 initiative, named after the protected mollusc species 

that can be seen in the bay as well as in the photogrammetry, took action in 2017 and presented the Special 

Management Zone in Zambratija Bay project (Iveša et al. 2017). The project is focused around the protection 

and preservation of the environmental and archaeological features in the bay, which also includes the 

submerged pile-dwelling (Figure 215). 

 

Figure 215 Image of the archaeological sites in Zambratija Bay presented in the Special Management Project brochure 
(Iveša et al. 2017). 

 

With the IPCC report sea-level change models show that current climate and sea-level changes are affecting 

global coastal landscapes and populations at a record rate, similar to those recoded at the end of the LGM 

and the beginning of the Holocene (Van de Noort 2013:11-14). Zambratija Bay is unfortunately a part of the 

endangered modern shoreline, which includes the unique archaeological and environmental features in the 

 
22 https://flag-pinnanobilis.hr/ 

https://flag-pinnanobilis.hr/
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bay. The Pinna Nobilis initiative serves as a positive example how archaeological evidence served as a critical 

point for the local community to take action and raise awareness on current climate change issues. 

The settlement in Zambratija is not only significant for being submerged 3 m under water, but also 

for being a prehistoric pile-dwelling. This settlement pattern has not been recognised in the Eastern Adriatic 

coast until recently, when the investigations in the Zadar archipelago show that the pile-dwelling tradition 

might have been present further south. With this prehistoric cultural influence from the Alps, where these 

archaeological sites are under world heritage protection, Zambratija shows potential for changing our 

knowledge on European and world prehistory. This knowledge was hidden so far due to environmental 

circumstances that preserved the paleolandscape and archaeology of the bay, where today they are placed 

3 metres below RSL.  The radiocarbon dates from the wooden piles imply one of the earliest known examples 

of the pile-dwelling phenomenon in the region. The origin of the Alpine pile-dwellings has been traced to the 

so-called ‘pile-dwelling wheat’, originating in the Western Mediterranean Early Neolithic sites in Spain and 

Italy. Therefore, in order to provide evidence of direct connections to those early sites, future research should 

be focused on a more in-depth analysis of plant micro and macrofossils. This thesis suggests a small-scale 

combination research strategy called archaeology of the core, where the laboratory analysis of discrete 

samples from a core can serve as a baseline for performing a small-scale archaeological excavation. The 

archaeology of the core would therefore be able to simultaniously connect the potential findings of the pile-

dwelling wheat to cultural layers. 

Putting in perspective that the original data presented in this thesis was extracted from three 

sediment cores, 11 samples of wood and a photogrammetry model produced with a GoPro camera, it 

becomes clear that the red areas on Figure 216 should represent a global case study from which evidence of 

past life and adaptations to climate changes, can be obtained with minimal resources and maximum 

efficiency.  
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Figure 216 Europe at the LGM. The red shows land that would have been exposed at the time (Bailey 2011:315). 
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Appendix I Georeferenced site survey map which includes the bathymetry and the positions of the 

environmental and archaeological features of the bay. Raw data used with permission by AMI. 
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Appendix II Permit to perform the investigations in Zambratija Bay. 
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Appendix III Agreement between the author and the Archaeological Museum of Istria in Pula. 
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Appendix IV Flinders University fieldwork approvals and forms. 

 

 



 

238 

 

 



 

239 

 

 



 

240 

 



 

241 

 

 



 

242 

 



 

243 

 



 

244 

 

 



 

245 

 

 



 

246 

 

 



 

247 

 

 



 

248 

 

 



 

249 

 



 

250 

 



 

251 

 

 



 

252 

 



 

253 

 

 



 

254 

 

 

 



 

255 

Appendix V Harpha Sea d.o.o. Sub-bottom profiling report. 
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Appendix VI The coring fieldwork team. Left to right: Hrvoje Burić (CGS), Dr Ida Koncani Uhač (AMI), the 

author, Dr Ozren Hasan (CGS), Dr Ivan Razum (CGS). 
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Appendix VII Underwater archaeological investigation and survey team. Left to right, up: Dr Ida Koncani Uhač 

(AMI), Alba Ferreira Dominguez (Aix-Marseille), Maja Čuka (AMI), Kurt Bennett (Flinders), Enrique Aragon 

Nuñez (Flinders). Down: the author and Zambratija local Mr Christian Petretich (Photo: M. Uhač). 
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Appendix VIII Pre-diving checklists. 
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Appendix IX Original underwater drawing. 
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Appendix X Troels-Smith procedure. 
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Appendix XI Dendrochronology report. 

 



 

279 

 



 

280 

 



 

281 

 



 

282 

 



 

283 

 



 

284 

 



 

285 

 



 

286 

 



 

287 

 



 

288 

 



 

289 

 



 

290 

 



 

291 

 



 

292 

 



 

293 

 



 

294 

 

 



 

295 

Appendix XII All sampled wooden piles from Zambratija Bay (All photos: K. Jerbić). 
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Appendix XIII SUERC Radiorcarbon dating reports. 
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Appendix XIV All sub-bottom profiles. 
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Appendix XV Vivianite spectrum graphs. 
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Appendix XVI Microflotation of ZAM-7 discrete sample 105–106 cm. 
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