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Chapter 1

General introduction
1.1	 Human-landscape interaction in lowland areas

Lowland areas comprise coastal plains, peaty wetlands, river deltas, and valleys, surrounded by 
uplands and coastal waters. Many of these environments nowadays are densely populated, and 
therefore many people make use of their resources and depend on flooding safety measures in 
these areas. These lowlands have been shaped naturally by the interplay of fluvial, marine, biotic, 
and aeolian processes but human pressure increasingly affects the natural processes that shape 
these low elevated areas. In many wet delta lowlands, such as the Mississippi delta and the Mekong 
delta, groundwater extraction causes subsidence leading to drowning problems of inhabited areas 
(Törnqvist et al., 2008; Syvitski et al., 2009). Also, dredging and engineering works in river channels 
directly affect tidal and fluvial processes, for example by rerouting the water flow or allowing 
the tide to propagate further landward (Van den Berg et al., 1996; Lesourd et al., 2001). Dam 
construction in the upstream catchments caused sediment deficits for many downstream deltas, 
leading to delta erosion and drowning (e.g. Stanley and Warne, 1994; Syvitski et al., 2005; Syvitski 
& Saito, 2007). Human interferences with wetland ecology (e.g. through deforestation) change flow 
dynamics, erosional susceptibility, and channel geometry (Corenblit et al., 2007; Osterkamp et al., 
2012). Also, outside the coastal and delta plain, deforestation and intensified agriculture can cause 
soil depletion that may lead to aeolian erosion and further soil degradation (Worster, 1979; Ravi et 
al., 2010).

Human influence has been a shaping agent on lowland landscapes throughout large parts of 
history and prehistory. Already thousands of years ago, humans affected lowlands in many parts 
of the world through deforestation and reclamation for agricultural practices (e.g. Goudie, 2006; 
Bianchi, 2016). In some cases, people directly affected the course of new river branches by digging 
channels for irrigation (e.g. Khuzestan plain, Iran; Heyveart & Walstra 2016). More indirectly, 
deforestation and intensive land use in upstream areas enhanced soil erosion and the eroded 
sediments that were transported downstream led to accelerated sedimentation in lowland areas. 
This has been recorded for the Roman period onwards for deltas around the Mediterranean (Maselli 
& Trincardi, 2013; Anthony et al., 2014), the Danube (Giosan et al., 2006), and the Rhine (Erkens & 
Cohen, 2009). Outside the wetlands, on higher elevated sandier soils, deforestation and agricultural 
practices have at least partially controlled drift-sand activity since the late Holocene, for example in 
Germany and Poland (Kozarski & Nowaczyk, 1991; Tolksdorf & Kaiser, 2012), the UK (Bateman & 
Godby, 2004), and the Netherlands (Koster et al., 1993). 

Natural landscape setting and landscape dynamics were important for the people living in it. In 
relatively wet lowlands, settlement locations, route corridors, and agricultural practices were mainly 
concentrated in the higher and drier parts of the landscape. This implies that geomorphological 
changes, such as drowning, shifting river channels, increased sedimentation, and soil degradation 
could have far-reaching consequences for these early lowland settlers. Lowland areas contain rich 
resources and opportunities for trade and transport (e.g. via rivers) and were, therefore, densely 
populated throughout history and prehistory (the Egyptian Nile Delta — Butzer, 1982; Stanley & 
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Warne, 1993; Macklin et al., 2015; Mesopotamia — Wilkinson, 2000; Kuijt & Goring-Morris, 2002 
and the Indus valley — Giosan et al., 2012).

Additionally, these areas are specifically susceptible to geomorphological changes, because 
(i) lowlands are not only directly affected by local changes but also by system disturbances in the 
upstream parts of the catchments that propagated to the lowland (e.g. deforestation that changed 
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sediment flux and flood regimes); (ii) gradients in elevation are often small and therefore changes 
in flood regime, sediment deposition, and groundwater level propagate over larger distances; and 
(iii) lowlands often consist of soft and unconsolidated substrate (e.g. erodible sands or compaction-
prone peat). This makes them more susceptible to erosion by channel dynamics, subsidence, and 
soil degradation compared to rocky substrates.

Besides being susceptible to forcings, the research potential of deltas and coastal plains for 
studies on human-landscape interaction is especially high. This is because depositional layers 
formed through time are stacked, causing the subsequent burial of old landscapes. As a result, 
these landscapes have been preserved as semi-continuous sedimentary records. Moreover, because 
archaeological materials in such environments often have remained wet after burial, they often have 
been preserved well and can be used for reconstructing past human activity.

Because of their vulnerability and their generally rich habitation history, lowlands are 
interesting areas to study human-landscape interaction, leading to research questions such as: 
How did early settlers affect the landscape, causing unintended and irreversible effects, such as 
shifting rivers or drowning? How did people live in vulnerable lowlands and how did they react 
to environmental changes: did they abandon certain areas or did they adapt to the changing 
environments? To solve these questions, the impacts and causes of past geomorphological changes 
have to be assessed and their thresholds are to be identified. Tackling human-landscape interaction 
in the past also contributes to a better understanding of the current state of lowland areas. This may 
help to better predict their future geomorphological evolution and contribute to questions that are 
relevant for society, such as: when will rivers change their paths? Which parts of lowlands will be 
flooded more often? Which soils are susceptible to land degradation? When the processes involved 
in these changes are better understood, human-induced effects in lowlands can be better mitigated 
or adapted to. 

Past landscape dynamics of inhabited lowland areas cannot be fully understood without using 
an integrative approach in which data and methods from the disciplines of physical geography 
and archaeology are combined. The spatial and temporal patterns of habitation inferred from 
archaeological records cannot be fully understood without considering the geomorphological 
setting of the former landscape and the (partly human induced) changes in the abiotic landscape 
(i.e. on stratigraphy, soils, and geomorphology) and the biotic landscape (i.e., vegetation and 
animals). To infer causal relations, the timing of these landscape changes is crucial. Besides 
physical dating methods (radiocarbon, OSL), archaeological finds that are diagnostic for specific 
archaeological periods can help to determine the age of the geomorphological elements and 
disturbances in the landscape (e.g. Berendsen & Stouthamer, 2001; Vos & Gerrets, 2005). When the 
geomorphological changes are known in time and space, archaeological records are needed to assess 
the effect of human activities on the landscape and the impact of landscape changes on humans. The 
archaeological records used for dating then have to be independent of records used for deducing 
these causal relations. 

Geoarchaeology and landscape archaeology are interdisciplinary research disciplines that offer 
tools for better understanding the interactions between geomorphology, environmental history, and 
archaeology (Butzer, 1982; 2008; Kluiving et al., 2012). In geoarchaeology this is done by applying 
earth scientific methods (e.g. dating methods, micromorphology, conservation of archaeological 
materials) to help interpreting and better understand the archaeological record on specific sites (e.g. 
Rapp & Hill, 2006; Goldberg & Macphail, 2008) and by assessing the influence of environmental 
factors on archaeology (e.g. Butzer, 1982; Brown, 2008). Many geoarchaeological studies, however, 
have a strong local focus on archaeological sites or on their direct surroundings. Landscape 
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archaeology generally comprises a more regional scope focussing on the spatial relation between 
archaeological sites and other landscape elements (Kluiving et al., 2012; David & Thomas, 2016). 
Both research disciplines however generally tackle archaeological research questions rather than 
geomorphological ones. Because in a dynamic lowland landscape geomorphological changes can be 
majorly human-influenced and in turn can be important drivers for archaeological changes, a more 
geomorphological perspective on human-landscape interactions is also needed in these areas.

1.2	 The Netherlands during the first millennium AD

The Netherlands are situated in a lowland area bordered by the North Sea. Its physical landscape 
has been shaped since the Late Pleistocene by multiple geomorphological agents, such as the sea, 
rivers, wind, plants, animals, and humans. The wide coastal plain mainly comprised extensive 
peat-lands and was interrupted by outlets of the rivers Rhine, Meuse, Scheldt, and Ems and outlets 
of the tidal area in the northern coastal plain (Figure 1.1). The Netherlands’ Pleistocene uplands 
form the western part of the northwestern European sand belt (Koster, 2005). Considering the 
interplay between tidal, fluvial, and aeolian processes, this lowland area has a typical and diverse 
geomorphological evolutional history. It is a well-studied area where changes in the landscape can 
be inferred from sedimentological records, geomorphology, and archaeology. As such it provides 
much data to study the interactions between people and the landscape on a local scale, but also on a 
larger regional scale compared to many other more confined lowland areas. 
Since the introduction of agriculture in the Netherlands (expanding from the loess and sand 
uplands into the delta and coastal plain over the period 5000-3500 BC; Raemaekers, 2005; Out, 
2009), the landscape has been increasingly modified by people, finally resulting in a mainly human-
dominated state after ca. AD 1000. This thesis focusses on the first millennium AD as a special 
period (Figure 1.2), because it saw a strong fluctuation in population pressure and vegetation cover 
as well as abundant geomorphological changes (Jansma et al., 2014). In the beginning of this period 
the northern border of the Roman empire (limes), was located along the river Rhine in the study 
area. Here, and also in other parts of the Netherlands, population density was substantially higher 
than in earlier periods (Louwe Kooijmans, 1995). In the Late Iron Age (250-12 BC) first reclamation 
works were performed on a small scale: construction of dams, culverts, canals, and ditches (e.g. 
Ter Brugge, 2002; Van Londen, 2006; Vos, 2009). Since the 4th and 5th centuries AD, however, 
depopulation occurred, coinciding with the collapse of the Western Roman Empire (Cheyette, 2008; 
Wickham, 2009; Heeren, 2015), and the large-scale migration of tribes throughout northwestern 
Europe (e.g. Halsall, 2007). This period has been traditionally referred to as the ‘Dark Ages’ (e.g. 
James, 1988), a term that on the one hand refers to a period of cultural decline and disorder, and 
on the other hand indicates periods from which little written information is available in general, 
rather than this specific period. The depopulation trend of the 4th and 5th centuries AD caused forest 
regeneration in many parts of northwestern Europe, including the Netherlands (Teunissen, 1990; 
Louwe Kooijmans, 1995; Kaplan et al., 2009). The dip in the number of archaeological finds and 
population density traditionally has been attributed to cultural (political and economic factors – e.g. 
Halsall, 2007) and climatic factors (Büntgen et al., 2011; 2016; McCormick et al., 2012; Nooren et 
al., 2017 - Dark Ages Cold period; Figure 1.2). However, also major landscape changes occurred 
(compare Figure 1.3A and 1.3B), such as sea ingressions (Vos & Van Heeringen, 1997; Vos, 
2015), reorganising river networks (Pons, 1957; Törnqvist, 1993; Berendsen & Stouthamer, 2000), 
and changing hinterland palaeohydrology (Berendsen & Stouthamer, 2000; Erkens et al. 2011; 
Toonen et al., 2017), which must have affected the inhabitants. From the 7th century onwards the 
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population numbers and human pressure on the landscape started to increase again, a trend that 
persisted throughout the Middle Ages (Van Bavel, 2010). From AD 1100, the fluvial and coastal 
area were reclaimed and embanked on a large scale. From that time onwards, the natural erosional 
and sedimentary processes were confined to narrow areas in tidal basins or embanked river plains 
(Borger, 1992; Hudson et al., 2008; Vos, 2015a) and local wind-erosion prone coastal dune and 
inland sand areas (Koster et al., 1993; Vos et al., 2015a). As such the first millennium AD represents 
a transition period from a mainly natural prehistorical lowland landscape that was influenced more 
and more by people towards a mainly human-dominated landscape with large-scale embankment 
and reclamation from the High Middle Ages (ca. AD 1050) onwards.

1.3	 Problem definition

The sedimentary products and geomorphology resulting from the landscape changes in the 
Netherlands of the first millennium AD are often well visible in the current landscape and its 
shallow substrate, for example as tidal channels, clay layers on peat, and drift-sand dunes. In several 
cases, these changes can be spatially or chronologically linked to the presence or the absence 
of archaeological artefacts. A tremendous amount of data is available for this area on geology, 
geomorphology, and human settlements and activities. Also, records of various possible forcings 
that could have driven these changes have become available, such as storm surges and episodes 
of Rhine flooding. Despite the striking geomorphological changes that took place, it is unknown 
to what extent the inhabitants influenced the landscape changes and, vice versa, what the impact 
of landscape changes was on the people living in it. Solving this requires an integrated overview 
and chronology of the changes in landscape and human activities, understanding the causes and 
mechanisms underlying these changes and the feedbacks between them, and an assessment of the 
relative importance of natural and anthropogenic causes. 

The Netherlands has a long research tradition in studying geology, soils, and archaeology, 
which resulted in a wealth of maps, local reports, and databases of boreholes and datings that 
are available today. Since 1992, Malta-driven archaeology in the Netherlands has resulted in vast 
amounts of well-dated archaeological finds and geological data. Most archaeological data are from 
individual sites and comprise landscape reconstructions on a very local level. Reconstructions of 
human-landscape interactions on larger scales, therefore, require the integration of all these data 
to infer new patterns on landscape dynamics and its interaction with humans. This has been done 
on a regional scale in several reconstructions, sometimes spanning larger parts of the Holocene 
(e.g. southwestern coastal plain: Vos & Van Heeringen, 1997; central coastal plain wetlands: Van 
den Biggelaar, 2017; Old Rhine channel belt levees: Van Dinter et al., 2013; 2017; Bergen inlet salt 
marshes: Van Zijverden, 2017). These studies reconstructed the landscape changes that interfered 
with human occupation for one specific tidal system or a single channel belt in high detail. 
However, to assess the forcings that have an effect on larger areas (e.g. flooding in a delta or coastal 
plain, agriculture in larger areas, climatic impact, etc.), a larger scale approach is required that better 
suits the scale of the geomorphological effects resulting from these forcings. Additionally, such 
a regional to national scale approach would allow for comparison of multiple cases with varying 
conditions (e.g. multiple tidal systems with a varying sediment supply regime). For this purpose, 
the integration of datasets should be performed on a much larger scale. New techniques on digital 
Geographical Information Systems (GIS) and the many accumulated datasets that are currently 
digitally available at the spatial scale of the entire Netherlands make this possible. 
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This PhD study was executed within the research project ‘Dark ages in an interdisciplinary light’ 
(Jansma et al., 2014), which had the goal to reconstruct and understand the interaction between 
people, landscape, and climate in the first millennium AD. Within the overall project three PhD 
projects were performed that posed complementary research questions on human-landscape 
interaction. These focussed on archaeology (Van Lanen, 2017), vegetation and climate (Gouw-
Bouman), and on the geomorphological and geological landscape evolution (this thesis). 

1.4	 Aim and general approach

This thesis aims to study the human-landscape interaction in the Netherlands during first 
millennium AD by performing the following steps: 
1)	 identification of the changes in natural landscape evolution;
2)	 unravelling the natural and anthropogenic causal factors, and the geomorphological feedback 

mechanisms underlying these geomorphological changes; 
3)	 evaluation of the impact of these changes on humans. 

The human-landscape interactions were studied for three research areas within the Netherlands: the 
coastal area, the fluvial area, and the Pleistocene sand area (Figure 1.1). These areas have distinct 
physical characteristics and typical landscape elements suitable for habitation and specific land 
use (e.g. alluvial ridges, peat bogs, or supratidal flats). Also the landscape sensitivity to human 
influence varies because each region was affected by different geomorphological processes (e.g. peat 
subsidence or aeolian sand erosion). By comparing the human-landscape interactions between the 
three regions, the role of the physical landscape setting in these past interactions can be studied. 
Because each area has its typical human-landscape interactions, it requires area-specific research 
questions to be solved in order to fulfil the main objectives of the thesis, which are further outlined 
in the next section. 

The regional scale (ca. tens by tens of kilometres) was chosen for all three regions because at 
this scale many of the geomorphological changes and their causes occurred, but had a different 
relative effect within these specific research areas. Examples of spatially varying evolution are the 
large sea ingressions in the southwestern coastal plain compared to other parts of the coastal plain 
(Vos, 2015a). Also, forcings and their effect can vary on a regional scale, such as floods in the upper 
and central delta reached higher amplitudes than in the wider lower delta (Cohen et al., 2016). 
Performing the study on a regional scale is best suited for this research because in this way, the 
evolution of multiple cases can be compared (i.e. multiple sea ingressions, channel belts) in terms of 
development, synchronicity, and causal forcings. To this end, this thesis uses landscape regions as a 
starting point rather than studying the environmental context of specific archaeological sites, as is 
done in many traditional geoarchaeological studies.

The thesis mainly focusses on the first millennium AD, because this is a transition period 
from a mainly natural prehistorical lowland landscape towards a state that became mainly human-
dominated. The analyses in this thesis were however not always strictly limited to this period 
because landscape evolution before and after this period had to be understood to judge to what 
extent the geomorphological changes were typical for this period of increasing human influence. 
Considering a wider time span was required to assess which developments were the result of natural 
long-term processes and which would probably not have occurred without human influence. 
Besides this, the inherited geological and geomorphological setting of the older landscape is 
important for explaining landscape evolution in the first millennium AD. Considering the younger 
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periods is necessary to assess the preservation and non-preservation of the first millennium AD 
landscape, i.e. to determine the locations and spatial extent of erosion by younger rivers or tidal 
inlets. 

To identify the landscape changes in this study, datasets were integrated into reconstruction 
maps of the physical landscape. These are referred to as palaeogeographical reconstructions, 
or more specifically as geomorphological reconstructions as they show the former extent of 
mainly geomorphological units (channels, supratidal ridges, alluvial ridges, etc.). By spatially 
and temporally comparing the geomorphological changes to varying forcings and the 
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archaeological record, the causes and effects of these changes were assessed. Soil maps, geological, 
geomorphological maps, and many local studies were an important input for these reconstructions 
because they contain information on the spatial outline, age, and stratigraphy of landscape units. 
To incorporate this fragmented and heterogeneous information into integrated reconstructions, 
the original focus and research tradition of the input studies had to be considered, as is outlined in 
chapter 2. In chapters 3 and 6 the methodology of the landscape reconstructions is outlined for the 
coastal and fluvial environments, respectively, thereby combining the datasets reviewed in chapter 2. 

1.5	 Approach per lowland region 

The state of knowledge of the coastal, fluvial, and Pleistocene sand regions are briefly introduced 
below. Also the specific research questions are given, which were needed to answer the overall aims 
of the thesis.

In the coastal plain, large tidal areas were present with channels, shoals, and salt marshes 
(Figure 1.3). The salt marshes in the coastal plain of the northern Netherlands were inhabited since 
the Iron Age (800–12 BC) and became one of the most densely populated areas in the Netherlands 
during the first millennium AD. Habitation was mainly confined to artificial dwelling mounds that 
protected the inhabitants for the highest water levels (Van Giffen, 1940; Gerrets, 2010; Nieuwhof & 
Schepers, 2016). Other densely populated areas in the coastal plain were the saltmarshes and silted 
up tidal creeks around the estuaries of the Rhine, Meuse, and Oer-IJ (Figure 1.3). The tidal areas 
were fringed by a large freshwater peat swamp at the beginning of the period under consideration. 
Especially in the southwestern coastal plain and parts of the northern coastal plain, reclamation 
of these peatlands took place since the Roman period (Vos & Van Heeringen, 1997; Vos & Knol, 
2015). These activities caused major landscape changes transforming a large part of the coastal plain 
peatlands into a tidal area (Vos, 2015a - Figure 1.3B). However, the evolution and spatial extent of 
these so-called sea ingressions varied, raising the question how human activities and natural factors 
interacted in this large-scale coastal plain drowning. To this end, the timing of the major drowning 
events was reconstructed and compared in time and space to the potential causal factors (e.g. timing 
of peatland reclamation, geomorphological setting of the drowned area). The new GIS-generated 
palaeogeographical time series that show the late Holocene coastal plain evolution are presented in 
chapter 3, followed by a discussion on the role of antecedent conditions and human activities in this 
evolution in chapter 4. 

The Rhine-Meuse delta was a densely populated area with many river branches that changed 
their courses through time (avulsion; Figure 1.3B - Berendsen & Stouthamer, 2000; 2001; Van 
Dinter et al., 2017). In the transition zone between the coastal plain and the Rhine-Meuse delta, a 
large peat swamp had developed. For 3000 years, this swamp had separated the Old Rhine and Old 
Meuse rivers, but at the start of the first millennium AD, two new Rhine branches traversed it (the 
rivers Hollandse IJssel and Lek), coinciding with increased population pressure in this area. Chapter 
5 explores to which extent human interference caused these two avulsions that connected the fluvial 
area to the Old Meuse estuary. Habitation in the Rhine-Meuse delta mainly occurred on alluvial 
ridges which were the higher and drier parts of the delta (Modderman, 1948). These alluvial ridges, 
consisting of crevasse splays and natural levees, were not only essential for delta inhabitants; they 
also majorly controlled floodwater routing and sediment deposition. Therefore, these landscape 
elements are essential for understanding delta evolution (Filgueira-Rivera et al., 2007). Changing 
geomorphological forcings, such as avulsion, variation in flood regime, and sediment supply 
affected the shape of the alluvial ridges during the first millennium AD. To study this, the extent 
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and elevation of the natural levees and crevasse splays were mapped in new detailed time series of 
geomorphological reconstructions for this period. The reconstructions and the geomorphological 
changes derived from these were matched to the forcings and inheritance effects in chapter 6. After 
AD 270 severe depopulation and relocation of settlements took place in the fluvial area (Hendrikx, 
1983; Willems, 1986). Besides cultural factors, this was possibly influenced by the varying 
environmental conditions or changes in natural levee morphology. This hypothesis was tested in the 
next two chapters using the new geomorphological reconstructions of chapter 6. Shifts in settlement 
elevation throughout the first millennium AD were linked to the evolutional stages of avulsions and 
insights in flooding intensity variability in chapter 7. Chapter 8 used the maps to identify accessible 
corridors in the delta landscape and their possible shifts as a consequence of environmental 
changes. 

The Pleistocene sand area consists of modestly elevated uplands (several meters to tens of meters 
above sea level) adjacent to the coastal plain and Rhine-Meuse delta (Figure 1.1). A significant 
geomorphological change in the last thousands of years was the occurrence of drift sands most 
likely formed as a consequence of deforestation and intense land use (Koster et al., 1993; Sevink et 
al., 2013). This drift-sand activity locally caused the formation of large drift-sand fields causing part 
of the land to become useless. Besides intensified land use, episodes of drift-sand activity also seem 
to coincide with colder and more stormy climate episodes (Jungerius & Riksen, 2010). To explore 
the relative contribution of climate and land use, the drift-sand dynamics in the Pleistocene sand 
area were reviewed on a national scale in chapter 9. Their abundance was correlated to population 
density, deforestation, and climate, whereas their spatial occurrence was linked to known areas with 
settlements and transport corridors. Chapters 7, 8, and 9 are shared contents with the PhD thesis of 
Van Lanen (2017) within the same project (his chapters 7, 8, and 11).

In the synthesis (chapter 10), the causes of landscape evolution and its consequences are 
compared for the three studied areas. The area-specific sensitivity to natural and anthropogenic 
forcings and the role of feedbacks causing landscape changes are discussed. 
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Chapter 2

Geological and geomorphological mapping 
traditions in the Netherlands 

In the well-studied Netherlands’ coastal plain and Rhine-Meuse delta, many datasets are 
available regarding the extent, age, and sequential development of Holocene geological and 
geomorphological elements. Most of these datasets are national and regional map series based 
on data collection campaigns executed during the last decades of the 20th century (soil maps, 
geological maps, and geomorphological maps). These datasets have been developed within 
different research traditions. This chapter reviews the range of mapping traditions behind the 
datasets that in this thesis were combined into geomorphological and palaeogeographical 
reconstructions. 
While most map datasets describe the current state of the physical-geographical landscape 
of the Netherlands, they also contain information about the evolution and time depths of the 
mapped elements. Since, during decades of surveying, the age determinations of landscape 
elements became increasingly precise, researchers have also produced palaeogeographical map 
time-series that synthesise Holocene landscape evolution. The production of such map series 
has benefited from digital-infrastructure developments, facilitating interactive visualisation and 
dynamic interrogation of the datasets. This has offered important new possibilities for answering 
applied and fundamental scientific questions, including questions that are not directly related to 
the original mapping aims.
Currently, knowledge enclosed in many legacy maps, despite the quantity and quality of data 
underlying it, still remains hidden, fragmented, or under-appreciated. The integration of this 
information into new landscape reconstructions is needed to re-evaluate and improve the 
geomorphological and geological understanding of the Dutch delta and coastal plain. Combining 
information from digital maps using their full potential, requires awareness of the original focus, 
scale, surveying strategy, and state of knowledge at the time of the original research, which is the 
topic of this thesis chapter.

H.J. Pierik & K.M. Cohen

2.1 	 Introduction

Geomorphological reconstructions are a valid tool to identify geomorphological changes, and to 
study their causes and consequences. This thesis presents new reconstructions to trace landscape 
evolution in the Netherlands, among others in order to determine the evolution of channels, and 
supratidal and alluvial ridges over time. These reconstructions build upon a long tradition of 
mapping-based research in the Netherlands, which has been important for understanding landscape 
evolution and its controls (e.g. Berendsen, 2007; Cohen et al., 2014a). Previous maps studies include 
national mapping series (soil maps, geomorphological maps, and geological maps on scale 1: 
50,000), many local reports, and theses. These studies provide information about geomorphology, 
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stratigraphy, and age, which are essential for studying landscape evolution. These studies and their 
map datasets are however heterogeneous in scale, spatial coverage, and resolution. Additionally, 
when comparing them it becomes clear that they sometimes have conflicting boundaries and/or 
different genetic interpretations of the mapped units. This is because the mapping products were 
made within research traditions that each had specific academic or applied research purposes 
(e.g. pedological, geological or geomorphological; Figure 2.1A). Additionally, the older maps were 
produced during periods when the state of knowledge was less well developed, making it hard 
to derive correct interpretations. Nevertheless, these previous studies have been based on large 
amounts of source data that nowadays often are inaccessible because of levelled relief or data loss 
(e.g. borehole data). Despite differences between themes, aims, coverage, and quality, many of the 
existing datasets contain useful information about geomorphological landscape evolution. Because 
of its fragmented nature, however, the data have to be combined and integrated into new uniform 
reconstructions to use its full potential. This requires the reconstructions to be uniform, objective, 
transparent, and adaptable to new data and insights. Digital GIS environments provide the best 
opportunity to achieve this (Berendsen et al., 2007). 

Integrating information from existing maps into new GIS landscape reconstructions faces 
the following challenges: (i) converting legend units of original studies to those used in new 
reconstructions (e.g. from clay (lithology) to salt marsh (geomorphology)); (ii) reconciling 
element-outline differences for elements mapped by multiple authors at different spatial scale and 
depth range; (iii) verifying the originally-reported dating information; and (iv) resolve remaining 
inconsistencies between input maps, due to differences in interpretation. 

To tackle these challenges the datasets have to be cross-compared to obtain the right priority 
rules for combining them. This for example includes assessing which dataset has the most accurate 
boundaries, or which dataset has the best genetic interpretation of the element. This can only be 
done successfully when the researcher is aware of the original focus of the studies, their scale and 
research strategy, and the state of knowledge at the time the studies were performed. Below we 
present an overview of the research traditions influencing the legacy map data for the Netherlands. 
First, the research traditions of geological mapping, soil mapping, and geomorphological mapping, 
which lead to maps that document the currently preserved state of the landscape, are described 
(Figures 2.2 to 2.5). Next, we introduce the research traditions behind palaeogeographical and GIS-
generated time series. The new landscape reconstructions for the Holocene coastal plain and Rhine-
Meuse delta presented in this thesis are based on revised and expanded versions of these existing 
map products. The methodology used for their compilation is described in chapters 3 and 6 and 
Appendix C.

2.2	 Research traditions and resulting maps products

The oldest geological maps of the Netherlands were compiled on a scale of 1:200,000 by Staring 
(1858–1867), and later by Tesch (1942) on a scale of 1:50,000. Vink (1926) mapped channel belts in 
the western part of the Rhine-Meuse delta. Since these pioneering works, many map products have 
been compiled (Figure 2.1A and Table 2.1). 

2.2.1	 Pedo-geogenetical and pedological mapping traditions 
From the 1940s to 1960s, many local and regional studies were produced mapping soil properties, 
as well as substrate stratigraphy and geological-geomorphological development (Figure 2.1A, 
Table 2.1). These detailed soil mappings (on scales 1: 10,000 and 1: 50,000) do not cover the entire 
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Netherlands, but are available for small parts of the coastal plain (e.g. Van Liere, 1948; Bennema et 
al., 1952 - Figure 2.2A, Cnossen, 1958; De Smet, 1962), the fluvial area (e.g. Edelman et al., 1950; 
Pons, 1966 - Figures 2.7B) and the Pleistocene sand area (e.g. Pijls, 1948; Schelling, 1955 - see 
Appendix A). These pedo-geogenetical studies aimed to characterise the soil and its parent material 
for agricultural rationalisation. The map products provide information on the lithology of the 
shallow substrate (upper 1 or 2 meters) in a high spatial detail. Especially landscape elements such 
as residual channels, alluvial ridges, and tidal levees were mapped in high detail (Figure 2.2A). This 
detail could be reached because many, nowadays partly lost, borehole data were used, supplemented 
with geomorphological field observations to draw accurate boundaries. Many mapped elements 
are not easily traceable anymore in the present-day landscape and in more recent maps, due to 

Direct observations Indirect observations Scale of 
application

Research tradition Geomorphology Facies Sequence 
of facies

Development Age

Pedo-genetic traditions +/- ++ + +/- +/- L
Geomorphology ++ -/+ - + - R
Chronostratigraphy - -/+ ++ + ++ R
Lithostratigraphy 21st C. + + ++ +/- +/- L-R
Palaeogeography + ++ + +/- ++ L-R
GIS-generated maps,
this thesis + ++ + +/- ++ L-R

Table 2.1 | Mapping research traditions of the physical landscape in the Netherlands, see Appendix A for a more 
extensive overview. + indicates a strong focus on this aspect, - means almost no focus on this aspect, L = local, R = 
regional.

Pedo-genetic maps STIBOKA 1:50,000 map series

Pedo-genetic / pedological tradations

Geomorphological traditions

Quaternary geological traditions

Palaeogeographical traditions

GIS generated
palaeogeography

Geom. 1:50,000 map series

Geological 1:50,000 map series 3D layer and voxel 
models

Regional geomorphological-geological
maps

1950 1975 2000

Regional maps

National National National

LiDAR

Fig 2.2

Fig 2.3

Fig 2.4

Fig 2.7

A B

Fig 2.5

Figure 2.1 | (a) Timeline of parallel mapping research traditions regarding Physical Geography of the Netherlands 
used since the 1950s. (b) Physical Geographical division used in this thesis (see Figure 1.1), with the location of the 
example areas used in this chapter. Blue = coastal plain, green = Rhine-Meuse delta, yellow = Pleistocene sand 
area.
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agricultural rationalisations or because the areas nowadays have been overbuilt. In addition to 
soil type and lithology, these studies documented chronological information, landscape evolution, 
historic land use, and archaeology. Because of the high spatial resolution and the documentation 
of the soil-genetic properties, these studies provide information about the presence, age, and extent 
of geomorphological elements mapped in this thesis. The spatial resolution of these datasets, in 
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Figure 2.2 | Example area Walcheren, southwestern coastal plain (for location see Figure 2.1B). The area contains 
a beach barrier in the northwest (yellow and orange), while sandy creeks dissect clayey and peaty flood basins in 
the back-barrier area (brown and green). (a) Pedogenetic map Bennema et al. (1952; original scale 1:10,000). (b) 
Geological map (1:50,000). (c) Palaeogeographical map for AD 800 Vos & De Vries (2013). The red outline indicates 
the extent of Figures 2A, B, E. (d) Voxel-model map GeoTOP (Stafleu et al., 2011) showing the most-probable 
lithology 0.5-1.0 m below the surface. The red outline indicates the extent of Figures 2A, B, E. (e) GIS-generated 
palaeogeographical map for AD 800 (chapter 3; Pierik et al., 2016).
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general, has not been equalled by more recent studies, the chronology and interpretation of the 
mapped elements, however, was often much improved in later studies. 

The geological, geomorphological, and palaeogeographical insights from these pedology-
driven studies were up-scaled to larger parts of the coastal plain by for example Pons and Wiggers 
(1959/1960), Van Wallenburg (1966), and Pons and Van Oosten (1974). Local pedological terms 
from the northern and western coastal plain, such as ‘knikklei’ (Veenenbos, 1949) and ‘pikklei’ (de 
Roo, 1953), contain lithological information that can be translated into geomorphological units 
(e.g. soil formation in ‘heavy’ clay that formed as a supratidal flat). The deposits in the southwestern 
coastal plain were divided based on chronostratigraphical, geomorphological, and pedological 
criteria: (a) the oldest reclaimed areas contain decalcified soils, sandy inversion ridges, and clayey 
supratidal areas; (b) successively younger embanked tidal flats (mostly formed since the Late Middle 
Ages) have a higher elevation, contain more sand and have soils that so far remained calcareous 
(Bennema et al., 1952; Pons, 1965). 

A unifying soil-classification system for national use was introduced in the Netherlands in 
1966 (De Bakker and Schelling, 1966; De Bakker, 1970; Schelling, 1970), resulting in a STIBOKA 
1:50,000 scale map series with a national coverage. Similar to the pre-1966 studies, the system 
focusses on shallow-soil properties (typically to 1.2 m depth); however it is more distinctly based on 
descriptive pedological criteria. Despite this shift in focus to uniformly describing the soil profile, 
the accompanying documentation still contains a substantial review of the shallow geology. These 
maps are fully available digitally and still used widely. The national coverage of the dataset is a merit, 
however, the boundaries of the units are relatively inaccurate since the delineations used in earlier 
detailed local studies were not adopted.

2.2.2 	 Geomorphological traditions 
Geomorphological maps principally show the relief (shape, elevation, slope) of the landscape and 
additionally contain information about landscape genesis on a general level (e.g. aeolian dune, 
natural levee, beach ridge). Map sheets have been published since 1977 as a joint effort of the 
Geological Survey and the ‘Stichting voor Bodemkartering’ (Ten Cate & Maarleveld, 1977). Since 
the 2000s, LiDAR imagery has been used to complete the mapping campaign on a national coverage 
(Koomen & Maas, 2004), and to refine the mapped boundaries (e.g. Berendsen & Volleberg, 2007; 
Van der Meij, 2014). Geomorphological maps (Figures 2.3B, 2.4A and 2.5A) are widely applied in 
geoarchaological studies and landscape planning. For the coastal area, tidal channel belts, supratidal 
channels and levees, and polders are well-mapped units in this dataset (Figure 2.3B, E). In the 
central Rhine-Meuse delta, Berendsen (1982) developed a geomorphological-geological map legend 
that displays the variation in lithofacies of the upper 2 m in a profile-type legend (Figures 2.4B and 
2.7B). These maps have a larger emphasis on landscape genesis, i.e. a more detailed break-down of 
various genetic processes. Therefore they are useful for studying landscape evolution. 

2.2.3	 Chronostratigraphic traditions 
For the coastal plain, a chronological subdivision system was used by geologists throughout the 20th 
century for categorising the deposits represented on geological maps. This system had originally 
been developed by Dubois (1924), Tesch (1930) and Tavernier (1946; 1948) for the Flemish and 
northernmost French coastal-plain area (Figure 2.6). They identified two back-barrier clastic 
units (the Calais and Dunkirk units, respectively) that in most places were separated by a peat 
interval. This originally lithostratigraphical division was adopted and extended by the Netherlands’ 
geological survey for application in the coastal area of the Netherlands (e.g. Hageman, 1963; 1969; 
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Zagwijn & Van Staalduinen, 1975). The extension included the recognition of multiple Calais-
transgression sub-phases and multiple Duinkerke-transgression sub-phases (Calais sub-units 
‘I to IV’ and Dunkirk sub-units ‘0 to III’), separated by intervals characterised by the absence of 
transgressive deposition, with local soil development and peat growth. The sub-phases were 
distinguished based on radiocarbon dating results rather than on the depositional architecture, 
resulting in a chronostratigraphic system rather than a lithostratigraphical one. Beds received the 
sub-unit label throughout the entire coastal plain, regardless of their correspondence to more local 
tidal systems (Figure 2.6). Consequently, the chronostratigraphical system neglected diachronous 
lateral shifts in sedimentation resulting from more local effects.

The reliance on radiocarbon dating was based on the assumption that the subunits represent 
regionally-shared sea-level controlled transgressions, whereas peat intercalations were assumed to 
correspond to temporary decelerations of sea-level rise. Because these fluctuations were presumed 
to be climate-driven, this system was also transferred to the Rhine-Meuse delta, assuming that 
transgressions in the coastal area would be represented as the expansion of clastic sediment in the 
delta as well. The presumed sea-level rise fluctuations were used to explain phases of habitation 
in the coastal area (e.g. Louwe-Kooijmans, 1974; Behre, 2004). The 1:50,000 geological mapping 
campaigns from 1964 onwards used a profile-type legend based on these subdivisions (for 
detailed references see Appendix A). The first geological maps of these series were compiled in the 
southwestern Netherlands in the 1960s and 1970s, and showed an essentially chronostratigraphical 
division. Later mapping campaigns in different parts of the coastal plain and the Rhine-Meuse delta 
also included back-barrier facies and environmental interpretation as a subdivision (e.g. Dunkirk I; 
supratidal deposits). 

As more radiocarbon dates became available, however, it turned out that the presumed 
synchronicity of the supraregional regressions and transgressions and the sea-level rise forcing that 
these implied did not exist (Roeleveld, 1974; Van de Plassche, 1985; Baeteman, 1999; Weerts et al., 
2005). Also, the presumed coupling between marine transgression and increased clay deposition 
in the fluvial area was falsified (Berendsen, 1984ab). The observed pulses of clastic sedimentation 
in the delta could be linked successfully to avulsion patterns rather than to events synchronously 
occurring throughout the entire delta and coastal-plain (e.g. Törnqvist, 1993). In addition, gradually 
increased clastic input resulting from upstream catchment deforestation (Hoffman et al., 2007; 
Erkens & Cohen, 2009), and generations of tidal systems (Beets & Van der Spek 2000; Vos 2015a) 
were considered important factors determining the observed variations in sediment deposition 
throughout the delta. 

Geological maps are available for large parts of the coastal plain and the delta, although a few 
map sheets were never completed. When compared to soil maps and geomorphological maps, they 
display older and less shallow deposits. Especially in the coastal plain, geological maps provide 
a consistent dataset displaying the planform geometry and ages of Holocene generations of tidal 
architectural elements (Figure 2.2B). Their use for geomorphological reconstructions is particularly 
straightforward for those areas where facies (channel deposits, tidal flat deposits, etc.) were 
separately mapped (i.e. for the younger map sheets). The original age-attribution was re-evaluated 
by verifying and complementing the originally used dates (14C, archaeology) with newer additional 
dating evidence. For the fluvial area, the more recent accurate maps and new borehole data provide 
information with more detail on lithology, facies architecture, and chronology. Therefore geological 
maps are less useful here.
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2.2.4	 Lithostratigraphic mapping traditions
Lithostratigraphical schemes divide the substrate into mappable units (Formations, Units, Beds) 
that have distinct lithological properties and occur at distinct stratigraphical positions (Salvador, 
1994). The Dutch lithostratigraphic subdivision was revised in 2000, replacing the Calais/Dunkirk 
terminology (Weerts et al., 2000). All clastic coastal plain deposits of the barrier and the back-
barrier subsystems were assigned to the Naaldwijk Formation (Ebbing et al., 2003; Vos, 2015a). 

Figure 2.3 | Example area in the northern coastal plain (location see Figure 2.1B). In the north the Wadden 
sea can be seen with its channels and intertidal flats, south of it supratidal flats and flanking peatlands. (a) 
Palaeogeographical reconstruction 2000 BP of Roeleveld (1974). (b) LiDAR-based geomorphological map 
(Koomen & Maas, 2004). (c) Palaeogeographical map for AD 100 Vos & De Vries (2013). (d) GIS-generated landscape 
time slice map (T3: 1500 BC to AD 900; Cohen et al., 2017a). (e) GIS-generated palaeogeographical map for AD 900 
(chapter 3; Pierik et al., 2016). 
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Following the original (pre-radiocarbon dating) transgression-phase based subdivision, a lower 
and upper clastic member were distinguished in the back-barrier area (Wormer and Walcheren 
Members, respectively Figure 2.6), separated by a main peat layer (Holland peat). Fluvial deposits 
no longer were chronostratigraphically linked to deposits in the coastal plain: all Holocene 
fluvial deposits were now attributed to the Echteld Formation, which was further subdivided into 

Figure 2.4 | Example area of the Rhine delta around Utrecht (location see Figure 2.1B). The Rhine channel belt 
splits in a western and northwestern branch, flow direction is towards the west (left). The channel belt (yellowish 
in B and C) is flanked by flood basins filled with clay and peat (respectively green and brown in maps B, D, E and 
F). (a) Geomorphological map (original scale 1:50,000 – Koomen & Maas, 2004). (b) Geomorphogenetical map 
Berendsen (1982; original scale 1:25,000; digitised version). (c) Channel-belt age base map by Cohen et al. (2012). 
(d) Palaeogeographical map for AD 100 of Van Dinter (2013). (e) GIS-generated palaeogeographical map for AD 
900, chapter 6. (f ) Palaeogeographical map for AD 100 Vos & De Vries (2013). 
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lithofacies units (channel-belt deposits, natural-levee deposits, residual-channel deposits etc.; 
Weerts, 1996; Weerts et al., 2005). In overview maps these units are grouped by age, origin, and 
network properties (i.e. channel-belt generation; Berendsen, 1982; Berendsen & Stouthamer, 2001; 
Cohen et al., 2012).

In contrast to the earlier chronostratigraphical system, no further subdivision into 
superregional transgressional and regressional units was made in the late-Holocene Walcheren 
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Figure 2.5 | Example area Twente (eastern Pleistocene sand area) (location see Figure 2.1B) containing ice-
pushed ridges (dark yellow in C), brook valleys (green in A; grey in C) and (mostly dug) fen peats (purple in B and 
E; brown in C and D). (a) Geomorphological map (original scale 1:50,000 – Koomen & Maas, 2004). (b) Soil map 
(original scale 1:50,000 - De Vries et al., 2003). (c) Palaeogeographical map for AD 100 of Vos & De Vries (2013). (d) 
Geological map (original scale 1:50,000 - Van Den Berg & Den Otter, 1993). (e) Vegetation reconstruction for the 
Roman period (Van Beek et al., 2015a). 
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member. Exceptions are the infilling members of the Almere Lagoon in the middle part of the 
Netherlands (e.g. Almere Bed) and the IJe Bed deposits that represents Medieval clays topping 
peat around the Almere Lagoon. For specific regions in the coastal plain, Vos et al. (2007), Vos & 
Eijskoot (2011), and Vos (2015b) have further distinguished late Holocene coastal clastic members, 
based on lithofacies properties and network position in a similar way as was done in the fluvial area 
(Figure 2.6). Using network position means that the mapped deposits and landforms are coupled 
to a particular tidal system that delivered the sediments, which is the main tidal inlet that was 
the sediment source of the depositional elements. Within a single tidal inlet system, architectural 
elements occur with distinct sedimentological characteristics (lithofacies) that can be coupled 
to a specific depositional environment (e.g. sandy deposits from intertidal flats or clayey deposits 
from a supratidal flat). Applying this refinement in palaeogeographical reconstructions requires an 
advanced state of geological mapping because deposits have to be identified and traced over larger 
areas. 

The network-provenance approach in the labelling of individual elements has also been applied 
in palaeogeographical mapping and the 3D voxel modelling by the Geological Survey (GeoTOP 
- Stafleu et al., 2011; Van der Meulen et al., 2013 - Figure 2.2D) to distinguish and reconstruct 
different generations of fluvial and tidal systems in the substrate. The voxel models are currently 
available for the coastal plain and the fluvial area, they have a 100 × 100 × 0.5 m resolution, with 
attributes on lithology, lithostratigraphy, and its uncertainty. The 3D models map the substrate 
using earlier mapped boundaries and stratigraphy of geological elements to enhance borehole data 
interpolations. Especially for areas of which geological maps at high resolution are not present, the 
voxel models generate new information on extent and thickness of channel belts or levee complexes. 
Because interpolations not always resulted in sharp boundaries of the geological elements, the 
models mainly serve as indications for the extent of elements in geomorphological reconstructions 
rather than give an updated boundary.

2.2.5	 Palaeogeographical mapping
As more chronological data became available, research focus has shifted the last several decades 
from mapping the current state of the landscape and substrate, towards reconstructing its evolution 
and the involved geomorphological processes (Figure 2.7). Palaeogeographical maps that show 
the state of the landscape for distinct time steps (Pons et al., 1963; Zagwijn, 1986; Cohen et al., 
2014a; Vos, 2015a) were used as a tool to investigate landscape evolution. Such palaeogeographical 
reconstructions represent spatial and thematic integrations of knowledge and data from many 
local and regional studies. Sometimes the reconstructions additionally incorporate interpretations 
inferred from underlying direct observational data, such as raw borehole logs, outcrop drawings, 
14C dates, and archaeological finds. Producing landscape maps for a sequence of time slices requires 
re-evaluation of the age control and environmental interpretation of the source datasets. In 
addition, landform inheritance and preservation has to be assessed as well as reconstructing parts of 
the landscape that have not survived later erosion (Cohen et al., 2014b; Vos, 2015b). 

The first palaeogeographical maps for the Holocene coastal plain with a national coverage 
were compiled by Pons et al. (1963); the second generation was established by Zagwijn 
(1986). In both publications, the selected time steps in the reconstructions coincided with the 
presumed transgression periods in the coastal and fluvial areas derived from then prevailing 
chronostratigraphy. More detailed regional maps were made by Knol (1993 - Northern Netherlands) 
and Lenselink & Koopstra (1994 – central and northwestern coastal plain). For the Rhine-Meuse 
delta, a number of regional palaeogeographical maps were compiled to support geoarchaeological 



34

research. These studies mapped the geomorphological units in the landscape, but generally only 
for the Roman period (Willems, 1986 – Overbetuwe, east; Van Dinter, 2013 – Utrecht-Leiden - 
Figure 2.4D). Schematic palaeogeographical maps of channel belt evolution were made for specific 
regions (e.g. Berendsen, 1982; Weerts & Berendsen, 1995 - Figure 2.7C), eventually resulting in 
GIS-generated maps of channel belt generations for the entire Rhine-Meuse delta (Berendsen & 
Stouthamer, 2001). Since the 1990s in the context of the Treaty of Malta, an increasing number 
of local archaeological research projects was carried out in combination with geological and 
geomorphological research. Results from these projects were integrated in various previous 
reconstructions of past landscapes of different parts of the coastal-delta plain of the Netherlands, 
such as by Vos & Van Heeringen (1997 - Zeeland), Vos & Zeiler (2008 – Zeeland), Vos (2008 – 
Oer-IJ), Cohen et al. (2009 – Gelderse IJssel valley and delta), Vos & Eijskoot (2011 - Vlaardingen), 
Ten Anscher (2012 – Noordoostpolder), Vos & Knol (2015 – Northern Netherlands and German 
Wadden coast), Van Zijverden (2013; 2017 - West Frisia). The palaeogeographical maps from these 
studies represent smaller parts of the coastal and delta plain, e.g. one tidal system or linked tidal 
systems. These reconstructions generally used newly collected detailed information from key sites 
on archaeology, facies architecture, stratigraphy or chronology (Vos, 2015a). The landscape between 
these key sites was then reconstructed using information from national datasets (mainly LiDAR 
data). This approach was up-scaled to create a uniform palaeogeographical map series covering the 
entire Netherlands (Vos, 2006; Vos et al., 2011; Vos & De Vries, 2013; Vos, 2015a - Figures 2.2C, 
2.3C, 2.4F, 2.5C). Relatively few palaeogeographical reconstructions exist for the Pleistocene sandy 
areas of the Netherlands. Here, landscape changes occurred on a smaller scale (e.g. drift sand 
activity, peat bog growth and reclamation, changes in vegetation), which have been reconstructed 
by e.g. Casparie & Streefkerk (1992), Spek (2004), Van Beek (2009) and Van Beek et al. (2015ab 
– Figure 2.5E). These reconstructions were incorporated in the national palaeogeographical map 
series of Vos & De Vries (2013).

The process of making palaeogeographical maps forces its maker to produce a full 2D coverage 
of the reconstructed landscape, although the available or accessible data and knowledge on 
landscape development may neither cover the entire area nor be evenly distributed. Decisions on 
element inclusion, generalisation, age, and diachroneity underlying existing palaeogeographical 
reconstructions often were implicit, and generally have been poorly documented on the scale of 
individual elements. Most palaeogeographical maps are manually produced visualisations of a past 
landscape, only available for pre-determined time steps or with irregular intervals, depending on 
the purpose and data availability. This poses some limitations to the full understanding of landscape 
development. Time series of palaeogeographical maps for the youngest millennia typically 
encompass shorter time intervals than those representing earlier millennia, because the more 
recent deposits have been better preserved and have more precise age control. Therefore, elements 
only active for a shorter period than the time steps between consecutive reconstructions may be 
missed on the maps. Finally, when the chosen time steps correspond to the time scale at which the 
elements (e.g. expanding tidal inlets or natural levees) gradually develop towards a mature state, 

Figure 2.7 (right page) | Map generations in the Rhine-Meuse delta. Selected maps for the Bommelerwaard 
example area (south-central delta; see Figure 2.1B). (a) Soil maps of Edelman et al. (1950) and (b) profile type 
maps of Berendsen et al. (1986). (c) Schematic reconstruction of channel belt activity by Weerts & Berendsen 
(1995). (d) GIS-generated reconstruction with focus on network history (Cohen et al., 2012, update of Berendsen 
& Stouthamer, 2001). (e) GIS-generated reconstruction, added focus on natural levees (chapter 6). In the 
reconstructions, active channel belts are displayed in black, yellow and orange; inactive channel belts as grey and 
light green.
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B: Geomorphological-geological map

C: Palaeogeographical cartoon reconstructions

D: GIS generated palaeogeography of channel belts

E: GIS generated palaeogeography of channel belts and their natural levees

100 AD 900 AD

100 AD 900 AD

100 AD 900 AD

A: Soil map

- Palaeogeographical reconstructions
- Mapped elements = reconstructed elements
- Emphasis on age of all landscape elements
- Inherited features and post-erosion
- Dynamic landscape state considered for archaeology

- Delta wide reconstructions of the channel-belt network
- Mapped elements = reconstructed elements
- Emphasis on age of channel belts and sandy crevasse splays

- Palaeogeographical cartoon reconstructions of the channel belt network
- Emphasis on age of channel belts

- Emphasis on genesis and age of the elements
- Current state considered for archaeology

- Emphasis on soil properties
- Current state considered for archaeology

Edelman et al. (1950) Berendsen et al. (1986)

Weerts & Berendsen (1995)

Cohen et al. (2012)

Chapter 6
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the exact spatial extent of such elements on the chosen time step is hard to reconstruct. This can 
introduce biases when the map series are used for inferring rates of natural landscape changes (e.g. 
for sediment budgeting studies - Erkens & Cohen, 2009). 

2.2.6	 GIS-generated landscape reconstruction maps 
Since the 1980s, the development of Geographical Information Systems (GIS) has allowed digital 
map recombination and computer-aided conversion and processing of data (e.g. Burrough, 1986). 
The GIS methodologies not only provided new techniques for map drawing and visualisation, they 
also facilitated collecting and managing large amounts of data in one single information system. 
This made it possible to query, analyse, combine, and update geographic information. Major 
benefits of using these methodologies for palaeogeographical landscape reconstructions are that 
GIS can contain much information and the products are more generic, verifiable, and adaptable 
(Berendsen et al., 2007). 

The first scripted digital procedure to construct palaeogeographical maps was performed by 
Berendsen et al. (2001; 2007) who compiled time series of river-network evolution (latest published 
version: Cohen et al., 2012 - Figure 2.4C). The dataset documents and summarises a large amount 
of information on the position and age of subsequent river courses in the Rhine-Meuse delta 
through the Holocene (Figure 2.7). Over the period 2011-2016, this dataset was expanded to cover 
the Netherlands’ coastal plain outside the Rhine-Meuse delta, introducing additional base maps of 
pre-deltaic valley landforms (Cohen et al., 2012). Other new datasets following the scripted digital 
procedure are geoarchaeological predictive maps for the embanked floodplains (Cohen et al., 
2014b) and buried Holocene landscapes (Cohen et al., 2017a - Figure 2.3D). 

Both traditional and GIS-generated palaeogeographical maps rely on existing maps and 
require decisions regarding the absolute and relative age of the mapped units. In GIS-derived 
palaeogeographical maps, the decisions on element age and extent are documented in the 
scripts and element labelling of the base maps, which facilitates selecting data based on their 
age. This makes it possible to compose palaeogeographical maps by combining selections of 
geomorphological elements that were active during the desired time steps or periods. In this 
way, a direct cross-check is possible between the mapped geology, geomorphology, and the 
palaeogeography. For example, the geological-geomorphological map of Berendsen & Stouthamer 
(2001 - Figures 2.4C and 2.7) shows the age of channel belts as well as the palaeogeographical 
map series of the evolving river network. They are derived from the same base map using scripted 
recombinations of the same polygons. This allows a palaeogeographical map to be extracted for any 
time slice in the past, and not only for moments that were a priori decided upon by the map maker. 
The GIS-generated datasets of the Rhine-Meuse delta have found many scientific applications in 
themes such as channel belt network dynamics (e.g. avulsion: Stouthamer (2001), Kleinhans et al. 
(2010), transgressions (Hijma & Cohen, 2011), sediment budgeting (Erkens, 2009; Hobo, 2015), and 
flooding dynamics (Toonen, 2013)). 

2.3	 Concluding remarks

The mapping history of the physical landscape and its substrate in the Netherlands shows different 
generations of research disciplines, spatial coverage, and resolution, associated information types, 
and a recent evolution towards GIS-based approaches. The oldest map generations focussed 
on the geology, geomorphology, or soil type, ranging from very local detailed studies to national 
overviews. Owing to the introduction of the radiocarbon dating method, maps produced since the 
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1950s had considerably gained accuracy on age and genetic interpretation of the mapped elements. 
This resulted in the production of a large number of genetic geomorphological maps, as well as 
palaeogeographical reconstruction maps (Figure 2.7). After earlier maps and source data (e.g. 
borehole data) had become digitally available in the early 2000s, new integrated GIS reconstructions 
have been established. The maps from the research traditions discussed in this chapter generated 
knowledge for agriculture, landscape planning, and geoarchaeological prospection. Besides, they 
contributed to fundamental research on landscape evolution or on human-landscape interaction, 
when confronted with settlement dynamics (e.g. Spek, 2004; Van Dinter, 2013; Van Lanen et al., 
2015ab).

To keep knowledge on geomorphological evolution up-to-date, it is important to continue 
combining existing information and new datasets into integrated overviews. This will in several 
cases provide new insights or interpretations on age or genesis of mapped units, but sound 
comparison of different data sets requires awareness of the original focus, scale, research strategy, 
and state of knowledge underlying each data set. The smart integration following the right 
combination of priority rules (e.g. which dataset provides the best information on age or extent?) in 
incorporating these datasets is the best way to disclose the otherwise fragmented knowledge. Using 
the GIS-generated palaeogeographical mapping system as an iterative tool is an important benefit 
for studying the geomorphological evolution of past landscapes. The system is generic, verifiable, 
adaptable, and landscape situations can be extracted for any time slice in the past. During the GIS 
workflow, inconsistencies in interpretation or input data can be detected and resolved, bearing the 
background of the research traditions and underlying interpretations in mind. Doing so, enables to 
harvest most information on landscape evolution from our country’s research legacy.
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Chapter 3

A new GIS approach for reconstructing and 
mapping dynamic late Holocene coastal plain 
palaeogeography
The geomorphological development of Holocene coastal plains around the world has been 
studied since the beginning of the twentieth century from various disciplines, resulting in large 
amounts of data. However, the overwhelming quantities and heterogeneous nature of this data 
have caused the divided knowledge to remain inconsistent and fragmented. To keep improving 
the understanding of coastal plain geomorphology and geology, cataloguing of data and 
integration of knowledge are essential. In this chapter we present a GIS that incorporates the 
accumulated data of the Netherlands’ coastal plain and functions as a storage and integration 
tool for coastal plain mapped data. The GIS stores redigitised architectural elements (beach 
barriers, tidal channels, intertidal flats, supratidal flats, and coastal fresh water peat) from 
earlier mappings in separate map layers. A coupled catalogue-style database stores the dating 
information of these elements, besides references to source studies and annotations regarding 
changed insights. Using scripts, the system automatically establishes palaeogeographical maps 
for any chosen moment, combining the above mapping and dating information. In our approach, 
we strip the information to architectural element level, and we separate mapping from dating 
information, serving the automatic generation of time slice maps. It enables a workflow in which 
the maker can iteratively regenerate maps, which speeds up fine-tuning and thus the quality of 
palaeogeographical reconstruction. The GIS currently covers the late Holocene coastal plain 
development of the Netherlands. This period witnessed widespread renewed flooding along the 
southern North Sea coast, coinciding with large-scale reclamation and human occupation. Our 
GIS method is generic and can be expanded and adapted to allow faster integrated processing of 
growing amounts of data for many coastal areas and other large urbanising lowlands around the 
world. It allows maintaining actual data overview and facilitates new ways of analysis at national, 
regional, and local scales.

Published as: Pierik, H.J., Cohen, K.M., Stouthamer, E. (2016) A new GIS approach for reconstructing and 
mapping dynamic late Holocene coastal plain palaeogeography. Geomorphology 270, p 55–70. dx.doi.org/10.1016/j.
geomorph.2016.05.037.

3.1	 Introduction

The evolution of Holocene coastal plain landscapes has been studied extensively worldwide over 
several decades of research history and from several different scientific disciplines, resulting in a 
large variety of thematic studies and maps. Some of these studies contain palaeogeographical 
reconstructions (e.g. Baeteman, 1999; Metcalfe et al., 2000; Fitch et al., 2005; Tanabe et al., 2006; 
Alexakis et al., 2011; Hijma & Cohen, 2011; Tamura et al., 2012; Tanabe et al., 2015; Vis et al., 
2015), in which geological and geomorphological data was incorporated. Although differences in 
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approach behind the various palaeogeographical map products exist, they all have been compiled 
using conceptual insights, based on geological principles and region-specific knowledge, such as 
history of relative sea level change or shifts in availability of sediment. These (mainly static) maps 
were compiled to map and illustrate coastal plain development and usually lack a systematic (i.e. 
verifiable) mapping approach. This limits possibilities to query, verify, update, and expand the 
reconstructions. Further improvement of coastal plain mapping is generally reckoned to benefit 
from the integration of heterogeneous data in palaeogeographical maps or uniform databases.

For the Netherlands, many high-density data sets, dissertations, map series, and reports 
documenting the complex geological subsurface architecture are available (chapter 2; Appendix 
A). They have been produced over a period of decades and greatly differ in state of knowledge 
at the time of production, in spatial coverage, and in research focus. Integrated traditional 
palaeogeographical map products (Pons et al., 1963; Zagwijn, 1986; Vos & Knol, 2015; Vos et al., 
2015ab) have found considerable application in geoarchaeological studies (e.g. Knol, 1993; Vos 
& Van Heeringen, 1997; Gerrets, 2010) and in geological-geomorphological coastal plain studies 

Figure 3.1 | Coastal plain setting of the Netherlands: coastal plain peat and middle Holocene tidal deposits after 
Cohen et al. (2017a), tidal deposits (this chapter). 
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(e.g. barrier formation: Beets and Van der Spek, 2000; river avulsion: Kleinhans et al., 2010; 
transgression and peat growth: Hijma & Cohen, 2011; Bos et al., 2012). The attribution of age to 
the mapped elements especially is a major source of uncertainty resulting in differences between 
reconstructions. Even for the densely mapped and dated coastal plain of the Netherlands, the 
number of elements in reconstruction maps is so large that their majority remains relatively 
dated only. For all these elements, age-attribution decisions are then taken, often without explicit 
documentation of the underlying assumptions. This makes adapting these reconstruction maps 
to new insights and data difficult and hampers integration with maps of adjacent areas. To keep 
national late Holocene landscape reconstructions up-to-date, a dynamic approach to mapping and 
dating is required that facilitates producing palaeogeographical maps for any chosen time step and 
allows us to easily update the elements on the map. To take into account all accumulated knowledge, 
integration and documentation of maps based on heterogeneous, fragmentary data sets for various 
parts of the coastal plain are essential. Such a system provides new opportunities to study the 
geological architecture and evolution of the coastal plain over large regions based on more uniform 
source data than traditional maps provide.

Since the 1980s, the development of Geographical Information Systems (GIS) has allowed 
digital map recombination and computer-aided conversion and processing of data (e.g. 
Burrough, 1986), making it easier to produce coastal plain landform and substrate maps. The GIS 
methodologies provide the possibility to collect large amounts of data into a single information 
system in which querying and processing of data and statistical analyses can be done. In this chapter 
we present an advanced GIS design for geological-geomorphological and palaeogeographical 
mapping of the late Holocene coastal plain of The Netherlands. Our method elaborates on an earlier 
developed GIS for reconstructing the river network evolution of the Rhine-Meuse delta (Berendsen 
& Stouthamer, 2000; Berendsen et al., 2001; Cohen et al., 2012). Our GIS stores the accumulated 
mapping and attribute data of geological architectural elements in a uniform way. It uses scripts to 
automatically generate time slice maps based on age information that is stored as element attributes. 
In this chapter, we restricted the GIS to the late Holocene palaeogeographical development (roughly 
the last 3500 years) – the youngest period for which data is available at the highest resolution and 
is most diverse. We explain our workflow for converting architectural-elements and their attributed 
age into palaeogeographical maps. In the discussion we focus on some of its output products and 
the research applications of the GIS. The GIS design and workflow to combine geological mapping 
and production of palaeogeographical reconstructions is a generic one. It is applicable to other 
Holocene coastal plains and other types of Quaternary sedimentary environments for managing 
ever-growing heterogeneous data sets, especially when excessive data availability and diversity 
hamper systematic analysis.

3.2	 General approach

The coastal plain of the Netherlands is considered an amalgamation of landforms with barrier 
systems, tidal inlet systems, and coastal peatland (Figures 3.1 and 3.2). Each tidal system consists 
of a main inlet channel that connects the open sea to different environments in the back-barrier 
zone (Figure 3.2). The architectural elements that make up these systems are genetically uniform 
geological features (e.g. Miall, 1985; element complexes cf. Vakarelov & Ainsworth, 2013) that can 
be distinguished based on their three-dimensional geometry, scale, and facies. We distinguished 
several types of architectural elements shown in coastal plain geological maps: beach ridges 
(topped by dunes), tidal channels (channel belts, subtidal deposits), fluvial channels (in the part of 
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the coastal plain that is affected by the Rhine-Meuse system), intertidal flats (wadden), supratidal 
saltmarsh, and freshwater peatland that occupies the farther inland part of the coastal plain. 
These architectural elements represent different landforms and former landforms with associated 
depositional environments (e.g. indicating position relative to tidal range and degree of exposure to 
waves; Van Straaten & Kuenen, 1957; Reineck & Singh, 1980; Vos, 2015a).

In the last few 1000 years, the formation and abandonment of tidal inlet systems and connecting 
beach barrier and river systems have been controlled by natural and anthropogenic effects (e.g. 

Table 3.1 | Conversion of existing studies into the GIS, for references see chapter 2. The problems in relative dating 
and overlap can be minimised by iteratively using the presented GIS.

Themes Use in GIS Source Info from source Strength Problems

Lithofacies In which base map: 
channel, intertidal 
flat supratidal flat, 
beach barrier?

Soil maps Lithology Detailed info 
deposits at the 
surface

Less detail for 
deposits below 120 
cm below surface

Dissertations, 
geological 
maps, reports 
TNO/Deltares/
Archaeology

Lithological and 
geological maps 
and cross-sections

Detailed Locally available

Planform 
geometry

Geometry of 
features

Soil/
geomorphological
/geological maps

Geometry mapped 
units

Available digitised 
data easily 
incorporated in GIS

Units may not 
overlap, checks 
needed

Stratigraphy, 
relative age

Old/middle/young 
position in GIS, age 
in database

Geological maps Chronostratigraphy Information on 
surface and deeper 
deposits

Chronology mixed 
with facies and 
stratigraphy: need 
independent check

Dissertations, 
reports TNO/
Deltares/
Archaeology

Lithological and 
geological maps 
and cross-sections 
Information on 
surface and deeper 
deposits, shows 
architecture

Detailed Local information 
only

Absolute age Old/middle/young 
position in GIS, age 
in database

Geological maps Chronostratigraphy Information on 
surface and deeper 
deposits

Chronology mixed 
with facies and 
stratigraphy: need 
independent check

Dissertations, 
geological 
maps, reports 
TNO/Deltares/
Archaeology

14C dates, 
OSL, pollen, 
macrofossils, 
dendrochronology, 
archaeology

Absolute age, 
detailed

Local, correlation 
issues

Historical sources Embankment Detailed, accurate

Network 
Position

Geometry of 
features and 
connection with 
main tidal systems

Soil/
geomorphological/
geological maps

Geometry relative 
to units interpreted 
as main tidal basins

Correlation 
based on 
chronostratigraphy 
need independent 
check
Erosion hampers 
correlation

Soil/
geomorphological/
geological maps, 
local studies

Lateral distribution 
of facies relative to 
units interpreted as 
tidal basins
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Beets & Van der Spek, 2000; Berendsen & Stouthamer, 2000; Vos, 2015a). The multiple tidal 
systems that developed during the Holocene resulted in a complex stacked heterogeneous coastal 
plain subsurface. Bringing down coastal plain sequence mapping to generations of tidal systems 
not only serves the legend of geological mapping, but also is key to performing palaeogeographical 
reconstruction with that data.

In the redigitisation process of individual elements from earlier maps, four aspects were 
considered (Table 3.1): (i) their lithofacies, to decide the type of architectural element and 
palaeogeographical map legend; (ii) their planform geometry; (iii) a best estimate of their age; 
and (iv) their network position, i.e. the parent tidal system to which it connects. In some cases, 
these four aspects all followed straightforward from one single study. However, in many cases 
earlier mappings left aspects of dating and network position unspecified; here we assessed that 
information ourselves. For some elements, contradicting interpretations from different studies had 
to be assessed and judged. This was done element-by-element, taking into account the conceptual 
background of these studies, the year of map production and availability of new observations 
(chapter 2; Appendix A). We started with unifying redigitised architectural elements from maps 
produced in national campaigns (geological, geomorphological, and soil surveys). In general, 
we retrieved the deeper preserved elements (> 1-2 m below the surface) from geological maps, 
whereas soil and geomorphological maps were used for the shallowest elements (upper 1-2 m). We 
then supplemented the information further with more local studies, with higher dating resolution 
(e.g. Pons & Van Oosten, 1974; Roeleveld, 1974; Vos, 2015a). The extent of shallow elements with 
topographic expression (supratidal ridges; tidal channel micromorphology, etc.) was cross-verified 
with LiDAR elevation data, available since 2005. At the most detailed level we stored absolute and 
relative dating information in a catalogue-style database that is part of the GIS. This includes a 
considerable amount of chronological data available in the Netherlands (mainly: 14C, archaeology, 
historical documents; palynology; occasionally: dendrochronology, OSL) from a great number of 
sampling locations (partial overviews in e.g. Pons & Wiggers, 1959/1960; Berendsen & Stouthamer, 
2001; Vos & Knol, 2015; Vos et al., 2015ab).

The GIS stores the planform geometry of the coastal plain architectural elements and their 
palaeogeographical development of the last ca. 3500 years over four digital map layers, which we 
call base maps. Each type of architectural element was mapped in a separate base map (see Table  
3.2 and Figures 3.3 and 3.4). We used the mapped architectural elements as palaeogeographical 
(geomorphological) units in the calculated palaeogeographical time series. The elements in each 
base map thus resemble the past existence of specific environments. The four base maps do not only 
store elements of different genesis but also of different architectural relations with older elements 
and the substrate. For example, tidal channels reworked underlying older deposits (erosive contact), 
whereas supratidal flat deposits nonerosively cover older elements (burial). Therefore, each base 
map was treated differently when producing palaeogeographical output. The GIS can also manage 
other landscape units, such as coastal dunes, reed margins, and the flanking peat area. In the current 
version of the GIS, these are stored in separate layers as static background imagery or overlay data.

The workflow to construct and fill the GIS repeatedly looped through four steps: two manual 
and two scripted (Figure 3.3). Step 1 involves manual base map editing, labelling, correcting, and 
visual comparison with earlier mappings of the elements incorporated in the reconstruction. Step 
2 is executed in parallel to base map editing and involves editing a catalogue-style database with 
the age of the architectural elements, their network membership (provenance), and references 
to original maps. The database also contains reasoning regarding reinterpretations as different 
dating approaches are suitable, depending on location and type of coastal architectural element 
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(full overview in Table 3.3). Steps 3 and 4 
are the script-automated steps to produce 
palaeogeographical maps for a user-specified 
series of time slices. The step 3 script links 
ages from the database to the elements in 
the base maps, yielding time-slice selection 
maps as output (per time slice and per 
thematic base map). The step 4 script then 
recombines these time-slice selection maps 
into palaeogeographical composite maps, 
producing one map for each time slice.

In the early stages of development, 
looping through steps 1 to 4 served to debug 
the script and improve the base map and 
to catalogue field information. In stages of 
matured GIS development, the iteration 
loops served as fine-tuning of relative dating 
and as resolving apparent inconsistencies 
between source studies for the same area. 
The base map assembly of step 1, separate 
age administration of step 2, and the 
automatized relabelling in the scripts of 
steps 3 and 4 together ensure that the output 
maps result from formalised systematic 
procedures. All polygons have attributes 
from calculations that followed the same, 
retraceable rules in all parts of the map. 
Section 3 documents further particularities 
of this workflow, including a discussion of how geological-geomorphological reasoning led to the 
digitalisation decisions that were taken.

3.3	 Workflow for map compilation and scripted palaeogeography

3.3.1	 Step 1: Assembling base maps holding architectural elements
We here describe design decisions of the four base maps and relate them to the properties of the 
architectural elements.

Base map 1 – tidal channel belts
Tidal inlets form a dendritic network in inland direction branching into smaller channels (Figure 
3.2). Their channels are erosive elements that rework the substrate. They create depositional bodies 
in incised positions, storing sediments of a subtidal facies (deposited below low water). Lateral 
migration of the tidal channels forms channel belts, depositional elements that are wider than the 
forming active channel itself. The channel belts consist of a mainly sandy channel facies (Van der 
Spek, 1996; Martinius & Van den Berg, 2011). The channels are most dynamic and erosive in the 
vicinity of the tidal inlet, where the channels cut into a sandy substrate and high energy conditions 
prevail. Notably in the vicinity of the tidal inlets of the Wadden Sea, substrate reworking occurred 

Legend
Dunes

Beach barrier

Sea / channel / subtidal lagoon

Intertidal flats

Supratidal flats

Supratidal levees

Reed lagoon margins

Terrestrial peat land

Figure 3.2 | Schematic outline of a coastal plain with 
different landscape units of one tidal system. The cartoon 
has been based on the Bergen inlet system (western 
Netherlands), after Pons & Van Oosten (1974; Figure 11).
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extensively and former tidal inlet positions were hard to reconstruct. In the GIS we incorporated 
the reconstruction from Vos & De Vries (2013) for this dynamic area. In other parts of the coastal 
plain, we obtained channel belt positions from geological mapping. We locally adapted these 
elements using LiDAR data, which much more clearly identified late Holocene tidal channel belts. 
Cross-cutting relationships of the channel belts and their related inter- and supratidal elements 
often allowed identifying the succession of tidal inlet activity. Dating of channel abandonment is 
relatively straight forward (see Table 3.3), for example, making use of in situ archaeology or dating 
from residual channel infills (TAQ dates for abandonment, Terminus Ante Quem). In the sandy 
channel belt deposits, dates on intact shells or OSL provide TPQ age control for the abandonment 
age (Terminus Post Quem) to channel activity and termination (e.g. Van der Valk, 1996a; Cleveringa, 
2000; Vos et al., 2015b). The timing of initiation of the channel elements is difficult to reconstruct, 
as with increased longevity their position changes and their dimensions gradually increase, laterally 
and vertically. Therefore, deposits from the earliest phase of activity, if preserved at all, are not easily 
identified which prohibits target sampling for direct dating of earliest tidal channel activity. Using 
iterative visualisation of developments and the intercomparison of developments for adjacent tidal 
systems that the GIS can provide, we aim to outline palaeogeographical arguments to optimise these 
initiation ages.

The central lagoon is a particular element that developed in the central coastal plain over the 
course of the late Holocene by tidal inlet extension and erosion of flanking peatland (Wiggers, 1955). 
Although the lagoon is not a tidal channel, we stored this element in the same base map because of 
its subtidal and erosive character. Reconstructions of stepwise erosion of this lagoon system in early 
phases rely on palaeogeographical arguments (e.g. Vos et al., 2015a). Again, such argumentations 
can be tested and improved by deploying systematic methods for palaeogeographical analysis.

Base map 2 – intertidal flats
Channels of the tidal system are often flanked by intertidal to supratidal depositional areas (Figure 
3.2). Intertidal flats are landforms that form between MLW (mean low water) and MHW (mean 
high water; Evans, 1965; Amos, 1995; Fan, 2012; Flemming, 2012). Intertidal flat deposits around 
the North Sea consist of strongly bioturbated sands with mud drapes or muddy sediments with sand 
lenses (Van Straaten & Kuenen, 1957; Reineck & Singh, 1980; Mauz & Bungenstock, 2007). Because 

GIS
Base 
map

Vertical 
position

Architectural element
and geometry

Dominant lithology Geological relation to other 
features

1 Subtidal Infilled channel bodies, 
estuaries, creeks (ridges and 
channels). 

Sand, sandy clay Erodes older features, inherited 
after abandonment

2 Intertidal/
subtidal

Intertidal flats (flats and 
channels)

Sand, sandy clay Partly/possibly erodes older 
features

3 Supratidal Supratidal flats and Supratidal 
ridges and levees

(Laminated) clay Superposed on older features

4 Below 
EHW

Beach barriers and plains Sand Erodes older features (wave 
reworking)

Table 3.2 | The GIS uses four manually maintained base maps that store different architectural elements in the 
coastal plain; the elements in each base map have characteristic lithologies, and geological relations to other 
features.



46

the shoals of the intertidal zone do not necessarily have an erosional base, these elements were 
stored in a separate base map from the reconstructed tidal channels. Neighbouring tidal channels, 
however, in areas such as the Wadden Sea and the larger estuaries of the southwestern Netherlands, 
tend to laterally rework tidal flat deposits rather quickly. In geological mapping campaigns it was 
therefore often impossible to distinguish between tidal flat shoals and tidal flat channels. In these 
areas, we recorded them as single amalgamated architectural elements in this base map (‘intertidal 
flats with partial or possible erosive channel belts’). On the landward side, facies are more 
segregated, and distinction between channel and shoals was often possible, allowing these elements 
to be stored over base map 1 and 2.

Base map 3 – supratidal flats and ridges
Supratidal depositional areas (salt marshes) trap sediment during storms and springtides (Frey & 
Basan, 1985; Allen, 2000; Bartholdy, 2012). Their deposits typically consist of pedogenically ripened, 
rooted, and decalcified clays with spotty iron oxide bands. The clays contain thin sand lamina that is 
well visible because faunal bioturbation is not as abundant in supratidal areas compared to intertidal 
areas (Vos & Van Kesteren, 2000). These supratidal deposits do not have an erosional base. Their 
extent can be recognised in clay occurrences in soil maps or as supratidal facies interpretations from 
geological maps. On their inland side, the supratidal deposits are usually flanked by peaty deposits 
from former freshwater fenlands.

Close to the intertidal and channel areas, slightly elevated elongated ridges can occur on 
the supratidal flats. These tidal levees are formed by regular flooding and storm events (Vos and 

Figure 3.3 | Workflow of the GIS construction. Planform geometry, extension, network position, facies, and 
stratigraphy are evaluated from the input data and digitised into four thematic base maps (step 1). The database 
stores attribute information (e.g. age, sources, additional remarks: step 2). Scripted querying is used to assign the 
ages from the database to the architectural elements in time series maps (step 3). These time series maps are 
recombined using geological relations (superposition, inheritance, cross-cutting) yielding palaeogeography per 
time step (step 4). Finally, the output is iteratively evaluated, and the base maps and database are adapted within 
the possibilities the data provides.

System Begin End Source Remarks 

A 3000 BP 2000 BP … … 

B 2000 BP 1000 BP … … 

Step 2: Database 

Step 1: Base maps Time series per base map Integrated time series 

Step 4 
Recombination:  
superposition  
and cross-cutting 

1: Channel belts 

2: Intertidal flats 

3: Supratidal flats 

A 

T = 2500 

Soil maps 

Geological maps 
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Existing data sets 

A 
B 

B 

B 

A 

A 

B 

Step 3 
Assigning 
age 
to elements 

2200 BP 
3500 BP * * 

T = 1500 

B 

4: Beach barriers 
B 

B 

B 

Cross-sections 

Raw time-selections: 
One for each base map for 
each time slice 

Evaluate GIS workflow: 
 - Base map boundaries and coding 
-  Database age assignment 
-  Script debugging 
-  Palaeogeographical output 
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Manual selection  
of element 
geometry and age 

Base maps and catalogue 
database 

Recombined time selections: 
One for each time slice 



47

Baardman, 1999; Vos & Gerrets, 2005). We mapped them as elements superimposed on former 
supratidal flats. Their delineations follow from LiDAR-aided geomorphological mapping. Supratidal 
flats and ridges are both stored in base map 3. A separate attribute field is used to label the polygon 
as ‘supratidal flat’ or as ‘supratidal flat with a supratidal levee’. Note that part of the supratidal 
depositional elements overlie fenland peat representing transgressive developments and that other 
parts overlie intertidal deposits, representing an infilling succession of tidal basins.

In the inland parts of the coastal plain, where supratidal depositional area expanded into and 
over fenland, age estimates for beginning of deposition typically followed from dating of organic 
material directly underlying the clay (Table 3.3; e.g. De Mulder & Bosch, 1982; Westerhoff et 
al., 1987; Vos & Van Heeringen, 1997). We treated such datings with caution, as the clay-peat 
contact in many places represents a hiatus on the top of the peat. This hiatus is caused by natural 
terrestrial processes and human activities affecting the fenland surface prior to transgression 
(causing oxidation of organic topsoil). Top-of-peat dates in such cases overestimate the age of first 
inundations and landscape change from a freshwater to saltmarsh supratidal environment (Vos & 
Van Heeringen, 1997). In more seaward parts, supratidal deposits overlie intertidal deposits, and 
dating of the transition can make use of radiocarbon dating certain molluscs (in viva intertidal 
species, storm-wash displaced fresh specimen; e.g. Vis et al., 2015). The end of supratidal 
depositional activity in the late Holocene Netherlands setting is associated with human reclamation 
of the supratidal flats. Therefore, a minimum age for their mature phase can often be derived from 
archaeology (e.g. Vos & Gerrets, 2005; Gerrets, 2010).

Base map 4 – beach barrier elements
Beach barrier complexes separate the open sea from the coastal plain. A barrier complex consists 
of beach ridge sandbodies and their near-shore underwater continuations. Beach ridges are shore-
parallel, several 100-m-wide, elongated sand ridges formed by wave action (e.g. Otvos, 2000; 
2012; Tamura, 2012). Beach barrier complexes can stretch over long distances between major tidal 
inlets, and individual beach ridges are not tied directly to specific individual tidal systems. Their 
identification and age administration is therefore kept separate from that of the tidal inlets.

Inland delineation of the individual ridge generations in the barrier complex followed from 
geological mapping. On the seaward side, older beach ridges show to be truncated by younger 
erosion. For these beach barrier elements, the delineation in the base map includes extrapolative 
reconstructions (e.g. Vos & De Vries, 2013).

In the western sector of the coastal plain (‘Holland’), successive generations of beach barrier 
elements amalgamated into a kilometres-wide and 100-km-long barrier complex between 6000 and 
3000 years ago (Van Straaten, 1965; Jelgersma et al., 1970; Van der Valk, 1996b; Cleveringa, 2000). 
In the other sectors along the coastal plain, the barrier complex is less wide and generally younger 
than 3000 years. Age control on the beach barrier elements was obtained from vertical series of 
14C dates on marine mollusc shells (e.g. Beets et al., 1992; Van der Valk, 1996ab; Cleveringa, 2000), 
besides from radiocarbon dating of local peats in the lows between ridges (e.g. Van de Plassche, 
1982) and OSL dating of beach and dune sands (e.g. Vos et al., 2015a).

3.3.2	 Step 2: Administrating network provenance and age
Here, we describe how the generations and age of the mapped elements was administered and 
encoded in the GIS. The age of the elements was obtained through extrapolation from the 
few intensively studied local sites using relative dating arguments (such as superposition and 
cross-cutting relationships) and established geological conceptual knowledge. Correlating and 
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distinguishing separate tidal systems was most simple at distal positions from the tidal inlet. 
Here, architectural elements have been preserved better, stratigraphic contacts can be traced over 
considerable distance, and intercalated peat beds provide abundant dating materials.

Dating quality and age resolution
The age resolution of the GIS strongly depends on the dating strategy and number of datings of the 
incorporated studies, which can vary substantially per element and region. We consider elements 
with three or more consistent dates to be well-dated, making a 100-year dating resolution possible. 
We used relative dating for elements that lack independent absolute age control. In these cases, 
the age assignment was based on burial relations (mainly of supratidal flats) and cross-cut (by 
channels) relations, still making a 500-year dating resolution possible. Correlation of the undated 
architectural elements is the most important source of uncertainty in landscape reconstructions and 
yields differences in reconstructions between authors. The great diversity of dating information and 
different possible lines of reasoning for age assignments to architectural elements (Table 3.3) makes 
documentation of the reasoning desirable. This GIS shows the current, most likely age; and its setup 
helps researchers to optimise age attribution to undated elements. Moreover, the GIS provides the 
infrastructure to iteratively check presumed element ages, by looping through steps 1 to 4. This 
allows tracking down inconsistencies on the generated maps and directing where to correct or 
optimise the reconstruction.

Network membership (provenance)
Based on their planform and stratigraphic position, the digitised elements in the base maps were 
labelled with ID numbers corresponding to generations of tidal systems. These IDs correspond to 
the IDs in the database (Figure 3.5), it is a four-digit number that identifies the major feeding tidal 
inlet and the dendritic subsystems. Additionally temporal phases within the functioning of these 
tidal inlets could be indicated. This way of labelling makes it easy to query elements from the same 
tidal inlet or groups of inlets. Up to three generations of tidal systems can be labelled in the base 
maps. We used this to encode for strong diachroneity, tidal system shifts, and intersections of older 
and younger (channel) systems.

Catalogue database
In addition to the four base maps, a catalogue-style database was maintained that stores interpreted 
and summarised information of each tidal system. The database does not store detailed information 
on each and every described section or measured dating sample, but it contains a discussion on the 
extent, assigned age, and network position of the tidal system (Figure 3.5). In this discussion, the 
available dates were evaluated using expert knowledge of the researcher. 

Additionally, referencing to sources providing age and extent information was documented. 
Using the unique ID, the tidal system ages was later coupled to mapped elements in the base 
maps during step 3. The scripts in step 4 used these assigned element ages to generate the 
palaeogeographical maps. Note that, unlike in traditional geological and geomorphological 

Figure 3.4 (left page) | Four base maps for the Meuse estuary region and age map for channel belts of the 
Meuse estuary. Four manually created base maps of all late Holocene (base map 1: channel belts; base map 2: 
intertidal flats; base map 3: supratidal flats; and base map 4: beach barriers). Below: map that shows the age of 
abandonment of channel belts, ages are in 14C yr BP.
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mapping legends, two separate ages were administered in the database, one age for the beginning 
and another age for the end of sedimentary activity (Begin Age, End Age).

By storing age information in the catalogue-database part of the GIS rather than in the digital 
map layer structure, one avoids having to assign an age to a mapped element beforehand. This 
was the case in traditional mapping where one layer contains all elements for that time period; 
see discussion in Berendsen et al. (2001; 2007). Updating the GIS to incorporate new information 
is easier as only manual attribute editing is required instead of moving elements between layers. 
Additionally, one can be flexible in selecting the time steps at which the user will query the GIS (e.g. 
map series every 1000 years, every 250 years, for specific dates, over irregular intervals). It is also 
possible to assign and store multiple competing-age attributions (i.e. dates according to different 
authors), but in our current setup just a single age attribution scenario is stored.

3.3.3	 Step 3: Scripting base map time-slice selections
Step 3 involves an automated combination of age from the database to the mapped elements. In 
this step, a series of element selections are made from the four base maps and stored as temporary 
map layers. The repeated selections are executed by scripts (in Python language, and making use 
of ArcMap command libraries). The user-specified list of time steps can be of fixed increment (for 
example, to visualise landscape changes regularised per unit time) or be an irregular series (for 
example, representing national archaeological periodisation).

Activity status
For each specified time slice in the palaeogeographical maps series, the script evaluates whether an 
element should display as ‘active’, ‘not yet existing/already deactivated’, or ‘not yet existing/not yet 

-  H.J. Pierik"Sea ingressions 02/07/2014

Because of the more sea ward position, slightly earlier than the Nieuwe Maas estuary and its tidal peat 
drainage systems Vlaarding, Schie, Rotte etc.

- The system had silted up at the time of Medieval reclamations of Delfland. Residual channel was used as a 
drainage channel g.  e Wilt et al. (2000)
- GrN-6498 1775 ± 35 BP,  GrN-7174 
1770 ± 50 BP (Hallewas an Regteren Altena, 1980; p181)
- 
- (Naaldwijkse Geest). 
(Holwerda & e Krom  1907; Dijkstra  2011). 

Part of the coastal system during the Walcheren ('Duinkerke') transgression. 
Dijkstra 2011 p39 ( Feijst

 2008)

Upstream/Downstream coordinates: 

Highest sand elevation (m +/- NAP):

Connections: upstream:
 downstream:

Dating evidence: 14C, archaeological traces, pollen analysis, relative dating

van Staalduinen 1979 ; Hallewas & an Regteren Altena 1980 ; e Wilt et al. 2000 ; Vos et al  
2005 ; Vos & Zeiler 2008 , Feijst et al  2008 ; Vos et al. 2011 .

- -/
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End of Sed.:
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Archeology:

References:
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Figure 3.5 | Database with the administration on the tidal systems. For all tidal systems, ID, age of beginning, end 
age, and additional relevant information is stored in the database. From this, database reports can be extracted as 
demonstrated for the Gantel tidal system (secondary inlet on the northern part of the Meuse estuary in Figure 3.8).
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active’ (Figure 3.6), following similar procedures as described in Berendsen et al. (2007). In order 
to do so efficiently, the procedure starts with linking base map polygons to catalogue entries (using 
the common ID) and adding new fields to store the activity status (written by the script). Hereto one 
attribute column for each predefined time step is needed.

Erosion status
The same attribute column also administers whether a past-active element has the status of 
‘preserved’, ‘possibly/partially eroded’, and ‘eroded’ status. After processing the activity status per 
base map, the script verifies at which locations the reconstructed elements have been dissected 
by younger elements. Adopting the architectural cross-cutting relations in such cases, the script 
overrules for the older element its previous erosion status, setting it to ‘eroded’ (in the case of 
tidal channel elements of base map 1) or to ‘possibly/partially eroded’ (in the case of intertidal flat 

3000 2000 1000 0 

Begin 1 End 1 Begin 2 End 2 

Time (14C yr BP) 

Base map  
activity polygon 

Time series 
activity label 

Tidal channel belt 1 Tidal channel belt  2 

Not yet active Active channel belt, 
not preserved 

Inactive channel, 
not preserved 

Active channel belt, 
 preserved 

Inactive channel, 
 preserved 

Begin 1 End 1 Begin 2 End 2 

Base map  
activity polygon 

Time series 
activity label 

Supratidal flat Tidal channel belt 

Not yet active Active supratidal flat, 
 not preserved 

Inactive supratidal flat, 
not preserved 

Active channel belt, 
preserved 

Inactive channel, 
 preserved 

Begin 1 End 1 Begin 2 End 2 

Base map  
activity polygon 

Time series 
activity label 

Tidal channel belt Supratidal flat 

Selection criteria B1 < t (B1 > t) AND (E1 < t) (B2 > t) AND (E2 < t) (E1 > t) AND (B2 < t) t < E2 

Not yet active Active channel belt, 
preserved 

Inactive channel, 
not preserved 

Active supratidal flat, 
 preserved on inactive channel belt 

Inactive supratidal flat,  
on inactive channel belt 

Selection criteria B1 < t (B1 > t) AND (E1 < t) (B2 > t) AND (E2 < t) (E1 > t) AND (B2 < t) t < E2 

(A) Two active channel systems in one base map 

(B) Step 4: Erosion of supratidal flat by younger channel 

(C) Step 4: superposition of supratidal flat on older channel belt 

Selection criteria B1 < t (B1 > t) AND (E1 < t) (B2 > t) AND (E2 < t) (E1 > t) AND (B2 < t) t < E2 

3000 2000 1000 0 Time (14C yr BP) 

Step 3: single base map solution 

Step 4: multiple base map solutions 

Figure 3.6 | Querying procedure for time series calculation (steps 3 and 4). Possible states for each element are: 
not yet active, active preserved, active eroded, inactive preserved, inactive eroded, active with inherited channel 
belt, inactive with inherited channel belt. (a) Example calculation procedure for polygons of base map 1 (channels) 
with two active tidal systems in step 3. After the systems in the polygons have been assigned an age from the 
database, the state of the element at the predefined time steps is evaluated. (b) Example calculation procedure in 
step 4 where a younger channel erodes an older supratidal flat. (c) Calculation procedure in step 4 where an older 
channel body has been covered by a supratidal flat. B1 = begin of system 1, E1 = end of system 1, B2 begin of 
system 2, E2 end of system 2. t = predefined time step of which the state is to be calculated.
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elements). Note that step 3 only evaluates this for relations within base map 1 and 2, it does not yet 
evaluate potentially conflicting status attribution for overlapping elements from other base maps; 
that is done when the time-slice selections are recombined in step 4.

3.3.4	 Step 4: Scripting the recombination of time-slice selections
In this step, the script reproduces the interrelations between the different types of architectural 
elements from the base maps (Figures 3.3 and 3.6). This means that the script evaluates which 
elements cross-cut each other (e.g. tidal channels), which were superimposed (e.g. supratidal flats 
and levees) and where inheritance of older systems occurred (supratidal flats on top of former 
channels). Calculations result in a single digital map with polygons with palaeogeographical legend 
codes for each predefined time step.

The script first combines the four step 3 output maps, with the fields storing activity of the 
predefined time steps. This results in a ‘union mosaic map’ with many polygons (in its current state 
4000 polygons). Secondly, as in step 3, the script adds attribute fields for each predefined time step. 
Finally, these attribute fields are systematically filled in with numeric codes representing the type 
of architectural element and its state of activity. For these fields, a standard legend was designed to 
display the palaeogeographical map by colouring the polygon mosaic. In that legend, full colour is 
used for active depositional elements, while cross-hatching is used to indicate the areas that in later 
time slices will be eroded and where buried landforms imply inherited topographic effects (Figures 
3.6-3.8)

The filling of the palaeogeographical legend attribute requires a long series of selection queries 
and numeric code-writing operations because each possible combination of activity status, erosion 
status, and base map architectural order has to be considered, according to three situations outlined 
below (Figure 3.6).

Single polygon situation
This applies when the attributes of the step 4 mosaic map trace back to information from one base 
map layer only. For example, polygons with only a supratidal depositional activity, meaning that 
neither a tidal channel, nor intertidal flats, nor beach barriers were active here. The step 4 script 
once again labels the activity of these polygons ‘active’, ‘no longer active/inherited landform’, and as 
‘not yet active’, essentially copying the step 3 written attribute.

Overlapping polygon situation
Where polygons in the step 4 mosaic map trace back to attribute information coming from more 
than one base map, a more complex evaluation is needed that considers the erosion status. (i) 
Erosion – In this situation the youngest element of the active elements in the time slice considered 
is an erosive architectural type (i.e. active tidal channel, active tidal flat with channels, active beach 
system). Attribute fields for older time slices are relabelled into a code that indicates erosion after 
the element’s activity (Figure 3.6B), appearing as a hatched overprint on the map. For the time steps 
after which the erosive element started, the youngest erosional element is reconstructed. (ii) Draping 

Figure 3.7 (left page) | GIS-derived coastal palaeogeography from 600 BC to AD 1500. Pie charts show relative 
areal distribution of the palaeogeographical units per coastal plain segment, statistics were derived from the GIS; 
colours correspond to palaeogeographical units. The GIS reproduces existing reconstructions that show major 
extension of the tidal area after the Roman period. The fluvial channel belts from the Cohen et al. (2012) datasets 
are incorporated.
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and geomorphological inheritance – In this situation, the youngest active elements in the time slice 
considered is nonerosive (i.e. an active supratidal flat; Figure 3.6C). This does not require updating 
the erosion status for older time slices because the element is considered to be intact. When the 
script identifies a younger supratidal flat on top of an older, inactive tidal channel belt, the legend 
attribute is updated to ‘potential tidal channel inversion ridge within supratidal environment’.

3.4	 Results and discussion

3.4.1	 Output
The GIS automatically generates palaeogeographical time series maps (Figures 3.7 and 3.8. 
These maps do not only visualise palaeogeography at a specific time step but also show element 
inheritance from earlier time steps and nonpreservation owing to erosion during later time steps. 
Other types of output include channel belt age maps (Figure 3.4E) and descriptive areal statistics 
that can be generated per architectural element and per time step (Figures 3.7 and 3.8). The statistics 
quantitatively describe the coastal development, by summing the area of the landscape units 
according to the implemented reconstruction. Similar to the production of the palaeogeographical 
map series, the calculation of these statistics is scripted and can be recalculated after each major 
update. As the GIS can identify erosion of elements in later time steps, the noneroded and eroded 
elements can be summed separately, generating preservation per type of architectural element 
through time. With this information the rate of development can be quantified. This facilitates 
comparison of coastal and back-barrier development between regions.

The labelling and design of the base maps and linked database facilitate the user to select 
elements by region, network position, age, time of activity, and reworking patterns of the 
architectural elements. For example, statistics can be generated for different subregions (Figures 3.7 
and 3.8) and then intercompared. Furthermore, within regions one can quantitatively differentiate 
between the areal and preservation developments in the coastal barrier zone, e.g. between the 
seaward part and the landward part of the back-barrier system. Generating such data complements 
the traditional palaeogeographical map series descriptions that tend to be qualitative only. Such 
analysis can now be performed on local (one main ingression) and regional scale.

3.4.2	 Performance evaluation
A way of evaluating a GIS performance is to compare the palaeogeographical map series output 
to recent maps that are produced using the traditional approach. In Figure 3.8 this is done on a 
regional scale for a part of the western Netherlands showing the late Holocene development of the 
tidal channel and flood-basin area (in both map series). The coastal GIS reproduces the activity and 
position of the secondary tidal systems around the estuary reconstructed by Vos & De Vries (2013). 
Differences between the maps result from differences in approach and, at the detailed level, also 
from interpretation in areas where younger erosion has prevailed. Vos & De Vries (2013) compiled 
maps on a national scale for archaeologically relevant fixed moments in time, whereas our GIS has a 
setup that generates maps for any requested time. Vos & De Vries (2013) produced cartographically 
styled landscape maps redrawn based on geological and geomorphological data and preexisting 
maps, whereas our GIS digitally stores the original mapped elements and constructs the maps from 
those.

The shown area in Figure 3.8 contains a well-preserved tidal system from the period 500 BC 
to AD 500, but also the part of the Meuse estuary that experienced younger natural reworking 
and, in modern times, the construction of the harbour of Rotterdam. In this area, both approaches 
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for Holocene palaeogeographical reconstruction have to rely more on conceptual knowledge and 
extrapolated reconstructions. One such underlying assumption in the maps of Vos & De Vries 
(2013) is the gradual (diachronous) channel development and tidal areal extension toward the 
finally preserved maximum extent. In the data entry for our GIS (step 1 and 2), we have not encoded 
such a mechanism: a tidal system is either active or inactive, and no intermediate stage is displayed 
where this is not supported by actual dating information. In the few cases that dating information is 
available or becomes available in the future, the encoding of the tidal system is split up into multiple 
generations: more subsystems with distinct IDs in step 1, multiple catalogue-database entries in 
step 2. In our view, this represents the most factual visualisation of the available data. Our GIS also 
contains inactive inherited elements, whereas Vos & De Vries (2013) only map the reconstructed 
environment. Because our GIS does not yet include intercalated peat layers between tidal deposits, 
our AD 800 reconstructions show an ‘inactive tidal area’ instead of ‘peatland’. Any other differences 
may be the result of other interpretations, or the inclusion of different data, which can be verified 
through the documentation in the catalogue database and adapted in the future. 

3.4.3	 Methodological improvements for coastal plain mapping
Our methodology of (i) separated storage of digital mapping and age attribution, and (ii) 
automated map time series production provides several advantages over traditional geological-
geomorphological mapping and palaeogeographical analysis.

Figure 3.8 | Comparison of the palaeogeographical maps by Vos & De Vries (2013) and our reconstructions at 
500 BC, AD 100, and AD 800. Pie charts show relative areal distribution of the palaeogeographical units. Both 
reconstructions show that the Meuse estuary was rather dynamical: secondary tributaries formed and silted up. 
Differences in the reconstructions result from deviations in methodology and interpretation of data.



58

First, the setup facilitates a direct cross-check between the mapped record and palaeogeography. 
The user can put locally dated elements in a regional context to check the output maps for 
inconsistencies, which may lead to re-evaluating input studies. Inconsistencies may be solved by 
adapting the base maps or database iteratively, for example by making different choices between 
conflicting studies or dates, within the possibilities provided by the available data. An update of 
the age of architectural elements involves a simple adaption of the database, whereas boundaries 
of elements can be easily updated in the base maps. Then new palaeogeographical maps can be 
automatically generated, after which the procedure may be repeated. This iterative workflow 
optimises upscaling local studies to regional and superregional reconstructions for the developer 
or advanced user. The GIS is therefore an optimizing tool for reducing uncertainty in the age of 
elements, which is a classical problem in palaeogeographical reconstructions. When new data will 
be available in the future, adaptations of the extent and the age of tidal systems can easily be made, 
and new output maps will be automatically calculated. The presented GIS (its content, design, 
and toolset) should therefore not be seen as an end product but rather as a framework that can be 
extended and optimised in the future.

The continuous improvement and expansion of the contents of the base maps and catalogue 
database is an iterative process in which from time to time steps 3 and 4 are also performed again to 
produce preliminary maps for visual inspection. The user can then check if the base maps polygon 
labelling and their linked age attributions are consistent and free of data entry errors. The map series 
is easily regenerated by rerunning the script (Figure 3.3).

A second distinct advantage is that heterogeneous information retrieved from earlier coastal 
plain mapping is now integrated and made uniform through the choice of storing information 
systematically at the architectural element level. This is useful for any study that deals with the 
substrate of the coastal plain, which requires input from different research traditions in this area.

A third advantage is that the system is transparent and reproducible with respect to base map 
contents, catalogue contents, and script-generated output. The planform geometry of the elements 
is stored independently of further geological data (e.g. age), description (e.g. naming, reasoning), 
and metadata (e.g. referencing to earlier publications). Consequently, output palaeogeographical 
maps from the GIS can be traced back to the primary input components, and combination rules 
helps verification and accuracy validation of the generated palaeogeographical maps. With our GIS 
design, future communal maintenance of a national palaeogeographical map series is better served 
than in the workflow of traditional reconstructions.

3.4.4	 Limitations and opportunities for improvements
In the future, the GIS will benefit from further growth of data: more dates, better resolved 
stratigraphy, and further locally verified facies interpretations. Further inspection of existing source 
data (e.g. borehole data, CPTs, and archaeological sites) will result in enhanced reconstructions. For 
areas where erosion prevailed, the age, spatial extent and correlation of suspected former elements 
unavoidably will remain uncertain. Erosion took place especially close to tidal inlet systems, clearing 
the evidence of older generations of tidal systems. As a first step to visualise the reconstruction 
of eroded architectural elements, the GIS highlights the areas that were reworked in a later time 
step (Figures 3.7 and 3.8), i.e. where the eroded area of the elements had to be reconstructed. The 
chronology of such tidal inlets can be enhanced when the dating of distal elements (e.g. clay layers 
in peat) is improved and subsequently better correlated to the eroded tidal inlet.

The GIS treats activation of architectural elements of the same tidal system as instantaneous 
and simultaneous events. This means that all elements of the same generation of tidal system (by 
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ID) have the same activation age. Continuous extension of tidal flats or migration of channels can 
only be incorporated in distinct phases in the GIS. For preserved deposits, reconstructing the exact 
position of the boundaries of the elements per time step would require an extremely densely dated 
data set and many assumptions. Improved chronology of phases within channel belt bodies by 14C 
dating of shells or OSL dating can indicate channel dimensions at time steps and hence channel 
dynamics (e.g Baeteman et al., 2002; Vos et al., 2015a). This will work for silting up channels with 
little reworking.

Another method that can improve chronology is using case study models of hydrodynamical 
processes and sedimentation balance, indicating how fast tidal inlets can develop and silt up (Van 
den Berg et al., 1996). Additionally, studies based on local event stratigraphy (flooding frequency 
Rhine; Toonen, 2013) and storm marker chronology (e.g. Cunningham et al., 2011; Van den 
Biggelaar et al., 2014) could improve vertical time control of deposits that leads to improving the 
time-resolution and rate of deposition in tidal systems. These studies require palaeogeographical 
and geomorphological initial conditions, which the GIS output can provide, and their results can 
improve the GIS chronology and landscape evolution considerably.

Extension of the GIS to adjacent coastal areas of comparable genesis in Germany and Belgium 
will be a good opportunity to support research on coastal development on a macroregional scale. 
Tidal inlets with a similar geological setting can be compared, such as the Jade Busen and Dollard 
(Wartenberg et al., 2013; Vos & Knol, 2015), in order to increase our understanding of the controls 
involved in their development. In Germany and Belgium the coastal plain has been mapped in 
a different way than in the Netherlands, based on a strict lithostratigraphical profile type legend 
(Streif, 1972; Barckhausen et al., 1977; Streif, 1978; Baeteman, 2005a; Bertrand & Baeteman, 2005). 
The map units show the sequence of clastic and organic layers; whereas thickness, age, and lateral 
variation in thickness is not included in the legend. To incorporate these units in a similar GIS as 
presented in this study, the information deduced from lithostratigraphical maps can be extended 
with data from cross sections and additional local studies.

3.4.5	 Applications of the GIS
The presented GIS is a tool to compare and analyse the evolution of tidal inlet systems. It facilitates 
improving the understanding of the coastal plain evolution controls, such as sea level rise and 
human impact (Vos, 2015a). Also, ongoing projects of three-dimensional mapping of the Dutch 
subsurface (Stafleu et al., 2011; 2013; Gunnink et al., 2013; Van der Meulen et al., 2013) may benefit 
from the geological mapping and stratigraphical information that the GIS provides. Archaeological 
prospection and preservation surveys may benefit from landscape reconstructions, especially 
for periods before large-scale reclamation activities started in the eleventh century. Additionally, 
by comparison to independent archaeological data, the output may also be used to study the 
interaction between landscape development and settlements dynamics. This will lead to a better 
understanding of human-induced processes in coastal development (e.g. peat subsidence) and will 
extend the knowledge about population dynamics related to the landscape.

Using architectural elements as the basic entity in a GIS setup would work for 
palaeogeographical reconstruction in many sedimentary environments – especially when the 
two-stepped selection-recombination approach from the scripting is adopted. The GIS solution is 
especially suitable for advanced mapping of delta and coastal areas that are composites of multiple 
sedimentary environments in which sediment transport and deposition segregates over subaquatic 
and terrestrial system elements. Many of such coastal plains (e.g. urban deltas) are under pressure 
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of increased population, sea level rise, changes in sediment budgets, and subsidence (e.g. Törnqvist 
et al., 2008; Syvitski et al., 2009). Ongoing research in these regions makes that they are increasingly 
data rich and intensively studied from various disciplines. As the amount of data becomes larger, the 
need for smart integration of this data and the mapping products increases in order to make better 
management decisions to protect these areas.

3.5	 Conclusion

This chapter presents a GIS that integrates a large amount of existing fragmented and heterogeneous 
data on coastal plain architecture and development. The new GIS provides an overview and 
integration of previously fragmented knowledge on coastal development and allows for 
unambiguous regional reconstruction and comparison of coastal plain development.

The GIS contains four manually maintained thematic base maps with the geometry and 
generation identity of the architectural elements (step 1). A database is maintained in which the age 
of the tidal systems and the considerations in mapping and age decision are documented (step 2). 
Then a scripted procedure follows that first connects the base maps to the age from the database, 
creating palaeogeographical maps per thematic base map (step 3). Secondly, the script integrates 
the four base maps by mimicking geological relations such as cross-cutting, superposition, and 
inheritance (step 4). This workflow makes many extractions possible, for example of geological 
maps (age maps), palaeogeographical time series (geomorphology back in time), and areal statistics.

Rather than manually drawn, fixed-time-step traditional maps, our GIS is a transparent 
and systematic tool for geological mapping and palaeogeographical reconstruction. It 
facilitates querying, verifying, updating, and expanding the reconstructions. The optimised 
palaeogeographical reconstructions minimise the uncertainty in the age of the reconstructed 
architectural elements and make the workflow of the reconstruction transparent. Additionally, 
the products offer a framework to analyse late-Holocene coastal system evolution on centennial 
to millennial time scales, which is particularly dominated by sea ingression dynamics. The 
formalised workflow is also suitable for other coastal sections where smart integration of existing 
data is required. The GIS solution presented in this chapter organises an overview in mapping and 
understanding the geomorphology and substrate of coastal plains, which is valuable information for 
decision making on protecting vulnerable coastal systems.
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Chapter 4

Late Holocene coastal-plain evolution of the 
Netherlands: the role of antecedent conditions in 
human-induced sea ingressions

This chapter demonstrates the decisive role of antecedent conditions on the formation of large 
late Holocene sea ingressions in peaty coastal plains along the North Sea’s southern shores. 
Geological and archaeological evidence shows that these sea ingressions (expansion of new 
tidal systems) were mainly caused by land subsidence, which occurred due to intensified 
agricultural use of artificially drained peatlands since the Late Iron Age (250–12 BC). This made 
the coastal plain sensitive to storm-surge ingression through weak spots, e.g. at the location of 
existing creeks, in the coastline. Using the Netherlands as a case study, we show that antecedent 
conditions (i.e. the geological setting at the time of ingression) played a key role in the pacing 
and extent of tidal area expansion. Ingressive tidal systems eventually reached most far inland in 
coastal segments with wide peaty back-barrier plains. In contrast, sea ingression formation was 
hampered in coastal segments with well-developed natural ingression-protecting geomorphic 
features (e.g. beach-barriers, supratidal levees). Feedback mechanisms, such as additional 
peat subsidence by loading of sediment imported into the new tidal area, caused further tidal 
prism increase and created accommodation space for tidal deposits. These combined effects 
caused irreversible sea ingression over large areas that consequently became unsuitable for 
habitation for many centuries. Improved understanding of such sea-ingression mechanisms and 
their facilitating conditions are essential for the assessment of the sensitivity of many densely 
populated coastal plains, which experience major human-induced subsidence, eventually leading 
to coastal plain drowning.

Published as: H.J. Pierik, K.M. Cohen, P.C. Vos, A.J.F. Van der Spek & E. Stouthamer (2017) Late Holocene coastal-
plain evolution of the Netherlands: the role of natural preconditions in human-induced sea ingressions, Proceedings of 
the Geologists’ Association, 128(2) p.180-197, dx.doi.org/10.1016/j.pgeola.2016.12.002.

4.1	 Introduction

The Holocene evolution of coastal plains and barrier systems around the world is generally 
considered to be driven by inherited topography, post-glacial sea-level rise, background subsidence 
or uplift regime, and sediment distribution by waves, tides, and rivers (e.g. Goodbred & Kuehl; 
1999; Giosan et al., 2006; Rossi et al., 2011; Hanebuth et al., 2012; Gao & Collins, 2014; Vos, 
2015a). During the last millennia, simultaneously acting natural and human-affected sedimentary 
processes led to increased coastline progradation in several European deltas resulting from 
increased sediment load caused by deforestation (e.g. Po and Rhône delta – Stefani & Vincenzi, 
2005; Maselli & Trincardi, 2013; Anthony et al., 2014), whereas in other regions human activity 
(e.g. the construction of dams) caused sediment deficit and subsequent flooding (e.g. Nile delta – 
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Stanley & Warne, 1994, Nile and Ebro deltas – Syvitski et al., 2005; the coastal plain north of the 
Po delta – Zecchin et al., 2009). Nowadays many densely populated coastal plains experience 
major human-induced subsidence leading to coastal plain drowning (e.g. Törnqvist et al., 2008; 
Syvitski et al., 2009). In many northwestern European coastal plains, human-affected developments 
began relatively early (roughly 2000 years BP), coevally with episodes of transgression (large-scale 
landward lateral expansion of back-barrier tidal depositional sedimentary environments). These late-
Holocene transgressions have been documented for the Flemish coast (Baeteman, 2005b), the UK 
Fenlands (Brew et al., 2000), the UK Romney Marsh (Long et al., 2006), Northern Brittany, France 
(Regnauld et al., 1996), and the Bay of Biscay, France (Clavé et al., 2001). These authors discuss 
potential natural triggers such as intensified storm regimes and facilitating conditions such as 
decreased sediment availability and human peatland reclamation. Antecedent conditions include 
the geological setting (e.g. coastal plain extent, stratigraphical architecture, sediment delivery) at the 
time of ingression. These conditions also affect the occurrence and extent of transgression, but the 
degree to which they facilitated or prevented transgression has hardly been considered.

Figure 4.1 | (a) Top of the pre-Holocene subsurface after Vos (2006). The major headlands and the major 
palaeovalleys mentioned in the text are indicated. The position of late Holocene erosive tidal channels were 
taken from chapter 3, the middle Holocene channels were taken from Cohen et al. (2017a). The grey line indicates 
the extent of the middle Holocene deposits and the coastal peatlands of Figure 4.1B. (b) Extent of the middle 
Holocene deposits and peat area, from Cohen et al. (2017a). The Rhine-Meuse channel belts were taken from 
Cohen et al. (2012).
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The coastal plain of the Netherlands is the largest coastal plain of NW Europe and therefore 
contains a variety of antecedent conditions (Figures 4.1 and 4.2A). Situated in the depocentre of the 
Southern North Sea, the length of the coastal plain is not bound to inherited valleys, but stretches 
over hundreds of kilometres along the shore. Also, the width reaches tens of kilometres inland, 
where – different to many smaller coastal plains – vast peatland areas occur (Figures 4.1B and 4.2). 
These peatlands were reclaimed for agricultural use from about 250 BC onwards, causing human-
induced subsidence (Borger, 1992; Vos & Van Heeringen, 1997; Vos, 2015a). Major sea ingressions 
(landward lateral expansion of a new single tidal system1) have been recorded in geological and 
archaeological studies of these human-occupied coastal plains. The availability of age-specific 
archaeological artefacts and well-mapped deposits in the coastal plain makes this region very 
suitable to assess the timing of landscape developments and human activities (e.g. Van Liere, 1948; 
Knol, 1993; Vos & Van Heeringen, 1997; Vos & Gerrets, 2005; Vos, 2015a; Pierik et al., 2016; chapter 
3).

1) A tidal system is a back-barrier tidal environment, connected to open sea trough an inlet channel (containing tidal 
channels, tidal flats, salt marshes, or lagoons).

Figure 4.2 | (a) Landscape reconstruction at the onset of late-Holocene transgression (around 600 BC – chapter 
3). The red lines and figure numbers correspond to segments in Figure 4.4. (b) Extent of the middle and late 
Holocene tidal deposits including channels and beach barriers (after Cohen et al. (2017a); chapter 3). The red line 
corresponds to the position of the longshore diagram of Figure 4.5.
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Peat-surface lowering was triggered by peatland reclamation that involved ditch cutting to 
drain the topsoil making it suitable for agriculture (Vos, 2015a; Erkens et al., 2016). The start of the 
reclamations across the coastal plain varies from Late Iron Age to early medieval times (250 BC to 
AD 1050). The reclamations were wide-spread, and had affected the entire coastal plain by ca. AD 
900 (Vos, 2015a). Natural forcings, such as wave and tidal regime show minor variations regionally 
and are not considered to have varied majorly during the last 4 to 5 millennia (e.g. Van der Molen 
& de Swart, 2001ab). Major regional differences exist, however, in the antecedent conditions, i.e. 
geological and geographical setting along the coastal plain. These regional differences also occur 
in the timing, degree, and impact of sea ingressions. This raises the question how the antecedent 
conditions affected the pacing and final extent of the mainly human-triggered coastal plain changes. 
Data coverage on the geological situation of the Dutch coastal plain nowadays is quite even (e.g. 
Vos, 2015a; chapter 3). Therefore it provides an ideal area to geographically intercompare the 
evidence and to assess the mechanisms and controls of late Holocene coastal-plain transgressions.

4.1.1	 Aim and approach
This chapter aims to 1) reconstruct the antecedent conditions for late Holocene sea ingressions; 2) 
reconstruct the late Holocene ingressive development, and 3) identify the mechanisms of ingressive 
developments in relation to different antecedent conditions. The study area reaches from the 
coastline inland and includes areas with tidal deposits and their flanking peat swamps (Figures 4.1 
and 4.2). We focus on the late-Holocene period when peat-surface habitation and coeval ingression 
development repetitively occurred at multiple locations (Vos, 2015a). We tested the influence 
of antecedent conditions on sea ingression development. Therefore, we compared the divergent 
ingressive developments between four main segments of Netherlands’ coastal plain that faced 
contrasting late-Holocene developments and had different antecedent conditions (i.e. landscape 
settings around 600 BC before large-scale reclamation – Figure 4.2A). The defined segments are:
•	 The southwestern part of the Netherlands (SW-NL). This peat area witnessed major sea 

ingressions since ca. 2000 cal yrs BP (e.g. Vos & Van Heeringen, 1997);
•	 The western part of the Netherlands (W-NL), with a wide sequence of beach barriers, 

interrupted by estuaries (Beets et al., 1992). We position its borders in the peat area directly 
south of the Meuse estuary, and just north of the former Bergen tidal basin. The inland 
boundary of this segment is positioned at the most inland location of perimarine crevasse splays 
around the Rhine and Meuse channel belts indicating significant tidal influence, after Cohen et 
al. (2017a);

•	 The northwestern Netherlands (NW-NL), which experienced coastal retrogradation in the west 
during the late Holocene and at the same time, westward expansion of the Wadden-Sea tidal 
area in its eastern part. During the late Holocene, the Almere lagoon was connected to the 
Wadden Sea and it was therefore included in this segment (Zagwijn, 1986);

•	 The northern Netherlands (N-NL) that maintained a barrier-tidal basin coast during the entire 
Holocene (Vos & Knol, 2015).

	 To understand the mechanisms controlling the development of tidal systems and sea 
ingressions, we describe the coastal evolution with its specific local details. In the analysis we 
used geological information from various national datasets, in which the results of many previous 
studies have accumulated. The local details unavoidably are selective and incomplete, for further 
information and additional argumentation we refer to the original publications in the text, for more 
extensive references see also Vos (2015a) and chapters 2 and 3. Even in our long-studied research 



65

area, the available age control does not allow absolute dating of all stages per individual tidal 
system. Dates have often been collected at one location per tidal system only, while peat reclamation 
and tidal channel expansion mainly occurred diachronously. To optimize coastal evolution age 
control, we used a recently-developed GIS that stores all relevant late-Holocene coastal plain 
geological mapping, palaeogeography, and local study referencing (chapter 3). In the GIS, the 
extent of coastal plain architectural elements was mapped, a database with dating information was 
maintained separately. This information was then automatically combined by generating time slice 
palaeogeographical maps for each desired time slice, which were iteratively improved. This GIS 
further allowed to reconstruct and quantify the evolution of individual tidal systems and beach 
barrier segments, as well as intercomparison between the subregions. From the sea ingression 
cases in the study area, we compiled a conceptual model for their evolution that will be used in the 
discussion to outline the mechanisms and the influence of antecedent conditions on sea ingression 
evolution.

4.1.2	 Geographical setting and boundary conditions
The coastal plain of the Netherlands mainly comprises middle and late Holocene back-barrier 
deposits, onlapping a modestly sloping pre-Holocene substrate (Jelgersma, 1979, Beets & Van der 
Spek, 2000). The coastline encompasses a chain of beach-barrier complexes and tidal inlet systems 
(Van der Spek & Beets, 1992; Beets & Van der Spek, 2000; Vos, 2015a; Figure 4.2B). This barrier 
complex established between 6000 and 5000 BP, after an initial middle-Holocene phase of marked 
sea-level rise (Van de Plassche, 1982; Hijma & Cohen, 2011; Lambeck et al., 2014) and marks the 
change to coastline stabilization when relative sea-level rise decelerated towards the modest present-
day rates. After 3000 cal yr BP, the trapping of fine-grained sediment from the Rhine and Meuse in 
fluvial-deltaic environments (Erkens & Cohen, 2009) and neighbouring peat areas (De Boer & Pons, 
1960) started to increase. This clay deposition is understood to result from an increase in sediment 
supply received from upstream (i.e. external control; Cohen, 2005; Gouw & Erkens, 2007; Hoffmann 
et al., 2007; Erkens & Cohen, 2009).

Conditions along the coastline are micro to mesotidal (1.5 to 4 m tidal range), with significant 
wave energy (cf. Davis & Hayes, 1984; Van der Spek & Beets, 1992). The Dutch coast is exposed 
to predominant westerly winds and wave fields and consequently experiences a dominant north to 
northeastern oriented net longshore sediment transport (Beets et al., 1992; Beets & Van der Spek, 
2000). These dominant winds facilitated wave-driven sediment transport from the shallow sea floor 
to the coast. The tidal range varies from over 3 m in the southwestern and northern Netherlands 
to 1.5 m in the western Netherlands. Open-sea tidal conditions have remained more or less stable 
since at least 6000 yrs BP (Van der Molen & de Swart 2001ab). An increase in wave energy has been 
reported for the last 6000 years in the western part of the Netherlands attributed to steepening of 
the shoreface (Van Heteren et al., 2011). Gottschalk (1975) documented increased storm activity 
between AD 1400–1600 in the SW Netherlands based on historical records, whereas Sorrel et al. 
(2012) reported intervals of increased storminess (relatively high frequency of intense storms) in 
NW Europe for 1350–450 BC, AD 50–900, and AD 1350–1700 based on sedimentological evidence. 
Apart from that, hydrodynamical conditions are assumed to have been quite constant over the last 
millennia (Beets et al., 1992).

Relative sea-level rise (RSLR) over the last 2000 years varied between 0.5 and 1.0 m (Van de 
Plassche, 1982, Roep & Beets, 1988). In these youngest millennia, RSLR was predominantly 
controlled by tectonic and glacio-isostatic background subsidence (Kiden et al., 2002; Vink et al., 
2007; Koster et al. 2016a). Small fluctuations of the eustatic sea-level possibly occurred during the 
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late Holocene mainly resulting from steric sea-level movement due to climate fluctuations (Van 
Geel et al., 1996; Behre, 2004, 2007; Gehrels, 2010; Van de Plassche et al., 2010; Kopp et al., 2015). 
Most authors however, do not attribute a major forcing role to this, as they consider the rates of 
peatland-surface lowering and autogenic tidal and sedimentary changes to be larger (see discussions 
in Weerts et al., 2005; Bungenstock & Weerts, 2010; Baeteman, 2008; Baeteman et al., 2011; Vis et 
al., 2015).

4.2	 Middle Holocene coastal plain evolution

This section describes the middle-Holocene evolution of the four coastal segments, determining the 
antecedent conditions for the late Holocene human-triggered coastal landscape changes. Ages are 
presented in calibrated years before present (cal yr BP), unless otherwise specified.

4.2.1	 Pre-Holocene inherited setting and middle-Holocene transgression
During post-glacial sea-level rise, continental shelves submerged forming vast wetlands where 
both organic and clastic sedimentation occurred (Shepard, 1932; Jelgersma, 1979; Smith et al., 
2011; Bicket & Tizzard, 2015). The Pleistocene and early-Holocene topography that underlies the 
coastal plain deposits served as substrate for this middle-Holocene transgression (Pons et al., 1963; 
de Gans & Van Gijssel, 1996). This moderately sloping pre-Holocene substrate was intersected by 
two wide fluvial valleys (ca. 30 km) in the western Netherlands and smaller valleys in other parts 
of the study area (Figure 4.1A). The large valleys provided ample Holocene accommodation space 
and served as major sediment sinks for coastal and fluvial sediments. These inherited palaeovalleys 
inundated from about 9500 BP onwards (Hijma & Cohen, 2011; Vos et al., 2015a; Koster et al., 
2016a). The Rhine-Meuse palaeovalley (Figure 4.1A) filled up relatively quickly with estuarine and 
fluvial sediments (Erkens & Cohen, 2009; Hijma et al., 2009, 2010). The absence of a large river 
and the subsequent low sediment input caused the Vecht palaeovalley to be transformed into an 
embayment, where infilling occurred at significantly lower rates (Holland tidal basin, Jelgersma, 
1983; Van der Spek & Beets 1992; Beets & Van der Spek, 2000). Here, subtidal clays were the first 
preserved clastic marine deposits (Pons & Wiggers, 1959/1960; Beets et al., 2003).

Currently offshore positioned remains of tidal inlets indicate the position of an old beach 
barrier around 7000 BP (Rieu et al., 2005; Hijma et al., 2010); formed when decreasing sea-level 
rise reduced the creation of accommodation space. The back-barrier basins started to fill in with 
sandy channel sediments and intertidal tidal flat deposits (Pons & Wiggers, 1959/1960, de Mulder 
& Bosch, 1982, Hijma et al., 2009). In the southwestern and northern Netherlands a similar 
stratigraphical sequence of initial transgressive subtidal clays to sandy subtidal and intertidal 
deposits developed (de Jong et al., 1960; Vos & Van Kesteren, 2000).

The higher elevated parts of the pre-Holocene substrate were situated in the southern part of 
the southwestern Netherlands and in the northwestern Netherlands (Figure 4.1A; de Gans & Van 
Gijssel, 1996). They were headlands during the middle Holocene and acted as sediment sources for 
coastal evolution (e.g. Beets et al., 1992, 1994; Cleveringa, 2000). They were inundated relatively 
late during the middle Holocene creating a relatively thin Holocene coastal wedge (generally less 
than 5 m thick peat and clastic tidal deposits). At present, 65% of the coastal plain area contains 
middle Holocene tidal deposits (Figure 4.1B). The tidal areas were flanked by extensive peatlands 
on the Pleistocene substrate (ca. 35% of the coastal plain area). The peats contain intercalated clay 
layers representing distal tidal system deposits (Jelgersma, 1961; Streif, 1978; Allen, 2000; Bertrand 
& Baeteman, 2005).
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4.2.2	 Middle-Holocene turnover to highstand
The decreasing rate of sea-level rise reduced the creation of back-barrier accommodation space 
from about 6000 BP onwards. During the late Holocene the relative importance of eustatic sea-level 
rise decreased and land subsidence became more important (Beets & Van der Spek, 2000; Cohen, 
2005; Hijma & Cohen, 2011; Koster et al., 2016a). The continuing sedimentation in the back-barrier 
area and especially the expansion of the intertidal flats, caused a decrease in tidal storage volume 
of the tidal basins, to which the tidal inlets adapted by filling in. In the western and southwestern 
Netherlands this eventually led to their closure and the formation of an elongated uninterrupted 
beach barrier complex (Van Straaten, 1965; Beets et al., 1992; Van der Spek et al., 2007; Van Heteren 
et al., 2011). In the back-barrier area of these coastal segments a fining-upward trend is found in 
the top of the middle Holocene tidal deposits, recording a transition from intertidal to supratidal 
conditions and a decrease of tidal energy (Pons & Wiggers, 1959/1960; Westerhoff et al., 1987; 
Hijma et al., 2009). In the northern Netherlands, the tidal area never fully silted up, tidal inlets 
persisted and the chain of barrier islands did not amalgamate into an uninterrupted beach-barrier 
complex (Beets & Van der Spek, 2000).

4.2.3	 Late Holocene mature highstand
The closure of the Holland beach-barrier complex ended tidal dynamics and sedimentation in 
the largest part of the back-barrier area (Beets et al., 1994), thereby facilitating large-scale peat 
formation on top of the silted-up tidal systems, especially in the western, southwestern, and 
northwestern coastal plain segments (Pons et al., 1963; Pons, 1992). At the onset of large-scale 
peatland reclamation (e.g. between 600 and 250 BC, see Table 4.1), ca. 60% of the coastal plain area 
consisted of peatland, draining to a few river outlets and remaining tidal inlets. At a distance from 
large rivers and tidal channels, peat bogs had developed that were modestly elevated (2-4 m) above 
high tide and storm-surge sea levels (Bennema et al., 1952; Pons, 1992; Vos et al., 2015a; Erkens et 
al., 2016). These bogs acted as local watersheds that are regarded to have stabilised the positions of 
peat-drainage channels that linked up to the tidal creeks and the sea. In the northern Netherlands 

Total 
coastal 
plain a)

Middle Holocene (MH) b) 600 – 250 BC AD 2000 

Tidal deposits Peat Tidal deposits Peat c) Tidal deposits

SW 435 282 153 30 405 420
W 551 443 108 134 417 157
lake Flevo/
Almere lagoon d)

396 140 256 285 363 558

NW 252 149 103
N 500 382 117 372 128 477

Total 2133 1396 737 372 1312 1612

a) Derived from the sum of middle Holocene (MH) peat and MH tidal deposits; b) Values represent the total area of MH tidal 
deposits (i.e. not at a specific time step) and are derived from the GIS data shown in Figures 4.1B and 4.2A.; c) Calculated by 
subtracting tidal deposits area from total coastal plain area; d) The NW Netherlands and lake Flevo were separated areas 
during the middle Holocene and therefore split up in the table. During the late Holocene the Flevo Lake/Almere lagoon 
connected to the NW coastal segment, and is therefore considered as part of this segment. 

Table 4.1 | Areal extent (in 1000 ha) of peat and tidal deposits per segment of coastal plain during the middle 
Holocene, 600-250 BC and AD 2000. Numbers are given as integers.
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the barriers of the Wadden Sea remained interrupted by tidal inlets, whereas along the inland side 
of the tidal basins supratidal levees developed after 700 BC that facilitated peat areal expansion (Vos 
& Gerrets, 2005).

The large Holland tidal basin was not completely filled in by the end of the middle Holocene 
(Bergen Inlet system, Figure 4.2A, Pons et al., 1963; Van der Spek & Beets, 1992; De Gans & Van 
Gijssel, 1996; Van Zijverden, 2017). In the inland distal central part of this basin (over ca. 40 km 
away from the coastline), an extensive lake remained (‘lake Flevo’), surrounded by peat fens and 
swamps. Waves eroded and reworked the peat edges of this lagoon into lake detritus that mixed 
with sand from the locally-eroded outcropping Pleistocene substrate (Pons & Wiggers, 1959/1960; 
Van Loon & Wiggers, 1975). After the Bergen Inlet silted up (around 1500–1100 BC, De Mulder 
& Bosch, 1982; Beets et al., 1996; Van Zijverden, 2017), lake drainage occurred via the Oer IJ inlet 
(Vos et al., 2015a). When drainage shifted northwards to the Wadden Sea by the formation of the 
Vlie, the Oer IJ inlet silted up as well (around the last century BC), (Figure 4.2; Vos et al., 2015a). 
This marked the beginning of lake Flevos’ transformation into the Almere lagoon in late Roman 
and earliest medieval times. In the western Netherlands, two river outlets were present in the 
Rhine-Meuse delta (Figure 4.2A). The major branch of the Rhine occupied a northernmost route 
since 6000 BP (Berendsen & Stouthamer, 2000). Because of its long maintained position, a mature 
fluvial channel belt was present that had steadily supplied sand to the barrier coast, contributing 
to the beach barrier progradation and the formation of a subaquatic delta. Behind the barriers, 
dendritic secondary tidal creeks successively formed and silted up along the Rhine estuary, both 
at its very mouth and at distance inland (Pruissers & De Gans, 1985; Berendsen, 1982; Van Dinter, 
2013). The smaller river Meuse debouched into a southerly estuary near Rotterdam throughout the 
Holocene (Hijma et al., 2009), supplying a relatively small amount of sediment to the coast. Here 
too, secondary tidal creeks branched off the main Meuse estuarine channel.

4.3	 Late-Holocene ingressions

After the relatively stable period characterised by large-scale peat formation, large-scale sea 
ingressions into the peat area occurred from the Roman period onwards (12 BC to AD 450 – Vos, 
2015a). Since then, the area containing tidal deposits expanded from 40% to 75% of the coastal 
plain (Table 4.1). In this section, we describe the late-Holocene evolution per coastal segment, 
focussing on the timing of initiation, maturation, and silting up the sea ingressions. This location-
specific information, as well as the general trends, are illustrated by Figures 4.3–4.7.

4.3.1	 Southwestern Netherlands
In the southwestern Netherlands, beach barriers dating to the beginning of the late Holocene have 
hardly been preserved, due to extensive post-Roman erosion. Therefore, the exact width of the 

Figure 4.3 (left page) | LiDAR images of three parts of the coastal plain. The small location maps are after Figure 
4.2B): green: late Holocene tidal deposits, brown: coastal plain peatlands. (a) Rectangular tidal inversion ridges in 
the former reclaimed peatlands in the SW Netherlands, representing Roman ditches later filled in with sand. Ages 
after Vos & Van Heeringen (1997). (b) Silted-up estuary western Netherlands covered by parabolic dunes. Ages 
after Vos et al. (2015a). (c) Multiple generations of supratidal levees protected the coastal plain (ages after Vos 
& Knol, 2015; chapter 3). They were interrupted by small tidal inlets such as the Hunze, which silted up after the 
Lauwers sea ingression formed during the Early Middle Ages (AD 450-1050).
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beach barrier complex at the time is unknown, but is assumed to be a few kilometres at maximum 
(Vos & Van Heeringen, 1997). In the back-barrier area, an extensive peatland was situated. In the 
top of the peat sequence mainly fen peat has been found (indicating formerly raised bogs), which 
contains abundant evidence of Roman reclamations and habitation. The earliest evidence of peat 
reclamation in this area is placed during the Late Iron age (Bennema & Van der Meer, 1952; Vos & 
Van Heeringen, 1997).

Around 500 BC, the first small ingressions took place into this peat area along the mouth of 
the Scheldt estuary (Figures 4.4A, 4.5, 4.6A, 4.7A). More large scale deposition of clastic material 
on the strongly subsided peat began approximately at ca. AD 250 and reached further inland at AD 
500 (Figures 4.4A, 4.5, 4.6A, 4.7C; Vos & Van Heeringen, 1997; Vos, 2015b). The wide-spread clay 
deposits positioned directly on the peat indicate relatively low energy environments during the first 
stages of inundation (Pons, 1965). The rectangular pattern of many tidal tributaries (preserved as 
tidal channel inversion ridges – Figure 4.3A) indicate the usage of a Late Iron Age or Roman ditch-
network that offered a preferential pathway for transgression (Vlam, 1942; Bennema & Van der 
Meer, 1952, Vos & Van Heeringen, 1997). With the drowning of the back-barrier area large tidal 
inlets developed (compare Tables 4.1 and 4.2, Figures 4.4A and 4.6A) eventually reaching depths 
up to several 10s of metres (De Jong et al., 1960). From the moment of drowning onwards, sandy 
material was deposited in the intertidal areas and channels. This material mainly originated from 
reworking inherited middle Holocene tidal channel belts as well as from a strong retrogradation 
of the coast between Walcheren and the adjacent Flemish coast (Ebbing & Laban, 1996; Denys, 
2007; Mathys, 2009; Vos, 2015b), leading to scouring of the relatively shallow Pleistocene substrate 
in this area. The new large tidal channels caused sand to be transported efficiently into the tidal 
basins. In the 8th century, infilling of the tidal area was advanced to a supratidal level facilitating 
the first settlements on the silted-up tidal channel belts (Vos & Van Heeringen, 1997). Since the 
12th century the supratidal area was embanked in successive phases, starting with the then highest 
elevated supratidal areas at a distance from major channels (Figures 4.4A and 4.6). The late 
medieval tidal deposits became more enriched in sand indicating an increase in depositional energy 
(Pons, 1965), corresponding to the expansion of the tidal area and the increase in tidal inlet size. 
After the intertidal shoals and smaller channels had silted up to supratidal level they successively 
could be embanked as well. In the Late Middle Ages (AD 1050–1500), the Scheldt river avulsed 

Figure 4.4 (left page) | Time-space cross-sections of coastal segments. Four conceptual cross-shore space-
time diagrams illustrating the regional differences of the four coastal plain segments (location Figure 4.2A). (a) 
After cross-section of Vos & Van Heeringen (1997: Appendix I, profile B). Reclamation and habitation of the vast 
peatlands caused flooding and expansion of the tidal area. After several centuries of tidal sedimentation gradual 
embankment of the area took place. (b) After Hijma & Cohen (2011). Beach barriers projected from The Hague, 
after Cleveringa (2000); Van der Valk (1996a). Intercalated clay layers from secondary tidal systems formed around 
the Meuse estuary after Van Staalduinen (1979) and Vos & Eijskoot (2015), and were inhabited since 600 BC (Van 
Liere, 1950; Van Londen, 2006). In the Late Middle Ages large-scale embankment and peat reclamation took place 
(Borger, 1992; De Bont, 2008) whereas in the areas south of the Meuse sea ingressions occurred. (c) Northwestern 
Netherlands. The distal lagoonal area was a remnant of the middle Holocene Vecht Embayment and became only 
part of the northwestern Netherlands coastal segment after ca. 400 BC when the Vlie connected lake Flevo to 
the Wadden Sea (Figures 4.5 and 4.7). (d) After space-depth profile (Van der Spek, 1996; Figure 5). Here, beach 
barriers never closed, amalgamated channel deposits occur in the intertidal area. The expansion of the tidal area 
in the landward part of this coastal plain occurred diachronously after the Roman period, whereas more seaward 
supratidal levees accreted (Vos & Gerrets, 2005; Vos & Knol, 2015).
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to the Western Scheldt as a consequence of continuous backward ingression of the latter (Van der 
Spek, 1997; Vos, 2015b). While in Late Middle Ages, new areas were embanked, new land losses also 
took place. These late medieval ingressions especially affected the more inland part of the coastal 
plain in the subsided peat area of the northern part of the southwestern Netherlands, as well as the 
southernmost edge of this segment. The confinement and planform smoothing of the tidal area by 
dikes caused high water levels to increase, posing more flooding risks to adjacent embanked areas 
(Van der Spek, 1997). Additionally, the dikes were generally not well maintained when the disasters 
took place (Zonneveld, 1960; Verbraeck & Bisschops 1971; Kleinhans et al., 2010; Missiaen et al., 
2016; Figure 4.7E).

4.3.2	 Western Netherlands (Holland)
Unlike the other segments, no large sea ingression occurred in the western Netherlands during 
the late Holocene, mainly because of the presence of a wide beach-barrier complex. This barrier 
complex was dissected by three estuaries (Meuse, Rhine, Oer IJ; Figure 4.7A), from which 
secondary tributaries branched out into the flanking peat area. In the Meuse estuary, the levees 
and supratidal areas of the active tributaries were inhabited since the Iron Age (Van Liere, 1950; 
Van Londen, 2006). After Roman times most of these secondary tidal systems silted up and 
were overgrown by peat (Figure 4.4B; Van Trierum, 1986; Beets et al., 1994; Dijkstra, 2011; Vos 

Figure 4.5 (right page) | Longshore time-space section of coastal development. The diagram shows the evolution 
of tidal inlets in time and space related to presence of rivers and coastal plain habitation. The cross-section 
is situated along the coastline (Figure 4.2B), tidal inlet locations are indicated in Figure 4.7. In the northern 
Netherlands, the line is projected along the intertidal- supratidal transition to visualize back-barrier development. 
Episodes of increased storm frequencies are taken from Sorrel et al. (2012). We subdivide the tidal inlet systems 
into three genetic classes after Vos & Knol (2015): 1) inherited tidal inlets formed during early-middle Holocene 
sea-level rise (black); 2) estuaries (blue); 3) natural or human induced late Holocene sea ingressions. Bright colours 
indicate the 1st order inlets, which are directly connected to the sea, paler colours indicate the presence of their 
secondary tributaries. Abbreviations of the archaeological periods on the y-axis: Rom. = Roman period, M. = 
Merovingian period, Car. = Carolinian period. Numbers refer to the following sources: Archaeology: Southwestern 
Netherlands – (Vos & Van Heeringen, 1997); Meuse estuary – (Van Londen, 2006); northern Netherlands – 
(Miedema, 1983; Knol, 1993; Gerrets, 2010). Beach barriers and dunes – 1a: Beach barriers western Netherlands 
– (Van Straaten, 1965; Beets et al., 1992; Van der Valk, 1996ab; Cleveringa, 2000; Vos et al., 2015a); 1b: Younger 
Dunes – (Jelgersma et al., 1970; Zagwijn, 1984; Vos et al., 2015a); 1c: Schoorl (1999); 1d: Jelgersma & Ente (1977). 
Tidal inlets – 2a: Onset youngest transgression southwestern Netherlands – (Bennema & Van der Meer, 1952; 
Vos & Van Heeringen, 1997); 2b: Avulsion Eastern Scheldt to western Scheldt – (Van der Spek, 1997; Vos & Van 
Heeringen, 1997); 2c: Initiation Grevelingen – (Vos, 2015b); 2d: Initiation Haringvliet – (Vos, 2015b); 2e: Extension 
tidal basin around Meuse estuary – (Van Staalduinen, 1979; Van Trierum, 1986; Vos & Eijskoot, 2015); 2f: Rhine 
estuary dynamics – (Van Dinter, 2013); 2g: Avulsion Utrechtse Vecht (Rhine tributary) into the Oer IJ (Bos et al., 
2009); 2h: Closing Oer-IJ inlet: (Vos et al., 2015a); 2i: Activity Zijpe – (Schoorl, 1999; Vos, 2015a); 2j: Initiation 
Marsdiep – (Ente et al., 1986; Schoorl, 1999; Vos, 2015a); 2k: Vlie – (Ente et al., 1986; Schoorl, 1999; Vos, 2015a); 2l: 
Boorne and Middelzee – (Cnossen, 1958; Van der Spek, 1995; Vos & Gerrets, 2005; Vos & Knol, 2015); 2m: Paesens 
– (Griede, 1978; Vos & Knol, 2015); 2n: Lauwerszee – (Roeleveld, 1974; Griede, 1978; Vos & Knol, 2015); 2o: Hunze 
(Roeleveld, 1974; Vos & Knol, 2015); 2p: Dollard – (Homeier, 1977; Behre, 1999; Vos & Knol, 2015). Supratidal 
ridges – (Roeleveld, 1974; Vos & Gerrets, 2005). Late Holocene transgression – southwestern Netherlands: (Vos 
& Van Heeringen, 1997; Vos, 2015b); northwestern Netherlands – (Westerhoff et al., 1987; Vos, 2015a); northern 
Netherlands – (Gerrets, 2010; Vos & Knol, 2015).
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Figure 4.6 | Areal statistics of sedimentary domains. Regional comparison of the timing and impact of tidal area 
expansion since 1250 BC. The units were derived from Figure 4.7, and their colours correspond to Figure 4.7. 
The areal extent was standardized per km coastal length to correct for the different sizes of the coastal plains 
by dividing the summed area of the landscape units by longshore coastal section length. Transgression in the 
northwestern Netherlands mainly comprises the expansion of the Almere lagoon.
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& Eijskoot, 2015). Around 2000 BP the Oer IJ and Rhine estuaries silted up and beach-barrier 
progradation stopped along this coastal segment. Waves reworked the seaward bending beach 
ridges near the former Rhine estuary, leading to local coastline retrogradation (Figure 4.4C; Van 
Straaten, 1965; Cleveringa, 2000). Coastal retrogradation has been attributed to a decrease in 
sediment supply from the shallow offshore area caused by depletion of the offshore sand volume 
as a result of continued wave transport towards the coastal barriers during the millennia before 
(Roep, 1984; Beets et al., 1994; Van Heteren et al., 2011). Additionally, it coincided with avulsion 
of the Rhine towards the Meuse estuary after the Roman period (Berendsen & Stouthamer, 2000; 
Stouthamer & Berendsen 2001), resulting in a loss of direct fluvial sand supply to the beach barrier 
complex around the former Rhine estuary. Afterwards, the Meuse estuary received more discharge 
and sediment load (e.g. Erkens & Cohen, 2009; Hijma et al., 2009). It is quite possible that these 
sediments contributed to the silting up of the tidal areas of the late-medieval sea ingressions in the 
northern part of southwestern Netherlands. Iron Age and Roman habitation was mainly confined to 
the barriers, the tidal levees, and possibly also to the edges of the peatlands. From the Middle Ages 
onwards, large scale peat reclamation took place (Borger, 1992; Vos et al., 2015a).

4.3.3	 Northwestern Netherlands
The present coastal barrier in this segment is composed of relatively narrow mainly post-medieval 
beach ridges. Behind the barrier system, back-barrier peat is covered by clastic deposits of medieval 
age (Zagwijn, 1986; Vos, 2015a), whereas tidal deposits from the Iron Age and Roman period have 
not been found. Due to continuous erosion, the timing of developments in this area is less known. 
This erosion is documented by historical sources that describe a medieval and post-medieval 
retrograding trend of the coastline and the expansion of tidal inlets (Schoorl, 1999). Coastal plain 
erosion and tidal deposition in this area not only occurred directly as a result of ingressions from 
the North Sea. On the eastern side, expansion of the Wadden Sea tidal flats in the peat area took 
place (Eisma & Wolff, 1980). Similar to the other coastal sections, this medieval tidal area expansion 
(probably since AD 800) has been registered in the northern part of Noord-Holland as a clay cover 
on peat and is associated with peat reclamation (Figure 4.5; Vos et al., 2015c). In a final phase of 
tidal area expansion, during the Late Middle Ages, the Marsdiep inlet was formed (Figures 4.5 
and 4.7), which since then drained a large part of western Wadden Sea (Ente et al., 1986; Schoorl, 
1999). Meanwhile, waves continuously eroded the peaty shores, causing the lagoonal area to expand 
(Figures 4.4C and 4.7). The remaining peatland surrounding the lagoon became covered with clay 
during the Middle Ages (Veenenbos, 1949; Pons & Wiggers, 1959/1960; Westerhoff et al., 1987; Van 
den Biggelaar et al., 2014).

4.3.4	 Northern Netherlands
In the northern Netherlands, barrier islands alternated with tidal inlets that each drained large 
intertidal areas of the Wadden Sea (Figures 4.2 and 4.7). The occurrence of back-barrier tidal-
channel deposits underneath the barrier islands (Oost, 1995; Van der Spek, 1996; Vos & Van 
Kesteren, 2000), and remnants of tidal channels in the current offshore realm (Beets et al., 
1994) demonstrate that the barrier-island coastline retrograded during the last millennia. This 
retrogradation provided sand for the back-barrier intertidal area. Along the most inland part of the 
intertidal area, supratidal levees accreted between 700 BC and AD 500 (Roeleveld, 1974; Griede, 
1978; Vos & Gerrets, 2005; Figures 4.3C, 4.4D, 4.5, and 4.6). Their clayey texture made them 
relatively resistant to lateral erosion by tidal channels and they probably also hampered the drainage 
of the surrounding subsiding peatland (Knol, 1993). Between ca. AD 300 and AD 600 the inland 
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peatlands became regionally covered by a transgressive clay layer (Tables 4.1 and 4.2, Figures 4.6 
and 4.7C; Veenenbos, 1949; Veenenbos & Schuylenborgh, 1951; Roeleveld, 1974; Knol, 1993). This 
clay deposition is attributed to peat-surface subsidence mainly resulting from reclamation activities 
and peat mining during the Late Iron Age (250–12 BC) and the Roman period (Figure 4.4D; Griede, 
1978; De Groot et al., 1987; Gerrets, 2010; De Langen et al., 2013). The deposits are associated with 
newly-formed ingression tidal inlets such as the Lauwers and Middelzee. Their size and depth 
expanded, caused by the increased tidal prism initiated by subsidence of the peat area (Knol, 1993; 
Van der Spek, 1995; Vos & Knol, 2015). In the tidal sediment sequences, this expansion is observed 
as a gradual upward increase in sand content (Pons, 1965). The new ingressions reached their 
maximum extent approximately AD 1000, after which they were embanked in different phases (Van 
der Spek, 1995). It is presumed that they initiated in the Roman period (Vos & Knol, 2015) taking 
over the drainage of local small channels from the previous generation of tidal inlets (Figure 4.5). 
Compared to regions in the southwestern Netherlands, the late Holocene transgressed area in the 
northern Netherlands was small and therefore the number of new ingressive systems was smaller 
as well. New tidal depositional areas connected to these inlets were also smaller than those in other 
coastal sections and furthermore better protected from the sea by the supratidal levees (Figure 4.5, 
4.6, and 4.7). Similar to the southwestern Netherlands, a second generation of extensive land losses 
in the embanked former tidal areas occurred. The most dramatic example is the land loss owing 
to the 15th to 16th century ingression along the river Ems known as the ‘Dollard’ (Homeier, 1977; 
Behre, 1999; Vos & Knol, 2015).

600-300 BC 300 BC-AD 50 AD 50-300 AD 300-600 AD 600-900 AD 900-1200 AD 1200-1500

SW NL
SW NL tidal area 
increase 

13 18 466 0 a) 416 a) 0 b) 40 b)

SW channel 
increase

7 0 38 28 117 102 b) 78 b)

N NL tidal area 
increase

0 0 0 230 104 - b) 6 b)

N NL channel 
increase

0 -20 0 0 27 - b) - b)

a) The pacing of tidal areal increase in the southwestern Netherlands after AD 300 is uncertain; b) land loss compensated by 
embankments, only new losses are shown. 

Table 4.2 | Increase in tidal channel and total tidal flooded area (channels, intertidal and supratidal flats) in 
average 1.0 × 104 m2 per yr, derived from the palaeogeographical reconstructions of Figure 4.7.

Figure 4.7 (right page) | GIS generated palaeogeography. GIS-derived coastal development since 600 BC (chapter 
3): blue arrows: tidal areal expansion; green arrows: salt marsh ridges expansion; black names: inherited middle 
Holocene estuaries and lakes; brown names: newly formed sea ingressions. Pie charts demonstrate relative areal 
extent of the landscape units per coastal segment, colours correspond to the map legend units. Footnotes: 1 – 
Walcheren, 2 – northern part Noord Holland, 3 – Zeeuws-Vlaanderen.
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4.4		  Discussion

4.4.1	 Evolution of sea ingression tidal systems: mechanisms, timing, and pacing
From the series of examples encountered in the Netherlands, it is observed that quite a large coastal 
plain area was flooded instantaneously by major storms, but that the tidal channels took a few 
centuries to reach their equilibrium dimensions before the tidal system finally silted up (Figures 
4.4, 4.5, 4.7). To better understand sea ingression evolution we summarised the facilitating controls, 
triggering mechanisms, and feedbacks, derived from the cases in our study area, into a conceptual 
model showing the evolution of a typical late Holocene tidal system (Figure 4.8). In our conceptual 
model we distinguish the following key phases:

Phase 0 – pre-triggering phase
Before sea ingression took place, natural or anthropogenic developments caused subsidence in 
the coastal plain, making it susceptible to sea ingression (phase 0 in Figure 4.8). At least for the 
southwestern and northern Netherlands we consider human-induced subsidence of the peatland 
to be the prerequisite for sea ingressions in our study area, based on the timing of initial tidal 
sediment deposition after peatland occupation and the unprecedented scale of the sea ingressions 
(Pons, 1992; Vos & Van Heeringen, 1997; Ervynck et al., 1999; Vos, 2015a). This subsidence ranged 
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from several decimetres to up to several metres and resulted from oxidation and compaction caused 
by groundwater table lowering (Erkens et al., 2016). In a later stage, subsidence was further aided 
by peat digging for salt mining (e.g. Griede, 1978; Jongepier et al., 2011). The large-scale surface 
lowering was not immediately compensated for by sedimentation and therefore caused irreversible 
drowning and transgression.

Natural factors have also been postulated for sea ingression initiation. An increased discharge 
of rivers would have caused widening or deepening of estuaries, facilitating sea ingressions 
(e.g. Pons, 1992; Baeteman, 2005b). In our study area, this would apply to the Meuse estuary 
that received more river discharge due to the avulsion of Rhine channel belts towards the Meuse 
estuary. Here, however, the opposite is observed: increased river discharge coincided with large 
scale peat formation around the estuary rather than sea ingression (section 4.2). Moreover, most 
sea ingressions in our study area occurred in absence of these major rivers or even at new positions 
along the coast (Figure 4.5) making it unlikely that this played a major role for the sea ingressions 
considered in this study. Depletion of offshore sediment sources where coastal barriers were narrow 
made the coastal plain more prone to back-barrier tidal area expansion. This mechanism has been 
discussed for the Flemish coast – Baeteman (2005b), UK Fenlands – Brew et al. (2000), UK Romney 
Marsh – Long et al. (2006) as well as for the Holland coast (section 4.3.2). This could also have 
played a role in the northwestern Netherlands, although the ingressions seem to follow periods of 
reclamation as well (Vos, 2015a). The extent and timing of the reclamation and the sea ingression 
in this segment remains to be established more accurately to assess the role of this facilitating 
antecedent condition (Vos, 2015a).

Phase 1 – net drowning and maturation
Ingression triggering: The subsiding peat area provided storage capacity, initially for storm 

water, later for diurnal high tide water, and in some cases even for permanent water. This large-
scale flooding took place after the peatlands became connected to tidal or fluvial systems, most 
likely triggered by storms or spring tides (start of phase 1). Several studies attribute the increased 
influence of marine conditions to an increase in regional storm intensity (e.g. Regnauld et al., 
1996 – Britanny, France, Long et al., 1998 – Humber estuary, UK; Clavé et al., 2001 – Gironde 
estuary, France). As demonstrated in Figure 4.5, documented NW European episodes of increased 
storminess (after Sorrel et al., 2012) coincide with two phases of sea ingressions in our study area 
(1900–1050 BP and 600–250 BP), whereas a third episode of enhanced storminess (3300–2400 BP) 
hardly had an effect on coastal plain development. This suggests that the facilitating conditions of 
large scale peat subsidence in enlarging back-barrier storage capacity after 2000 BP was an essential 
prerequisite for the sea ingressions. The tidal storage generated by this facilitating condition was 
necessary to cause water flow through existing weak spots along the coastline (e.g. small channels, 
lower spots in barriers or levees) to develop into new large tidal inlets at the observed scale (Figure 
4.5). Single storms or episodes of enhanced storminess may have accelerated sea ingression or 
triggered the beginning of sea ingression, but they are unlikely to be the main cause behind the sea 
ingressions.

Sea ingression maturation: The creation of accommodation space in the back-barrier area 
provided an increase in tidal prism to which the size of the sea ingression tidal channels adapted 
proportionally during phase 1 and 2. For empirical relations considering channel dimensions in 
relation to tidal discharge, we refer to O’Brien (1931, 1969), Jarrett (1976), and Van der Spek (1995). 
In our reconstructions, we observe that the areal extent of the drowning part of the coastal plain is 
proportional to the size of the tidal channel belts (Table 4.2 and 4.3, Figure 4.7). During this stage, 
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an erodible sandy substrate allowed fast adaptation to the new back-barrier tidal area, whereas in 
more resistant clay and peat channel adaptation took longer. The gradual maturation is reflected 
in the sedimentary record by the upward increasing sand content of clays in the southwestern and 
northern Netherlands indicating an increase in energy.

Initial infilling and autocompaction feedback: the growing accommodation space has been 
filled with sediments supplied through the expanding tidal channels. The weight of clastic deposits 
caused compaction of the underlying peat by loading resulting in additional subsidence. This 
positive feedback created a further increase of the tidal prism and accommodation space. Its effect 
is proportional to the thickness of peat deposits at the time of inundation (e.g. Allen, 1999, Van 
Asselen et al., 2011). The thickness of the peat therefore controls the amount of accommodation 
space resulting from sediment loading and hence the timing of the shift from net drowning to the 
net infilling of the tidal system (phase 1 to 2).

Flanking area feedbacks: Another positive feedback includes the collapse of flanking 
unreclaimed peat areas caused by lowering of the groundwater table in the adjacent area after 
ingression. The areal extent of this feedback and its pacing is unknown, but it may have played a 
role in further expanding ingressions. Furthermore, in response to the expanding ingressions, peat-
land habitation can shift towards more inland positions, inducing new local land subsidence, which 
further enlarges the ingression prone area. Developing a detailed chronology of drowning in the 
northern part of the southwestern Netherlands and in the northwestern Netherlands may help 
further understanding of this mechanism.

Phase 2 – net infilling
In the study area, tidal basins had a tendency to fill in as a result of tidal asymmetry and additional 
feedbacks (e.g. scour lag, settling lag – Van Straaten & Kuenen, 1958; Van den Berg et al., 1996). 
The timing of the shift from phase 1 to 2 is determined by sediment availability, but also by 
accommodation space and its feedbacks as described above (auto-compaction and flanking area 
feedbacks), which delay the net infilling. We expect sediment import to be proportional to channel 
size, i.e. the sediment will be most efficiently distributed over the tidal system when the size of the 
channels is adapted to the tidal prism of the tidal system.

Phase 3 – reclamation by embankment
After sediment accretion had caused the tidal area to be sufficiently elevated, the area could 
be inhabited, reclaimed or successively embanked. Despite the increased supply of suspended 
sediment, not all late Holocene created accommodation space has been filled in and embanked 
today (e.g. Westerschelde, Oosterschelde, Dollard, Eastern Wadden Sea).

4.4.2	 Antecedent conditions controlling the pacing and extent of sea ingressions
Several antecedent conditions control the development of sea ingressions and the resulting new tidal 
areas. We use the phases of Figure 4.8 to outline the relative contribution of antecedent conditions, 
which are also summarised in Table 4.3.

Coastal-plain width: a large coastal peat area results in a relatively large potential for the creation 
of tidal storage and accommodation space during phase 0, which will eventually develop in a large 
transgressed area during phase 1 (Table 4.3). This explains the large extent of the transgressed area 
in the southwestern part (30 km per km coastal length – Figure 4.6) compared to the northern 
Netherlands (10 km per km coastal length) Figure 4.5. When the areal extent of drowned peat 
is large, more sediment is required to push the tidal area from phase 1 to phase 2 (Figure 4.8). 
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Furthermore, within the considered coastal segments, the slope of the pre-Holocene substrate of  
the most inland part of the coastal plain controlled the inland extent of the late Holocene tidal 
deposits during phase 1 (Figure 4.9). When late-Holocene gradual RSLR and peat collapse took 
place, the presence of a flat and shallow Pleistocene surface (i.e. former headlands), topped by a 
thin middle Holocene peat layer facilitated the sea ingressions to penetrate deeper inland compared 
to the middle Holocene tidal areas (Figures 4.2B and 4.9). This is observed in the northwestern 
Netherlands and on a smaller scale in the southern part of the southwestern Netherlands (in the 
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peat

MH tidal 
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peat

A: Situation during the beginning of the late Holocene

B: Situation after late Holocene sea ingression

Sea level
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Figure 4.9 | Infographic on the development of a sea ingression on a convex sloping pre-Holocene substrate. 
This situation represents pre-Holocene headlands indicated in Figure 4.1A where the sea ingression can reach 
relatively far during the late Holocene compared to the middle Holocene tidal systems. This is a result of the low 
sloping shallow part of the pre-Holocene substrate.
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areas indicated as headland in Figure 4.1A) and in the peat area of the northern Netherlands. The 
underfilled Flevo lakes in the coastal plain in the northwestern part have never entirely been filled 
up by peat, making them sensitive to a different natural transgression mechanism: peat erosion by 
wave activity. This facilitated large scale late-Holocene expansion of the lagoon (Almere) and the 
growth of the proportionally large Vlie channel (Figure 4.7).

Protecting elements: Three types of protecting geomorphological features have counteracted 
coastal ingression of human-reclaimed land: beach barriers, supratidal levees, and inherited tidal 
tributaries. In the aftermath of storm surges, such elements delayed or prevented the formation of 
a permanent tidal channel connecting flooded subsidence-prone land to the sea (phase 0 towards 
1 in Figure 4.8). They also delayed lateral expansion of the newly forming tidal channels (during 
phase 1 and 2). In the western Netherlands, the wide beach-barrier complex topped by coastal 
dunes prevented large-scale flooding and the formation of new tidal inlets. Peat-filled back-barrier 
areas in the southwestern and northwestern Netherlands had less wide beach barriers and were 
more sensitive to flooding and subsequent formation of sea ingressions. Other protecting elements 
were the inherited secondary tidal systems along the long-active estuaries (Meuse, Old Rhine, Oer 
IJ; Figure 4.5). In the millennia before reclamation, these systems had formed a more elevated levee-
like topography around the estuaries inhibiting sea ingressions (Pons, 1992). The long presence of 
tides in these rivers caused floodwater to be relatively high on a regular basis, probably allowing 
the natural levees to build up relatively high (several decimetres). In addition to this effect, this 
already naturally auto compacted ribbon zone was less prone to subsidence compared to peatlands 
and therefore less sensitive to ingressive erosion. These elements probably became especially 
important from AD 1000 onwards, when the flanking peatlands were reclaimed at large scale 
around the Rhine and Meuse estuary. In the northern Netherlands supratidal clayey levees formed 
a line of protection. This probably delayed channel formation, causing the tidal channels to mature 
relatively late compared to the southwestern Netherlands (Figure 4.5). The position and elevation 
of protecting elements did not only influence the pacing of sea ingressions, but also the location 
of the late Holocene sea ingression tidal inlets. They mainly formed at new positions relative to 
their precursors (e.g. Lauwers, Middelzee, Westerschelde Figure 4.5), i.e. at weak locations in the 
protecting elements, possibly taking advantage of already-existing small creeks.

In the Late Middle Ages (AD 1050-1500), the first Roman to early medieval generations of sea 
ingressions that formed relatively close to the sea had silted up, to a level that made them suitable 
for human activities. They also formed protecting elements for the remaining inland peatlands. This 
could not prevent a second late medieval generation of ingressions taking place further inland in 
already embanked areas (Biesbosch, Dollard, Zeeuws Vlaanderen; Figures 4.5 and 4.7E). In contrast 
to the earlier ingressions, the position of the dikes in the landscape controlled the ingression extent 
and modulated the tidal amplitude (section 4.3.1), whereas their state of maintenance controlled the 
sensitivity for failure.

Sediment delivery to the back-barrier area was determined by overall sediment supply and 
by the proximity of the inundated area to main paths of tidal flow and wave activity. During the 
natural preconditional phase, sediment supply facilitated the presence of protecting elements as 
described above. When the ingression took place, it co-controlled the transition from net drowning 
to net infilling (transition from phase 1 to 2) and finally reclamation (phase 3). After the creation 
of additional accommodation space by autocompaction during phase 1 the balance shifted towards 
net infilling when sediment supply is abundant. In our study area, sources of sand mainly included 
reworked material from pre-Holocene headlands and the seafloor (Beets & Van der Spek, 2000), 
consisting of overstepped back-barrier deposits (Hijma et al., 2010). Suspended material was mainly 
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imported through the tidal inlets from the sea, where it was originally supplied from river mouths. 
As a result of deforestation in the upstream catchments, the amount of suspended load trapped 
in the Rhine-Meuse delta gradually increased since 500 BC, up to 3 Mton/y by AD 1000, which 
is twice the amount compared to the middle Holocene (Erkens & Cohen, 2009). We presume that 
the amounts of clays and silts transported to the sea and consequently available for sedimentation 
in the coastal plain must have increased as well, most likely causing relatively faster silting up of 
the new tidal systems. Around AD 1400 the avulsed Rhine system directly supplied sediments to 
the southwestern Netherlands (Biesbosch; Kleinhans et al., 2010), accelerating the rate at which 
the young tidal system could fill in (8-10 mm/a proximal to the river) and lost peatland could be 
reclaimed as fresh supra-tidal surface (Figure 4.4). Finally, the development of many new tidal 
channels favoured efficient sediment distribution over large parts of the coastal plain during phase 
2 and 3 (in the southwestern Netherlands). In contrast, coastal parallel-transgressed areas (clay on 
peat areas in the northern Netherlands) drained by a comparatively smaller number of channels, 
hampered sediment distribution (especially sands) over the distal part of the coastal plain.

4.4.3	 Outlook
Within our study area, several topics deserve additional research. A first topic is the non-linear 
response of flanking unreclaimed peat collapse feedback after initial ingression. Continued dating 
effort in geoarchaeological contexts will show how far the entire peat area is affected by possibly 
rather local human-induced subsidence. Other unresolved issues are the role of a potential storm-
frequency and intensity increase in triggering sea ingressions, and the complex interplay between 

Antecedent conditions Enhance LH 
flooding or 
sea ingression 
initiation

Enhance far 
inland LH 
transgression?

Enhance LH 
infilling?

Remarks/feedbacks Example

Low sloping Pleistocene 
substrate (result: wide 
peat filled plain)

0 ++ 0 Shallow peat, but far 
inland

NW-NL, N-NL

Thick peat No initial effect No initial effect - Subsidence by loading 
++

SW-NL, W-NL
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beach barriers
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growth, and thus LH 
flooding potential

SW-NL, NW-
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- - + Reworked beach 
barrier material for sea 
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W-NL

Supratidal levees - - 0 N-NL
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W-NL 
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MH = middle Holocene, LH = late Holocene, + positive effect, – negative effect, 0 no effect.

Table 4.3 | Relative contribution of antecedent conditions on flooding, the formation of sea ingressions and 
infilling of the coastal plain.
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tidal, storm and river-discharge conditions controlling sea ingressions around larger rivers. For this, 
further refining of storm-event records around the North Sea for the entire late Holocene, flood 
records from rivers, and refining the timing of river branches and tidal inlet maturing will provide 
new insights. The mechanisms derived from the palaeogeographical reconstructions may be tested 
using numerical models.

The mechanisms and suitable antecedent conditions for transgression reconstructed for 
the Dutch coastal plain can be used to study drowning coastal plains in other areas in the world. 
In these areas boundary conditions may be different or the substrate could consist of another 
subsidence-prone lithology (e.g. unconsolidated clays). Successful maturation of ingressions could 
be related to either lack of sediment supply (e.g. Stanley & Warne, 1993; Zecchin et al., 2009) or 
creation of additional accommodation space (Törnqvist et al., 2008, this chapter). Despite these 
possible differences, these drowning coastal plains have in common that a rapid human-induced 
transgression results in sea ingressions with comparable feedbacks. This pushes the system into a 
long state of drowning and land loss until sedimentation compensates for this. Considering the role 
of antecedent conditions in these mechanisms as in our approach can help to assess the differential 
impact of coastal plain subsidence and drowning.

4.5		  Conclusions

Large-scale coastal plain subsidence causes a major impact, both on the landscape and on 
habitation. We demonstrate this impact for the Netherlands’ coastal plain, where mainly human-
induced sea ingressions took place since the late Roman period continuing in the Middle Ages, on a 
remarkably large scale. Unlike the middle-Holocene transgression, these late-Holocene ingressions 
occurred in a peat filled back-barrier area and were not forced by rapid sea-level rise. In our study 
we identified the role antecedent conditions (i.e. geological setting) in the coastal plain changes 
caused by human-induced subsidence area for different coastal sections with varying antecedent 
conditions. The contrasting developments in coastal plain evolution in the different coastal sections 
are used to derive generic mechanisms of the initiation and maturing stages of sea ingressions:
•	 Wide coastal plains filled with subsidence-prone peat are most sensitive to surface lowering 

which facilitated ingression after reclamation. The formation of such wide coastal plains is 
facilitated by a low sloping pre-Holocene substrate. Cutting of ditches during reclamation 
lowers groundwater tables, which causes peat oxidation and compaction. The resulting 
surface lowering rate outpaces by far the rate of regional eustatic sea-level rise and is therefore 
considered a much more important factor for sea ingression. Late Holocene tidal-system 
ingression can reach tens of kilometres far inland when all controlling factors add up.

•	 Coastal plain subsidence yields an increase of tidal storage in the back-barrier area. This can 
cause weak points in the coastline (e.g. creeks, lower parts of barriers or levees) to grow into new 
tidal channels, that grow proportionally to the back-barrier drainage area. Additional feedbacks 
such as subsidence by sediment loading lead to extra tidal prism increase and accommodation 
space for tidal sediments. These combined effects result in irreversible sea ingression over large 
areas that become unsuitable for habitation.

•	 In some segments of the coast, certain protecting elements (barriers, supratidal levees) in the 
landscape control the location of sea ingressions that can develop in their weak spots. Moreover, 
protecting elements can delay or even prevent channel formation between the sea and the 
subsiding back-barrier area. Peat areas around estuaries are also less susceptible because they 
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are protected by a zone of erosion resistant clayey deposits from estuary tributaries that coevally 
formed during peat accumulation.

•	 Many coastal segments only partially fill in after sea ingression. Filling in the newly formed tidal 
area to a level that is suitable for habitation takes several centuries. The time required for this 
development is controlled by the extent of the ingressed area, sediment supply, and the strength 
of the peat area degradation or subsidence feedbacks. Large drowned areas with thick peat 
sequences, at distal positions to sediment supply take several centuries longer to fill in.

•	 When the oldest generation of ingressions is filled in with tidal deposits, these areas are less 
prone to new ingressions and become suitable for habitation again. Further inland however, 
vulnerable peatlands can still face younger generations of sea ingressions. In contrast to the 
earlier ingressions their extent is limited by the location of dikes rather than by natural feedback 
mechanisms.
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Chapter 5

Human-induced drivers of avulsion success in the 
Rhine-Meuse delta, the Netherlands 

The shifting of deltaic river branches (avulsion) is a natural process that has been increasingly 
influenced by humans over the last millennia. Still, the impact of early human activities as controls 
of avulsion success has remained poorly explored. This study demonstrates how two avulsions 
in the Rhine-Meuse delta, the Netherlands, were stimulated by human activities already in the 
first millennium AD. By step-wise rerouting of nearly all Rhine discharge towards the expanding 
Meuse estuary, these avulsions led to a total reorganisation of the delta-river network. We show 
that peatland reclamation induced land subsidence in the lower delta. This effect, together with 
human-induced increased suspended loads from the upstream basin and tidal backwater effects, 
caused expansion of and eventual connection between tidal ingressions and fluvial crevasse 
channels across extensive deltaic peatlands. We identify the feedback loops between overbank 
sedimentation, tidal incursion, and land drainage subsidence that have led to avulsion success. 
The unravelled chain of processes and feedbacks are generic and relevant to many other deltas, 
where ongoing subsidence may cause tidal ingression and connection to rivers potentially 
causing unexpected avulsions. 

H.J. Pierik, E. Stouthamer, T. Schuring, & K.M. Cohen

5.1	 Introduction

Humans are known to be responsible for intended and unintended river avulsion, the formation of 
new channels, in deltas (e.g. Syvitski & Saito, 2007). Whereas natural drivers and triggers are usually 
split into upstream and downstream controlling factors (e.g. Smith et al., 1989; Jones & Schumm, 
1999; Stouthamer, 2001; Makaske et al., 2012), human controls are harder to put in these terms. 
Here we describe two successful avulsions in the lower Rhine delta in the 1st millennium AD, 
driven by downstream tidal processes, upstream fluvial processes, and omnipresent humans. The 
resulting river branches crossed 30 km of freshwater peatland and connected to the tidal channels 
of the Old Meuse estuary (Figure 5.1). The avulsions occurred in a period of increased suspended 
sediment delivery from the upstream river basin, increased tidal ingression from the downstream 
direction, and increased population and intensified land use across the delta plain. The avulsions 
caused a large-scale river network reorganisation in the delta, redistributing discharge, floodwater, 
and sediment. Remarkably, these were the first lower-delta avulsions that managed to cross 
extensive alder peat swamps, which had separated the Old Rhine and Old Meuse river mouths in 
the preceding 3000 years. While eutrophic Rhine flood waters had fed these swamps, the crevasse 
splays reaching into them never developed into successful avulsions, meaning that floodwater flow 
velocities were effectively reduced and that crevasse-channel progradation was hampered by the 
peat substrate and abundant vegetation (Makaske et al., 2007). Deforestation and reclamation of 
the peatlands from the Late Iron Age onwards (250 BC) altered this situation, shortly after which 



88

the studied avulsions occurred (Figure 5.1). This raises the question if and how humans stimulated 
these avulsions by performing these land-use practices. Therefore, the objective of this study was 
to determine how natural and human controls, both acting from upstream and downstream sides, 
contributed to the development and eventual success of these avulsions. Hereto we mapped and 
dated downstream tidal ingressions and upstream crevasse splay progradation, identified locations 
of peatland reclamation, and identified the drivers, that eventually led to successful avulsion. If 
indeed humans contributed importantly, our case would be an early example of human-controlled 
avulsion and one that allows studying the full completed process. As such the Rhine-Meuse delta 
case serves as an example for younger human-induced avulsion in other deltas that are either in 
progress or waiting to happen and will have lasting socio-economic implications.

Figure 5.1 | (a) Timeline of stage development of the Hollandse IJssel (HIJ) and Lek avulsions, highlighting the 
initiation phases at the downstream (DI) and upstream (UI) sides. M1-M5 resemble different tidal creeks from 
the Old Meuse estuary, white extents indicate occurrence of rectangular creek networks. White stars indicate 
presumed tidal-fluvial connection locations, yellow stars UI crevasse-avulsion nodes. (b) Superficial geological 
map of the study area showing the old river courses (dark blue) and the new courses (light blue) (Cohen et al., 
2012); flood-basin extent (green), raised peat bogs (light brown) (Van Dinter et al., 2014). Anthropogenic features 
of the youngest 1000 years were stripped from the map. Selected dates (white numbers), relevant archaeological 
sites mentioned in the text, and inferred stages of avulsion are indicated. See Appendix B for a full description of 
age-control. 



89

5.2	 Materials and methods

Previous studies have mapped and documented in great detail the age, position, and styles of 
channel belts and their natural levees, crevasse splays, and tidal creek landforms in the Rhine-Meuse 
delta (e.g. Berendsen & Stouthamer, 2000; Gouw & Erkens, 2007; see also chapter 2). We expanded 
this dataset for the two avulsion cases by sampling and 14C dating the top of peat immediately below 
overbank deposits (Törnqvist & Van Dijk, 1993) at multiple locations along the branches Hollandse 
IJssel (HIJ) and Lek (see Table B1 in Appendix B). All dates are reported in standard calibrated form 
in YR BC/AD with 1σ range. Based on these datings, we identified the stages of channel initiation 
at either end of the branches and the maturation stages after upstream and downstream initiated 
channel features connected (Figure 5.1). We correlated these events to human activity using 
archaeological artefacts that were found on the natural levees and on top of the peat. Peatland-
surface elevation before avulsion was reconstructed for each 14C sampled site (including compaction 
correction, see Appendix B3), to assess gradient advantages at the time of established connection.

5.3	 Avulsion history results

Antecedent conditions: In the last millennium BC, two upstream induced processes determined 
the geomorphological setting for our study. In the central delta Rhine, avulsions towards the Meuse 
estuary developed along the eastern margin of the peatlands (Figure 5.2A). Additionally, human 
deforestation of the hinterland resulted in increased supply of fine-grained sediment towards the 
delta after ca. 500 BC (Erkens et al., 2011), affecting the delta plain and its estuarine outlets. Along 
the peatlands, this caused the Rhine branches to raise their levees by ca. 1 m between 1000 and 1 BC 
(Figure 5.2C) and it caused crevasse splays to grow larger than their precursors. This accelerated the 
initial stages of avulsion and thus increased the chance that the crevasse splay could develop into 
an avulsion. The increased sediment load and enhanced connection of Rhine channels along the 
peatlands towards the Meuse outlet resulted in a larger sediment transport towards to this estuary 
(Berendsen & Stouthamer, 2000). 

Upstream crevassing initiation (UI): The parent channel belt for the HIJ and Lek avulsion was the 
secondary Rhine branch that ran along the northern edge of the peatland as had developed in prior 
times (Figures 5.1B and 5.2A). Around settlements on these channel belts as well as in the flood 
basins, riparian deforestation for wood use was common practice during Roman age (Van Dinter 
et al. (2014). Once swamps were deforested and sediment supply had increased, crevassing was no 
longer restricted to the channel belt margins but the systems could further penetrate into the flood 
basin. Avulsion-belt formation by crevassing along HIJ began between 50 BC–AD 50 (date 17) and 
along the Lek around AD 24 ± 34 (date 19; Figure 5.1). 

Downstream creek initiation (DI): From 200 BC onwards, tidal deposition along the Old Meuse 
estuary expanded and multiple creeks ingressed into the peatlands from the southwest (M1-M5 
in Figure 5.1). Archaeological artefacts on top of this peat provide evidence for habitation and 
reclamation of this environment between 250 BC and AD 250 (Figure 5.1B; Table B2 in Appendix 
B). The intensified agricultural use of the artificially drained peatlands caused surface lowering. A 
Roman hollow-tree valve-culvert (Roman engineering work) found at site D (AD 150–200) along 
M3, and 16 other culverts found more downstream in the Meuse estuary (Ter Brugge, 2002 Figures 
1) provide evidence that the land was artificially drained during low tide. The valves allowed 
drainage during low tide, and prevented a return flow during high tide, indicating that reclamations 
caused land-surface lowering to below high tide water levels. In places, Roman-aged small-scale 
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creek ridges follow straight courses that are strikingly perpendicular to the larger natural channels, 
suggesting inheritance of man-dug ditch patterns. This pattern was observed in the lower reaches of 
the HIJ and Lek rivers, and the Alblas system (in the white dotted rectangles in M3-5 in Figure 5.1), 
in analogue to sites in the southwestern Netherlands (Vos, 2015a). Peatland subsidence increased 
the tidal prism and triggered tidal-creek expansion, making the area increasingly sensitive to severe 
storm-surge floods (e.g. Vos, 2015a; Pierik et al., 2017a; chapter 4). These developments caused 
more sediment to be imported into the flood basins, leading to additional surface lowering as the 
accumulation of supplied sediment could not compensate for the subsidence of the underlying peat. 
Subsurface lowering due to sediment loading ranged from 1 to 2 meter (Figure 5.2C) along the 
avulsion path. The resulting estuarine channel and creek network expansion at the downstream side 
(M1-M5) shortened the path distance that crevasse splays from upstream had to cross to connect 
downstream (Figure 5.1B). 

Connection and beginning of maturation: Ingressing creeks reached the central part of the 
peatlands around AD 1–100, at least along the path of branch HIJ (dates 22 and 23; Figure 5.1). 
Not much later, crevasse-splay progradation reached this area from the east and connection of tidal 
and fluvial subsystems occurred at the white star indicated approximate location (Figure 5.1B). 
Especially with swamp forests removed, a slight hydraulic energy gradient advantage arose for the 
cross-over route towards the Meuse estuary. After AD 300 a final second connection was established 
by the river Lek (date 27; Figure 5.1), similar to the Hollandse IJssel. The Lek route towards the 
Old Meuse estuary was shorter compared to the HIJ route, and therefore the Lek river became the 
dominant of the two.

5.4	 Anthropogenic controls and feedbacks in avulsion success 

The double case of HIJ and Lek avulsion success marked a major change in delta-plain network 
configuration (Figure 5.2), shortly following first extensive anthropogenic deforestation and 
reclamation of the lower-delta swamp and fen lands. Apparently, human impact - peatland 
subsidence and increased suspended sediment load - on the river, estuary, and peatlands changed 
the odds in favour of avulsion success. 

In the initial phase, as well as after the connection, several interacting feedback loops caused 
the avulsion to succeed (Figure 5.3). In both the upstream and downstream realms, enhanced peat 
subsidence created more accommodation space for floodwater, leading to larger crevasse and creek 
channels. These facilitated additional sediment transport and deposition onto the peatlands, causing 
further subsidence. Upstream (UI) the loop was initiated by crevassing (sediment loading), whereas 
downstream (DI) this loop was initiated by peatland subsidence (Figure 5.3). Once a connection 
had established, channels matured and natural levees formed that were resistant to lateral erosion. 
Additionally, their weight caused further peat compression further hampering lateral channel 
development and moving the channel system to an equilibrium size (blue arrows in Figure 5.3). A 
positive feedback of tidal-fluvial connectivity is the delivery of more sediment to the estuary, further 

Figure 5.2 (left page) | (a) Simplified map of the delta network in last natural state around 200 BC. (b) Simplified 
map of the delta network in the first anthropogenic state around AD 200. Colors as in Figure 5.1, red dots indicate 
settlement locations. (c) Reconstruction of pre-avulsion surface elevation along HIJ and Lek paths. The approach 
is outlined in Appendix B3. Upstream: mapped levee elevation (green and dark green), Central: top of peat, 
Downstream: tentative tidal incursion, increasing with tidal creek ingressive progradation from 200 BC to AD 200 
(Vos, 2015a). Projected Old Rhine gradient was measured along its residual channels, after Cohen et al. (2012). 
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accelerating peat subsidence and the ingression of creeks that were not yet connected to a river 
(*in Figure 5.3). This is how an avulsion could help a next avulsion to develop: starting before BC 
(Figure 5.2A) along the southern swamp edge, followed by the HIJ and finally the Lek. 

One may argue that topographic gradient advantages are not decisive to lowland river avulsions 
in natural delta plains, because elevation differences are very small (e.g. Kleinhans et al., 2013). 
Nevertheless, for the human-impacted situation of the lower Rhine delta in the first millennium 
AD, our results show that (i) Old Meuse estuary tidal channels had invaded the flood basin by 15-25 
km, bringing the point where the river connects to marine base level further inland (Figure 5.2C), 
(ii) a millennium of maturation with ever increasing overbank sedimentation of the parent channel 
upstream had raised its levees by ca. 1 meter (Figure 5.2C), and (iii) deforestation and subsidence 
caused the peatland to lose its function as a topographic separation with a high hydraulic roughness. 
This increased the flood-basin gradient from ca. 4 cm/km to ca. 14 cm/km, yielding a slight gradient 
advantage to the parent channel slope (Old Rhine) of 8-12 cm/km upstream of Utrecht (Figure 
5.2C). Landward penetration of the tides due to this gradient advantage combined with a decreased 
vegetation roughness caused the effective energy gradient to increase significantly, especially during 
low tide in combination with high river discharge and water levels (Figure 5.2C). This not only 
allowed for ‘connection’ of initiating secondary system, but also for maturation of the HIJ and Lek 
tidal-fluvial channels. 
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Figure 5.3 | Conceptual diagram of the human-induced feedback mechanisms that lead to avulsion success. Tidal 
incursion started with downstream human-induced peatland subsidence (DI). Meanwhile, human-enhanced 
suspended sediment load increased from upstream (UI). When successive avulsions increasingly routed sediments 
towards the estuary and its ingressing creeks, more sediment was available here as well to develop creeks and 
load onto the peat, accelerating the next avulsion (connection and maturation).
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5.5	 Conclusion and implications

Our historical case study demonstrates that human impact in the low-gradient Rhine-Meuse delta 
plain was the main driver of avulsion success. Tidal incursion into the lower delta peatland was 
caused by human-induced peatland subsidence. Avulsion progress was further aided by human-
enhanced suspended sediment load from upstream, which allowed for accelerated crevasse splay 
and channel development, expanding across the peatland towards the estuary. When successive 
avulsions increasingly routed sediments towards the estuary and its ingressing creeks, more 
sediment was available here as well to develop creeks and load onto the peat, accelerating the next 
avulsion. 

Tidal ingression resulting from subsidence often is not included in avulsion models but can be 
a major control as demonstrated for this historical case. As subsidence currently is ongoing in many 
deltas in the world, that additionally face threats from cyclones and sea-level rise (e.g. Syvitski et 
al., 2009), tidal ingression will presumably become increasingly important for causing unexpected 
avulsions. Especially natural floodplains with a subsidence-prone substrate (clay and peat) will 
become more sensitive to storm-surge flooding and sea incursions.
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Chapter 6

Natural levee evolution in the Rhine-Meuse delta, 
the Netherlands, during the first millennium AD

This chapter presents reconstructions on natural-levee development in the Rhine-Meuse delta, 
the Netherlands, during the first millennium AD, covering the full delta plain. It is the first study 
that performs this on a delta scale, which allows seeing the delta-wide trends on levee forming 
controls and their feedbacks. We mapped the levee morphology and elevation by combining 
LiDAR imagery, lithological borehole data, soil mapping, radiocarbon dates, archaeological 
data, and GIS-reconstruction techniques. From the detailed levee reconstructions we quantified 
natural-levee dimensions and evaluated the temporal changes therein. The dimensions and the 
changes therein were then linked to external forcings (increasing suspended sediment load, 
variable flooding intensity) and to antecedent conditions (e.g. delta-plain width, flood-basin 
configuration).
We show that antecedent conditions are an important control on levee shape. This is 
demonstrated for the upper delta where the relatively narrow delta-plain combined with 
strong compartmentation (i.e. the occurrence of many alluvial ridges and enclosed flood 
basins) caused the flood levels to be amplified allowing the natural levees to grow relatively 
high. Compartmentation also seems to have stimulated trapping of coarse-grained overbank 
sediments, explaining the clear downstream trend in levee width. This effect was probably 
further aided by the clearance of the riparian forests, mainly in the upstream and central delta, 
which caused the coarser fraction of the suspended load to be further dispersed into the flood 
basin leading to wider levees. In the first millennium AD several new river courses formed that 
avoided the areas of natural-levee relief of abandoned alluvial ridges. On these fossil alluvial 
ridges, the topographical expression gradually reduced due to widespread flood-basin trapping 
of overbank sediment, which led to topographic levelling. The natural levees that formed during 
this period along the new courses appear to be relatively high compared to precursor generations 
in the upper and the central delta. This is most likely related to the increased suspended sediment 
supply and intense flooding regime during their formation. The hypotheses generated with this 
new delta-wide overview help to better understand the controls in the development of levees, 
which are important elements in river landscapes and in fluvial sedimentary records.

Published as: Pierik, H.J., E. Stouthamer, & K.M. Cohen (2017) Natural levee evolution in the Rhine-Meuse 
delta, the Netherlands, during the first millennium CE, Geomorphology 295, p 215–234. dx.doi.org/10.1016/j.
geomorph.2017.07.003.

6.1	 Introduction

Natural levees are pronounced geomorphological features in the low-relief floodplain topography 
of river and delta landscapes (e.g. Fisk, 1947; Allen, 1965). Because of their relief expression, natural 
levees affect floodplain hydraulics and overbank sedimentation. As such, they are also key elements 
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in the formation of channels and fluvial sedimentary records (e.g. Brierley et al., 1997; Törnqvist 
& Bridge, 2002; Filgueira-Rivera et al., 2007). As natural levees are the main areas of human 
occupation in wet delta landscapes, they are also important for understanding the interaction 
between the active delta landscape and coeval human occupation (e.g. Modderman, 1948; 
Hudson, 2004; Guccione, 2008; Funabiki et al., 2012; Van Dinter et al., 2017; Pierik & Van Lanen, 
2017; chapters 7 & 8). The size, shape, and height of natural levees strongly varies between rivers 
and within deltas, owing to differences in sediment supply, duration of sedimentation, and flood 
regime (Hudson & Heitmuller, 2003; Adams et al., 2004). Their formative controls have typically 
been analysed as case studies for specific selected meander bends, mainly for active sedimentary 
environments (e.g. Cazanacli & Smith, 1998; Törnqvist & Bridge, 2002; Hudson & Heitmuller, 2003; 
Filgueira-Rivera et al., 2007; Smith & Perez-Arlucea, 2008; Smith et al., 2009; Heitmuller et al., 
2017). These studies mainly provide insight into short-term sedimentary processes involved in local 
levee formation. The diverse morphology of levees, however, also is a product of regional variation 
in antecedent conditions – the geomorphological setting of the delta and the flood basins – (e.g. 
Kleinhans et al., 2013; Klasz et al., 2014; Lewin & Ashworth, 2014; Van Asselen et al., 2017) that 
is often missed in local case studies. The regional variation in the antecedent conditions includes 
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differences in delta-plain width, flood-basin configuration, substrate, and the prior avulsion history. 
These conditions affect typical flood height that in turn controls levee height and shape, and makes 
overbank sedimentation vary within the delta, along channels and through successive stages. This 
setting needs to be studied on a regional scale before dimensions of individual levees can be well 
understood. A delta-wide analysis therefore is necessary to study the variation in dimensions of 
natural levees and their formative controls in space and time.

In this chapter we map the natural levees of the Rhine-Meuse delta in the Netherlands (Figure 
6.1) and interpret the inferred patterns as the outcome of the inherited setting, external forcings, 
and internal geomorphic process factors. This is a suitable area to conduct such a study, because 
of data abundance: LiDAR surface datasets, dense subsurface data from borehole databases, and 
well-developed age control on landscape development (e.g. Berendsen and Stouthamer, 2000; Gouw, 
2008; Cohen et al., 2012). Natural levees in this delta – as in other deltas – have been studied before, 
but mostly as local case studies only. Natural levees show up as elements in individual detailed local 
mapping projects that seldom cover areas larger than 50 km2. Levee extent and thickness have also 
been investigated using detailed local cross-sections (e.g. Törnqvist & Bridge, 2002), delta-wide 
cross-sections (e.g. Gouw & Erkens, 2007), and regional geomorphological and geoarchaeological 
mapping (e.g. Berendsen, 1982; Willems, 1986; Van Dinter, 2013; chapter 2). When comparing these 
studies, which each have slightly different methods and definitions when distinguishing the levees, 
the large diversity in levee width, elevation, and distribution across the Rhine-Meuse delta becomes 
evident. A uniform mapping and synthesis of the levee characteristics across the Rhine-Meuse delta, 
so far has not been attempted, and the factors that explain levee shape variability have remained 
unexplored on the delta scale.

In the next sections, we (i) determine and quantify the changes in natural-levee patterns, shape, 
distribution, and elevation in the Rhine-Meuse delta throughout the first millennium AD, and (ii) 
use these results to assess the role of varying forcings, antecedent conditions and feedbacks in the 
development of natural levees in this area. The levee geomorphology was mapped for consecutive 
time slices in the first millennium AD (AD 100, 500, and 900) because the landscape from this 
period has been well preserved and is best resolved using LiDAR and borehole data. The large-
scale construction of dikes from ca. AD 1050 onwards caused sedimentation to be restricted to 
the narrow corridors of the embanked floodplain (Hesselink et al., 2003; Hudson et al., 2008). This 
caused the fossil levee landscape in the rest of the delta plain to remain at a rather shallow depth 
below the current surface, which enhanced the possibilities for mapping the levees.

The antecedent conditions in the beginning of the first millennium AD (e.g. the width of the 
delta plain and the substrate composition) vary greatly between the upper and central regions of 
the delta. Over the studied period, major geomorphological changes occurred to which the levees 
presumably adjusted. For example, a series of avulsions redistributed discharge of Rhine water 
and sediment over the delta (Stouthamer & Berendsen, 2001), suspended sediment load was 
higher than in previous periods (Erkens et al., 2011), and the frequency of large floods increased 
(Toonen et al., 2013). These independently reconstructed varying antecedent conditions and 
external forcings were compared to natural-levee shape and the developments therein observed 
in the levee reconstructions. The time steps of the reconstructions (AD 100, 500, and 900) equally 
divide the first millennium and the phasing of the avulsions and changing forcings. By comparing 
the differences in levee shape across the entire delta throughout the first millennium AD, the 
regional controls on levee formation are inferred. This leads to a more complete identification of the 
processes and controls involved in levee formation.
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6.2	 The Rhine-Meuse delta: setting and natural levee characteristics

6.2.1	 Delta evolution
The Rhine-Meuse delta extends from its apex in the Dutch-German border region westward to the 
Holland barrier coast (Figure 6.1). Near the delta apex, the Rhine floodplain is up to 20 km wide, 
but in downstream direction it first narrows to ca. 10 km (near X = 190,000; Figure 6.1) before 
widening again to 50 km in the central and lower parts of the delta. The thickness of the Holocene 
deposits increases from a few meters in the upper delta to about 20 m near the coastline. This deltaic 
wedge contains flood-basin clays and peat intersected by sand bodies of multiple generations of 
channel belts topped and flanked by levee complexes (e.g. Törnqvist, 1993; Weerts, 1996; Gouw & 
Erkens, 2007; Makaske et al., 2007). In the upstream delta, wide alluvial ridges enclose relatively 
small flood basins, whereas westward, increasingly confined alluvial ridges separate much larger 
flood basins (Törnqvist, 1993; Makaske et al., 2007; Gouw, 2008). In the upstream part the overbank 
material is more silty, and the presence of vegetation horizons indicates mainly non-permanent 
inundation of the flood basins (Egberts, 1950; Havinga, 1969), whereas in the downstream part, 
peat indicates semi-permanent and permanent flood-basin inundation.

Individual channel belts typically were active for some 100 to 1000 years, whereas trunk 
channels (e.g. Oude Rijn in Figure 6.1) could be active for multiple thousands of years (Stouthamer 
& Berendsen, 2001; Stouthamer et al., 2011). Repeated avulsions caused new river courses to form, 
leaving the old channel belt abandoned. The remaining alluvial ridges of such abandoned river 
courses were gradually buried by overbank sedimentation from the younger channels, which caused 
the ridges to lose their topographic expression over time (Figure 6.2 – Cazanacli & Smith, 1998; 
Van Dinter & Van Zijverden, 2010). The burial of older alluvial ridges was driven by relative sea-
level rise (RSLR) and upstream sediment supply. This burial took place relatively quickly in the 
beginning of the middle Holocene and gradually slowed down afterwards due to declining RSLR 
(Van Dijk et al., 1991). In the downstream parts of the delta, aggradation decreased from ca. 1 m/
kyr around 5000 cal BP to ca. 0.3 m/kyr around 2000 cal BP. In the central and upper delta fluvial 
aggradation was ca. 0.8 m/kyr around 5000 cal BP and ca. 0.3 m/kyr around 2000 cal BP (Cohen, 
2005; Stouthamer et al., 2011; Koster et al., 2016a).

New river branch Start of the initiation phase Start of the mature phase

Nederrijn ca. 500–20 BC1) After AD 3101)

Linge ca. 250–20 BC2) After AD 202)

Hollandse IJssel ca. AD 0–1003) Before AD 8003)

Lek ca. AD 40–3003) Around AD 7003)

Waal ca. AD 220–4502) After AD 4502)

Gelderse IJssel ca. AD 550–6501) Around AD 9001)

1)Based on Teunissen (1988; 1990); Makaske et al. (2008); Cohen et al. (2009). 2)Based on Törnqvist (1993); Weerts & Berendsen 
(1995). 3)Based on Berendsen (1982), Guiran (1997) and chapter 5. 

Table 6.1 | New avulsed rivers in the Rhine-Meuse delta between 500 BC and AD 1000 compiled from overviews 
in Berendsen & Stouthamer (2001), Cohen et al. (2012; 2016). More specific references are given in the table. The 
start of the initiation and mature phases were inferred from radiocarbon dates and relative dating. Location of the 
rivers is indicated in Figure 6.1.
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Due to deforestation in the upstream catchment, the supply of fine-grained sediments – which 
levees typically are composed of – increased considerably in the youngest millennia (Erkens 
& Cohen, 2009; Erkens et al., 2011). Notably the contribution of silt in the supplied sediment 
remarkably increased (Erkens et al., 2013). Another distinct change is the increased frequency of 
large floods in the Lower Rhine, particularly in the period AD 300–800 (Toonen et al., 2013; 2017; 
Cohen et al., 2016). The increased suspended load and higher flooding frequency together resulted 
in increased overbank sedimentation in the central and upper delta: here, aggradation rates were 
mainly controlled by sediment delivery from the upstream basin rather than by RSLR (Cohen et al., 
2005; Erkens et al., 2011; Stouthamer et al., 2011). Increased sediment supply also resulted in the 
expansion of clastic sedimentation both in upstream and downstream directions over the last ca. 
3000 years (Pons, 1957; Cohen, 2005; Gouw & Erkens, 2007). These developments concurred with 
channel network changes (Table 6.1 – Berendsen, 1982; Stouthamer & Berendsen, 2001; Stouthamer 
et al., 2011; chapter 5) and anomalously large meander lengths in the rivers of the first millennium 
AD (Weerts & Berendsen, 1995; Stouthamer et al., 2011).

6.2.2	 Natural levee characteristics
Natural levees form the upper part of alluvial ridges and constitute semi-continuous zones of 
relatively higher (1–2 m) terrain. They flank infilled residual channels and active channels, and 
gradually slope downward toward the adjacent flood basins (Figure 6.3A). Alluvial ridges of the 
Rhine typically have levees with dominant clay-loam textures and are rich in calcium carbonate 
(Havinga, 1969; Weerts, 1996; Gouw, 2008). Their height and width are controlled by hydraulic and 
sedimentary conditions that act on a delta scale, such as the rivers’ flood regime, upstream sediment 
delivery, and the delta-plain geometry – Figure 6.3B). Levees incrementally grow in height until 
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use the elevation relative to the distal flood-basin groundwater. (b) Conceptual diagram of controls on levee 
morphology. Natural-levee morphology is influenced by local sedimentary controls that are in turn affected by 
antecedent conditions, i.e. delta-plain geomorphological setting (delta-plain width, flood-basin configuration, and 
substrate) and external forcings (flood regime, sediment supply). Delta-plain setting determines how water and 
sediments are dispersed throughout the flood basins (e.g. by controlling flood amplitude, trapping efficiency). 
The substrate determines lateral channel-migration rate, controlling the duration of local levee sedimentation 
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vegetation can trap more overbank sediments close to the channel. When levee shape changes, the local relief 
changes as well causing feedbacks on flood-flow, vegetation patterns, and land-use strategies.
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they reach an elevation that is overtopped by rare high floods only. Therefore, the crest mean height 
of a mature natural levee is attributable to regularly recurring floods (bankfull discharge), and local 
crest maxima to the rare highest floods (Filgueira-Rivera et al., 2007 – Figure 6.3A).

Crevasse splays are a specific type of overbank features that forms in the flood basin when a 
levee breaches during floods. Although crevasse splays have a more complex sedimentological 
structure than natural levees (Smith et al., 1989; Farrell, 2001; Stouthamer, 2001; Shen et al., 2015), 
they can be lithologically and topographically difficult to distinguish, at least with the current data 
availability. This is because they can amalgamate with natural levees, which is the especially the case 
in the upstream and central parts of the Rhine-Meuse delta where the levees are relatively wide and 
the density of alluvial ridges is high.

Levee height in the study area ranges from 0.5–1.5 m above the adjacent surface of the flood 
basins (Berendsen, 1982). Around the Rhine apex, levees are generally higher: 1.5–2.5 m (Erkens 
et al., 2011). Levees are typically 1–2 m thick where they overlie channel belt sands, a contact that 
is usually gradational (Allen, 1965; Berendsen, 1982). Where a levee overlies compaction-prone 
substrate next to channel belts (e.g. peat), its thickness can be up to 4 m (Makaske et al., 2007; Van 
Asselen, 2011), which is considerably larger than their topographic relative height.

In the Rhine-Meuse delta, natural levees reach some 50 to 500 m into the flood basin, 
measured from the channel belt edge (excess width in Figure 6.3A). Lateral thinning of the levee 
deposits results in a gradual and diffuse transition between the levee and the flood basin (Figure 
6.3A – Weerts, 1996; Törnqvist & Bridge, 2002; Gouw, 2007). Natural levee width is determined 
by factors such as channel size and discharge, sediment supply, vegetation, substrate, and flood-
basin configuration (Figure 6.3B – e.g. Törnqvist & Bridge, 2002; Adams et al., 2004). Vegetation 
roughness results in steeper decreasing stream-power gradients from the channel to the flood basin, 
causing most sediment to be deposited close to the channel (e.g. Simm & Walling, 1998; Corenblit 
et al., 2007; Klasz et al., 2014), presumably resulting in narrow and steeper levees. Once formed, 
the levee relief in turn affects the local riparian vegetation patterns and flood hydraulics in its 
surroundings (i.e. by forming obstacles for flood flow) (Figure 6.3B).

When comparing multiple meanders within the same channel belt, levee shape tends to vary 
with meander geometry, rate of channel migration, local crevasse formation, and local interaction 
with pre-existent bank morphology and substrate (Figure 6.3B – Hudson & Heitmuller, 2003). 
Downstream decrease in levee width over large distances has been reported for the Mississippi 
delta (Kolb, 1963), the Blue River USA (Lecce, 1997), and the Pánuco Basin, Mexico (Hudson & 
Heitmuller, 2003). These authors link this trend to downstream fining of sediment associated with 
a longitudinal sediment depletion and decreasing stream power because of the declining floodplain 
gradients. In the Rhine-Meuse delta, reconstructions by Gouw & Erkens (2007) and Erkens & 
Cohen (2009) show a decrease in volume of overbank deposits by roughly a factor 2 between the 
upstream and downstream end of our study area – matching the trends in the above-mentioned 
studies.

Steepness (i.e. cross-valley slope) is a function of levee width, levee crest height and flood-
basin height (Figure 6.3A). It can either directly be an important parameter for delta hydraulics 
and avulsion chances (Bryant et al., 1995; Heller & Paola, 1996; Mohrig et al., 2000) or more 
indirectly when compared to the downstream valley slope (Allen, 1965; Slingerland & Smith, 1998; 
Jones & Schumm, 1999). Although higher levees most likely favour initiation of avulsion, a critical 
threshold cannot be represented by one single value (cf. Törnqvist & Bridge, 2002), because avulsion 
triggering is affected by many other factors, such as flood-basin topography (Aslan et al., 2005; 
Lewin & Ashworth, 2014; Toonen et al., 2016).
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During and after deposition, only modest soil development took place in the levees due to their 
short periods of surface exposure in the dynamic sedimentary delta environment (Edelman et al., 
1950; Van Helvoort, 2003). Ripening (i.e. initial soil formation; Pons & Zonneveld, 1965) already 
occurred during levee formation, repetitively after the waning stage of each flood. Compaction 
of underlying flood-basin sediment and peat by levee loading mainly occurred while the levee 
formed, therefore ripening and compaction had only limited influence on the accuracy of the 
palaeo-elevation reconstructions in this chapter. Surface lowering as a result of groundwater-table 
management since ca. 1000 AD has mainly affected flood-basin areas (Havinga & Op ‘t Hof, 1983). 
This caused occasional re-exposure of buried alluvial ridges, but it has not significantly affected the 
elevations of the Common Era alluvial ridges as compaction had occurred already, mainly while the 
levees were forming. Only the distal parts of natural levees in the compaction-prone flood basins 

Architectural 
element

Lithology Geometry References

Channel-belt 
deposits

Very fine to coarse sand. 
Occasionally gravel 
and sandy-silty-clay. 
Fining-upward sequence.

5–10 m thick
50–2000 m wide

Berendsen and Stouthamer 
(2000); Cohen et al. (2012)

Residual-channels 
deposits

Peat, humic clay, 
sandy to silty clay.
Sometimes sandy loam and 
fine sand.

1–3 m thick
10–80 m wide
0.5–10 km long

Havinga & op ‘t Hof (1983); 
Toonen et al. (2012)

Natural-levee 
deposits

Horizontally laminated silty 
clay, clay loam, or loam, 
occasionally with layers of clay 
or fine sand. Fining-upward 
sequences are common.

0.5–1.5 m thick, thicker 
towards the channel belt
50–500 m wide, flanking 
channel belt

This study

Crevasse-splay 
deposits

Silty clay, clay loam, or loam, 
channels: sand.

Splay: 1–2 m thick
0.1–5 km wide
Channels (erosive):
1–8 m thick
0.1–10 km long
10–200 m wide

Smith et al. (1989); Makaske et 
al. (2007); Stouthamer (2001); 
Van Dinter & Van Zijverden 
(2010)

Flood-basin 
deposits

Thin laminated to 
homogeneous clay and humic 
clay. Vegetation horizons.

1–5 m thick
0.1–10’s km wide

Havinga & op ‘t Hof (1983);
Edelman et al. (1950); 
Steenbeek (1990)

Organic beds Alnus or Phragmites peat, 
can contain up to 70% of 
clastic material (De Bakker & 
Schelling, 1989).

0.1–5 m thick
0.1–10 km wide

Pons (1992)

Embanked 
floodplain 
deposits

Very fine to very coarse sand, 
with clay or sandy clay layers. 
Fining-upward sequences are 
common.

5–10 m thick
200–1500 m wide

Hesselink et al. (2003); Cohen 
et al. (2014)

Dike-breach 
deposits

Sandy to silty clay, sand or 
gravel admixture.
Occasionally with sand lenses.

0.5–1.5 m thick
0.1–3 km wide

Pons (1953); Berendsen (1982); 
Hesselink et al. (2003)

Table 6.2 | Lithology (USDA classification) and geometry of architectural elements in the Rhine-Meuse delta 
(adapted after Weerts, 1996; Hesselink et al., 2003; Gouw, 2008).
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have lowered along with the subsiding flood-basin surface, which hampers the reconstruction of 
past levee steepness.

6.3	 Compiling and analysing the natural-levee maps

6.3.1	 Approach and materials
To assess the patterns of levee geometry through the delta, we established (i) maps of reconstructed 
geomorphology of the landscapes around AD 100, 500, and 900, with the spatial distribution of 
natural levees and other elements in planform (Figure 6.4); and (ii) two palaeo Digital Elevation 
Models (DEMs) showing the topography of this levee landscape for AD 100 and 900 (Figure 6.5).

For the two datasets, we developed methodologies to (i) integrate existing heterogeneous 
geomorphological data (see chapter 2 and Appendix A) into new uniform maps, (ii) quantify burial 
depth of older levee surfaces where they are covered by younger and more distal overbank flood 
deposits, and (iii) determine whether buried older levee surfaces retained morphological expression 
at the time of reconstruction (Figure 6.2). The essentials of the methods are described in this 
section, and details are contained in Appendix C1.

The geomorphological reconstructions were compiled from several thematic base map layers, 
each containing the spatial extent and age of architectural elements in the delta subsurface (e.g. 
channel belts, levees). The levee base map is the primary base map in which the location and age 
of the levees were stored. In addition, base maps with the following architectural elements were 
compiled: (i) residual channel deposits that interrupt the levee cover on channel belts (Toonen et 
al., 2012); (ii) channel-belt sand bodies underlying levees (from Berendsen & Stouthamer, 2000; 
Cohen et al., 2012); (iii) outcropping sandy Pleistocene deposits (from Cohen et al., 2017ab); (iv) 
flood-basin deposits (clay or peat facies: e.g. Van Dinter, 2013); and (v) dike-breach deposits (Tables 
6.2 and 6.3; Figure 6.2). These elements were mapped and stored in separate base map layers and 
together with the levee base map, merged into the integrated geomorphological reconstruction 
maps (Appendix C1.2).

The maps were based on borehole queries, LiDAR data (Figure 6.4C), and existing maps 
(e.g. soil maps, geomorphological maps, and palaeogeographical maps – Berendsen, 2007). For a 
complete description including resolution, coverage, scale, and references of the various types of 
data used in this study, the reader is referred to Appendix A.

6.3.2	 Geomorphological reconstructions

Mapping the levee extent
Based on general levee characteristics, three criteria were considered for identification of natural 
levees in the study area (Figure 6.3A; Table 6.2): (i) lithology: silty clay, clay loam, or loam, (ii) 
elevation relative to floodplain level: 1-2 meter, and (iii) pedology: the levee material is calcareous. 
Distinguishing levees by carbonate content generally is less reliable as calcium carbonate was partly 
leached during later surface exposure; moreover, the criterion does not apply to the carbonate-
poor natural levees of the Meuse. The use of elevation criteria can lead to diffuse boundaries when 
levees are wide and have low slopes. Levee boundaries also vary with the selected delta-plain 
gradient. Therefore lithology was chosen as the most clear and objective primary criterion for levee 
identification.

To identify the boreholes with natural levees, we first queried the borehole database for 
the criterion ‘at least 40 cm thick layer of silty clay, clay loam and/or loam in the upper 2 meters 
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below the surface’ (Appendix C1.1). We then used LiDAR imagery, showing the shallow levees, 
as a secondary criterion (Berendsen & Volleberg, 2007; De Boer et al., 2008), to manually digitize 
the levee delineations from the borehole queries and the earlier maps. Crevasse splays were 
treated as part of the natural levee complex as they are lithologically and topographically mostly 
indistinguishable on the considered scale.

Age attribution
Assigning the correct age to the mapped levees is important in order to trace their development and 
to link their activity to changing forcings such as changes in floods, sediment load regimes or phases 
of habitation. On-site age control was provided by over 300 14C dates (Berendsen & Stouthamer, 
2001; Cohen et al., 2012; Van Dinter et al., 2017), ca. 70 sites with pollen records (e.g. Teunissen, 
1988; Törnqvist, 1990), and numerous independently dated archaeological sites (e.g. Willems, 
1986; Berendsen & Stouthamer, 2001). Because the presence and extent of architectural elements 
is relatively well known, relative dating methods provided further age constraints, for example by 

Figure 6.4 | Production steps in the natural-levee extent map. The location of the example area is indicated in 
Figure 6.1. (a) High-density borehole data projected on the channel belt map of Figure 6.1. This borehole data 
was the main source for the geomorphological levee map (b) Queried borehole results (presence levee/crevasse 
splay deposits) within 200 cm below the current surface and manually digitised boundary between floodplain 
and levee (purple lines, also in panels C and D) (c) LiDAR image used to refine the levee to flood-basin boundary 
derived from the borehole data. (d) Landscape reconstruction with the channel belt base map and levee base 
map combined, the diagonal line pattern indicates reworking by younger channels.
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correlating features in detailed cross sections (e.g. Törnqvist, 1993; Weerts & Berendsen, 1995; 
Cohen, 2003; Gouw & Erkens, 2007). The combined architectural mapping and dating strategies are 
described extensively in Berendsen (1982), Törnqvist & Van Dijk (1993), Gouw & Erkens (2007); 
and further references in Table 6.3. The levees either overlying the channel belts or directly flanking 
them were assigned the age of the associated channel belt. We manually assigned begin and end 
ages of activity to the digitized polygon elements of the new natural levee base map. Similarly, we 
manually assigned ages to residual channel polygons in the second base map.

Time-sliced reconstructions assembled from base maps
To compile reconstructions of the natural-levee landscape, both the actively forming and the fossil 
levees (younger than 2500 BC) were selected for AD 100, 500, and 900 based on their assigned ages. 
Levees of older channel-belt generations were presumed to lack any surface expression during the 
first millennium AD (Figure 6.2 generation II and III). The < 2500 BC criterion was chosen based 
on the levee surface expression of various levee generations inferred from delta-wide cross sections 
(Gouw & Erkens, 2007), this was later verified in section 6.3.3. Furthermore, younger elements, 
such as eroding channels or younger generation of levees, were removed from the reconstruction. 
Our GIS method is an extension of the approach described earlier in Berendsen et al. (2007) and 
chapter 3 and is further outlined in Appendix C1.2.

6.3.3	 Natural levee palaeo-topography

Palaeo-DEM calculation
Once the levee extent was reconstructed for AD 100, 500, and 900, we compiled two palaeo-DEMs 
(digital elevation models) for AD 100 and 900. We started with the natural levee palaeo-topography 
in AD 900, using the LiDAR elevation at the locations of boreholes where levees were encountered 
in (i.e. within the levee landscape zones in Figures 6.2 and 6.5). Where artificial landscape elements 
(e.g. roads, dikes, cities) were present, we used the original surface elevation derived from the 
original borehole description (for ca. 10% of the boreholes).

For the AD 100 palaeo-DEM, the vertical position (relative to the surface) of the top of the 
levee material was queried from the 70,000 boreholes (Figure 6.5A). This does however not directly 
represent surface level at a given time step, as clay draping has occurred after levee abandonment 
(Figure 6.2). We therefore assessed distal clay deposition on top of the older levees, by assuming 
a linear accumulation rate towards the AD 900 surface (this procedure is further outlined in 
Appendix C1.3). Both DEMs show landscape surface level relative to MSL. They were obtained by 
interpolating the reconstructed surface level at the borehole locations by quadratic inverse distance 
weighting, using a maximum of 10 nearest points within a 2 km radius. The delineations of the levee 
to flood-basin transition and of the residual channels from the geomorphological reconstructions 
were used as break lines for the interpolation procedure (Figure 6.5B, E). In areas close to modern 
rivers, where deposits were formed by sedimentation of younger natural levees and dike breaches, 
we added a mask that highlights overestimation of the levee surface level (Figure 6.5C).

Converting palaeo-topography to relative elevation
The AD 100 and 900 DEMs (in m NAP; NAP = Dutch Ordnance Datum ≈ MSL) were normalised to 
the floodplain gradient, producing DEMs of relative elevation (Figure 6.5C, E, Appendix C1.3). As 
the reference plane for normalisation, we used relatively smooth groundwater level reconstructions 
for the first millennium AD (Cohen, 2005; Koster et al., 2016a). These interpolated grids are a 
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uniform delta-wide dataset and have a vertical accuracy of ca. 13 cm (Cohen, 2005). These grids 
were considered more suitable than reference planes based on present-day surface LiDAR data, 
which suffers from differential surface lowering effects in downstream polders (e.g. Erkens et al., 
2016) and post-embankment dike-breach fans that could cause elevation artefacts along modern 
rivers. The reconstructed groundwater surfaces are some decimetres below the average levee crest 
elevations, which is in agreement with soil formation observations (e.g. Edelman et al., 1950) and 
past human land use as inferred from archaeology (e.g. Willems, 1986). At the transition from 
levees to flood basins (relative elevation = 0), the water tables approximate the reconstructed 
surface level. To calculate the natural levee elevation relative to groundwater level at AD 100 and 
900, the groundwater level reconstructions for 2000 and 1000 cal years BP (50 BC resp. AD 950) 
were subtracted from, respectively, the AD 100 and 900 DEMs. For discussion of the accuracy of the 
resulting palaeo-DEMs, see Appendix C1.3.

Inactive channel belts that were abandoned before 2500 BC were initially incorporated in the 
reconstructions (section 6.2.3; Figure 6.2). From the paleo-elevation reconstruction, we could 
then compare the vertical positions of these older levees relative to the reconstructed groundwater 
level. We considered natural levees that occurred deeper than 1 meter below the reconstructed 
groundwater level as buried ‘too deep’ to have had full surface expression in terms of natural soil 
formation and human land use. Therefore, we manually labelled such areas as ‘inactive’ in the levee 
base map (red crosses in Figure 6.5D) and subsequently repeated the procedure in section 6.3.2 to 
update the levee extent of the geomorphological map resulting in Figure 6.6. The too-low top of 
these levees is confirmed by the absence of Roman settlements on these locations (chapters 7 and 8).

6.3.4	 Regional-scale analysis
Based on the map products, we divided the delta into three main segments: (i) a narrow upstream 
segment with wide levees and narrow flood basins (U1-U4), (ii) a widening middle segment 
containing multiple channel belts with abundant and wide levees (C1-C4), and (iii) a wide 
downstream segment (D) with wide flood basins and narrow levees (Figures 6.6-6.9). Within 
these segments we made a further subdivision based on our newly mapped characteristic levee 
morphology, e.g. levee surface area, average alluvial ridge elevation (Figure 6.10). For each delta 
segment we quantified the areal cover, the average elevation, and the variation in elevation of the 
levee landscape. We additionally isolated 13 single-generation channel belts throughout the delta 
(indicated with white lines in Figure 6.9), of which we derived metrics on levee width, asymmetry, 
and relative elevation. Width and asymmetry in width were inferred by comparing excess levee 
widths (i.e. distance from the channel belt to the flood basin – Figure 6.3A) measured every 
downstream kilometre. After quantifying these differences in levee shape, we compared these across 

Figure 6.5 (left page) | Palaeo-DEM production steps, location of example area indicated in Figure 6.1. (a) Source 
data for palaeo-elevation map: borehole database query results for the vertical position of the top of the levee 
(depth in the borehole) and age of the levee complexes (obtained from channel belt age maps Figure 6.4A). 
The query results were corrected for burying flood-basin sedimentation after levee sedimentary activity 
(Appendix C1.3). (b) Elevation of the top of the levees (m OD). (c) Relative elevation of the top of the levees, 
using a reconstructed groundwater surface 2000 cal BP as reference plane (Cohen, 2005; Koster et al., 2016a). (d)
Confrontation with natural levee extent mapping, dark tone alluvial ridges with red crosses indicate too deeply 
buried levees (> 2 m relative depth), these are considered to have had no surface expression in the floodplains of 
the first millennium AD (also confirmed by absence of archaeological settlement finds from that period, red dots 
were taken from Pierik & Van Lanen, 2017). (e) Outline of the workflow of Figure 6.5A-D, explained in a diagram.
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the entire delta to the independently reconstructed controls (e.g. flooding regime, sediment supply, 
avulsions) that varied during the studied period. From this comparison the levee-forming processes 
were inferred.

6.4	 Spatial and temporal variations in levee geometry

6.4.1	 Delta-wide longitudinal trends
In the upstream part of the study area (segment U1), relatively high levees (1–2 m) are present in 
both the AD 100 and 900 reconstructions (Figures 6.7A, B and 6.9B). This is also the area where 
delta-plain width decreases in downstream direction from 30 km around the apex to 13 km in 
segment U1 (Figure 6.1 and red triangle 1 upstream in Figure 6.9B). Going downstream, around U2 
and U3 the delta-plain becomes wider again (from 13 km to 20 km) coinciding with lower levees 
elevated on average 20-30 cm in U2. In the downstream part of U2 narrowing occurs (20 to 9 km 
Figure 6.9B, red triangle 2), this corresponds to levee heights of 0.5-1 m around the narrow part 
downstream of U2. We interpret the high levees as products of relatively higher flood-water levels 
that formed when flood propagation was hampered when floods reached the narrowing of the delta 
plain in segment U1. The amplified flood levels, allowed overbank sedimentation to reach relatively 
high elevations resulting in higher natural levees above the regional groundwater level. In U1, flood 
amplitudes were likely further increased by three N-S oriented alluvial ridges that hampered flow 
in the delta plain (Figures 6.8B, C). The levee heights indicate that the typical morphology-forming 
flood would have reached 0.5-1 m higher in the narrow segments, compared to wider segments 
(U2) and segments further downstream.

The average cover of alluvial ridge area in our maps ranges from 67% in the upstream sections 
(U1–U4), to 62% in the central delta (C1–C5), to 14 % in the downstream part (D). Segment C3 
proportionally contains the most levees and crevasse splays (75–80% of 314 km2 Figure 6.8C). 
Roughly 75% of the levees in this segment date from rivers that were active during the last millennia 
BC, which caused this segment to be a relatively high part in the delta from the first millennium AD 
onwards (Figure 6.7A, B). The abundant levees can be seen as the result of repeated avulsions and 
failed avulsions known to be concentrated in this area (Stouthamer, 2001; Bos & Stouthamer, 2011), 
associated with neotectonic subsidence downstream of the Peelblock and Peel Boundary Faultzone 
(Figure 6.1; Berendsen & Stouthamer, 2000; Cohen et al., 2005; Stouthamer et al., 2011).

Levee-excess width decreases in a downstream direction (Figures 6.6 and 6.10C), also the 
boundaries from levee to flood basin become sharper in a longitudinal direction. In our results, 
the relation between levee-excess width and downstream position was relatively strong (R2 = 0.79; 
n = 13 – Figure 6.10C). This implies that downstream position is the most dominant predictor for 
average levee width along a channel belt, in our case it is more important than channel-belt width 
(Figure 6.10D; R2 = 0.13). The abundancy of levees in the upstream and central parts of the delta 
combined with their decreasing widths, suggests that coarse-grained overbank deposits were 
probably relatively efficiently trapped here.

6.4.2	 Levee development between AD 100 and 900
Avulsion during the first millennium AD caused levee depocentres to shift: the new river courses 
replaced flood-basin areas with levees, increasing their areal portion from 57 to 64 % of the total 

Figure 6.6 (right page) | Geomorphological reconstructions for AD 100, 500, and 900, for the central and upper 
Rhine-Meuse delta (Figure 6.1). See Appendix C2 for large version.
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area in the C and U segments. Routing of the new channels was determined by the levee topography 
in the delta: it explains the position of the new river Waal which was diverted around area C3 
towards the low-lying segment C4 (Figure 6.7). Development of avulsions within the enclosed 
basins was limited because splay development was blocked by a neighbouring channel belt (cf. 
Toonen et al., 2016). Clay draping on fossil natural levees (i.e. of the inactive channel belts) at more 
distal positions from the active channels raised these levees by a few decimetres over the studied 
period (39 ± 32 cm on average delta-wide). The clay layer on the higher fossil levees was thinner 
than on the lower levees and the flood basins, causing topographical levelling (Figure 6.7C). No 
downstream trend was found in the amount of clay deposited on the fossil levees in this study 
(compare orange and green bars in Figure 6.10A). The topographical levelling of the old levee 
landscape contrasts with the high new levees along the active channels. As an example, in section 
U3 and along the river Lek in section C2, the new levees locally appear about a meter higher 
compared to the levees of their precursors (Figures 6.7, 6.9, and 6.10A).

6.4.3	 Trends along individual channel belts
Levee width varies considerably along individual channel belts, regardless of longitudinal position, 
age, or channel-belt width (Figures 6.6-6.9). Remarkably, levee width of N-S oriented alluvial 
ridges is asymmetric, the most notable cases in the upper and central delta are indicated as W2 in 
Figure 6.8. The levees on the western side of these channel belts are 500 to 1500 m wide, whereas 
those on the eastern side are at most a few hundreds of metres wide. This asymmetry changes with 
channel-belt axis orientation relative to the E-W trending delta-plain slope (R2 = 0.63; n = 13 – 
Figure 6.10B). This relation was found in all segments of the delta, although less pronounced at first 
sight downstream where levees are less wide. The preferential overbank sediment transport in the 
direction of the overall delta-plain slope indicates that levee dimensions were controlled by flow 
patterns in the flood basins. They most likely formed during a high flood stage when flood-basin 
throughflow had established. In the upstream and central segment (C3), the presence of these N-S 
directed channel belts caused the flood basins to be enclosed. During floods, breaching of these N-S 
oriented channel belts, created E-W oriented overflow channels (e.g. Est, Ommeren; blue arrows in 
Figure 6.8D, E – Havinga and op ’t Hof (1983), again showing that considerable flow occurred in 
these flood basins, at least during the most severe floods of the first millennium AD.

Generally, levee complexes tend to be widest in the upstream parts of channel belts, i.e. just 
downstream of their avulsion points (500–1500 m – indicated with W1 in Figure 6.8A, B). Most 
likely, these features formed as multi-channel avulsion belts during the initial stage of channel-
belt activity (Smith et al., 1989; Stouthamer, 2001; Makaske et al., 2007), rather than representing 
levees from the single-channel mature phase of these channel belts. The avulsion belt deposits are 
especially well-preserved along relatively narrow and short-lived channel belts.

Within single channel belts, significant differences in elevation occur. Generally, levees on top 
of channel belts are highest (compare elevation inside and outside channel belts, black dotted lines 
in Figure 6.9), but when they overlie flood-basin deposits they can also be relatively high. Where 
residual channels have preserved as pronounced meanders, the dataset allows to compare levee size 
along the inner bends (e.g. covering point-bar channel deposits) and along outer the bends. Levees 

Figure 6.7 (left page) | Palaeo-DEMs for the central and upper Rhine-Meuse delta (Figure 6.1), showing the 
relative elevation of the natural levees at (a) AD 100 (0 m = groundwater level 2000 BP) and (b) AD 900 (0 m = 
groundwater level 1000 BP), and (c) the elevation difference of the levees between AD 100 and 900. See Appendix 
C2 for larger files.
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in the inner bends of meanders are relatively high (1 to 1.5 m), whereas along the outer bend levees 
are narrow and lower (around flood-basin level and max. 100 m wide – e.g. Linge, Alm/Werken 
channel belts in Figure 6.9A, C). The lower and narrower levees on the outer bends appear to 
contradict the hydraulic concept of cross-channel water-level setup towards the outer bends owing 
to flow momentum, which would generate higher and wider outer bend levees (Leopold & Wolman, 
1960; Hudson & Heitmuller, 2003). The causes of higher levees in the inner bends compared to the 
outer bends, can be sought in (i) topping up of the original levees with additional silty sediments 
as an abandonment overprint, in the final stages of ephemeral flow activity, in a narrowing 
channel and at reduced flow velocities (e.g. Toonen et al., 2012; Van Dinter et al., 2017), and (ii) 
post-depositional compaction of flood-basin sediments underlying the outer bend levees (e.g. Van 
Asselen, 2011). These mechanisms can explain the differences in height between the inner and outer 
bends. The controls behind the narrow outer-bend levees, however, remain to be further explored.

6.5	 Discussion

6.5.1	 Controls on natural-levee shape
From the reconstructions, we inferred that natural-levee morphology was controlled by spatially 
varying antecedent conditions and temporally varying forcings. In the results section the levee 
dimensions and configuration were described, together with the hydraulic and sedimentary 
processes that formed them. This discussion section builds on this by formulating hypotheses on 
the relative importance of antecedent conditions (delta-plain width, substrate), external forcings 
(variation in discharge and sediment load) (Figures 6.3B and 6.11), and downstream trapping that 
controlled levee shape in the first millennium AD.

Role of antecedent conditions: Our results strongly suggest that levee dimensions were not 
solely determined by the flooding regime and channel dynamics of the Rhine branches. They 
were also controlled by conditions occurring in the inundated flood basins. The higher levees that 
formed in the narrow parts of the delta are a clear example of this. The inference that in our case, 
the narrowing of the upper delta floodplain caused higher flood amplitudes, differs from studies 
on levee morphology carried out in more confined valley systems of a few kilometres wide (e.g. 
Magilligan, 1985 – Galena river, US; Lecce, 1997 – Blue river, US; Kiss et al., 2011 – Danube, 
Hungary). In these examples, floodplain narrowing, besides raising the water level, also led to 
increased stream power, keeping sediments in suspension and subduing overbank aggradation (i.e. 
keeping the levees relatively low). In the 1 to 2 km-wide reaches of the anastomosing Columbia 
River valley (Canada, Filgueira-Rivera et al., 2007), confinements also caused significant flood 
heights and flow velocities, which limited levee width, but allowed them to aggrade relatively high 
and to become relatively steep. In the Rhine-Meuse delta, the narrowed reach of the delta plain 
is a factor 10 wider than the valley examples, and additionally the upstream segments contain 
alluvial ridges that cross over the entire delta plain (i.e. compartmentalisation of the delta plain). 
These differences in antecedent conditions caused the through-flow velocities in the flood basins 
(i.e. stream power) in the upper Rhine-Meuse delta to be less strongly raised compared to the 
valley examples. Numerical hydraulic modelling could further test the critical levels of delta-plain 

Figure 6.8 (left page) | Geomorphological reconstruction for AD 900, with pie charts indicating areal proportions 
of landscape units per segment, for legend see Figure 6.6A. O = overflow channel, W1 = Wide levee/crevasse splay 
in upstream part channel belt, W2 = wide levee flanking S-N oriented channel belt, forming in line with regional 
westward sloping delta-plain gradient.
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narrowing, valley gradient, and obstacle height (alluvial ridges) that cause levees to grow higher or 
cause their development to be subdued by overflow. Such studies can use the reconstruction maps 
as realistic input topography to further test the basic principles of delta-plain width and flood-water 
level and its implications for overbank sediment dispersal and deposition.

Another antecedent condition that influenced levee geometry is the substrate adjacent to the 
channel belt and underlying the levee (Figures 6.2B and 6.11), especially in the more downstream 
segments where the levees overlie compacted peat. Subsidence of the underlying peat in response to 
loading with levee sediment created extra accommodation space for overbank sedimentation (Van 
Asselen, 2011). Furthermore the erosion-resistant properties of peat retarded channel-bank erosion 
and hence caused the channel position to be fixed (Makaske et al., 2007) and levee sedimentation 
for long periods at the same place. Subsidence and channel fixation combined resulted in narrow 
but rather thick levees that did not become very high.

Role of external forcings changing over time: Especially in the upstream parts of the study area, 
the crests of the youngest levee generations, formed along newly avulsed main river branches, are 
clearly higher (0.5 to 1 m above groundwater level in segments U1, U2, U4, and C2 – Figure 6.10A), 
than levees along similar sized precursor channels. This is in part the result of the interaction of 
floods with the delta plain width and compartmentalisation described above. The high elevation of 
the younger levees may be additionally attributed to the greater availability of suspended sediments 
in the first millennium AD compared to the millennia before (Figure 6.11; Erkens & Cohen, 2009; 
Erkens et al., 2011) and the intensified flood regime after ca. AD 250 observed by Toonen et al. 
(2013; 2017). The observation that the volume of overbank sedimentation in levee complexes and 
flood basins (Erkens & Cohen, 2009) increased by a factor 1.6 to 2 from the last millennia BC to the 
first millennium AD, supports the idea that the young levees are larger because more levee building 
material was supplied (especially the silt fraction of the suspended load – Erkens et al., 2013). To 
explain the relative higher elevations, however, also frequent high flood levels are required as has 
been suggested for other river settings (Filgueira-Rivera et al., 2007). This principle is confirmed by 
our data: the AD 900 levees were formed in a period of increased frequency of large and moderate 
flooding of the Rhine, which locally caused levee crests to become ca. 1 m higher relative to the 
flood basin compared to their processors. The levees in the AD 100 landscape were lower as they 
had not experienced these large floods. Delta-wide, when comparing the average elevation of the 
entire levee areas (i.e. from the flood-basin limit to the channel, so not only the highest crests; 
Figure 6.2A) the differences between the AD 100 and 900 levees are smaller (compare yellow and 
purple bars in Figure 6.10A). This indicates a large spread in elevation within the youngest levee 
generation. Besides the levees, also the flood basins silted up (especially the lower parts by ca. 50 
cm) aided by the increased sediment supply (Figure 6.11). The occurrence of severe floods is not 
regarded as important for the filling of the lower parts of the flood basins as it is for levees. This 
is because the lower flood basins were also inundated during lower or modest magnitude floods. 
Therefore, sediments will have reached the flood basins via crevasses and lower parts of the levees 
regularly (e.g. Makaske et al., 2002; Filgueira-Rivera et al., 2007).

Figure 6.9 (left page) | Examples of relative levee elevation AD 900. White lines indicate the channel belts that were 
analysed on levee-excess width, the red triangles indicate the two reaches of delta-plain narrowing. (a) and (c) 
show examples of variation in levee height on a meander-belt scale. (b) overview of natural-levee relative heights 
across the delta (calculated above surrounding flood basin mean groundwater level). White lines indicate channel 
belts used for the analysis in Figure 6.10. (d) zoom to the confined flood basins of the upper delta, with their high, 
accentuated levees. The names of channel belts discussed in the text are indicated.
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It is well possible, that the higher levees along the new branches, induced feedbacks on channel 
morphology and avulsion probability. Considering channel morphology, previous studies have 
noted that the rivers of the first millennium AD developed larger meander wavelengths than 
their older counterparts (Weerts & Berendsen, 1995; Berendsen & Stouthamer, 2000), suggesting 
that these rivers could route more discharge through the river bed than their precursors. One can 
explain this increase in bankfull discharge carrying capacity as a consequence of the raised levees 
along the channels. Following this explanation, no major changes in mean-annual discharge supply 
to the delta would be required to generate such meander wavelengths. When the levee elevation 
relative to the flood basin increased without becoming much wider, it is possible that increasing the 
cross-channel slope accelerated avulsion. For example, the Waal and Meuse avulsions (Table 6.1) 
along either side of segment C4 (Figure 6.6C) could have been aided by the levee superelevation 
at their avulsion points. However, the wide spread in elevation implies the presence of lower parts 
of the levees sensitive to overtopping, which raises the question whether these highest crests really 
determined avulsion chances in our case.

Sediment trapping and role of vegetation: The narrowing of levees from the upstream to the 
downstream parts of the delta, matches the downstream volume reduction of late Holocene levee 
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Figure 6.10 | (a) Levee elevation per delta segment in AD 100 (yellow bars) and AD 900 (green bars: all levees, 
purple bars: active levees only) relative to the AD 100 ground-water level, see also Table C1. (b) – (d) show metrics 
of levees along 13 channel belts throughout the entire delta (indicated in Figure 6.9). (b) Levee asymmetry is a 
function of channel-belt orientation: a larger angle of the channel belt relative to the flood-basin gradient yields 
more asymmetric levees (wider larger downslope). (c) A clear trend is observed in longitudinal position of a 
channel belt (mean position of the X-coordinate was taken) and the average levee width along the channel belt. 
(d) A weak relation is found between channel-belt width and excess-levee width.
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and crevasse splay deposits (Gouw & Erkens, 2007; Erkens & Cohen, 2009). The preserved volume 
per km2 of silty clays and clay loams was reconstructed to be two times less in the downstream part 
compared to the upstream part of the delta. In comparison, volumes of flood-basin clay as distal 
overbank deposits, is rather evenly distributed between the upstream, central, and downstream 
parts of the delta. From this it appears that the upstream deltaic reaches were relatively more 
efficient in trapping silt fractions (and probably also the finest sand fractions) than in trapping clay. 
A longitudinal decrease in levee size has been observed in other river systems as well, where it has 
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Figure 6.11 | Conceptual diagram on levee shape evolution during the first millennium AD throughout the Rhine-
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been explained by a downstream decrease in availability of suspended material (i.e. the sediment 
concentrations of flood water leaving the channel – Kolb, 1963; Hudson & Heitmuller, 2003; 
Thonon et al., 2007). Our findings imply that the loss of sediment to levee building in upstream 
reaches, is the reason that the excess levee width drops so strongly in downstream sectors. The 
occurrence of abundant flood basins enclosed by alluvial ridges in the upstream and C3 segments 
is a likely setting to promote the high trapping efficiency for the silt fraction. In these areas the fossil 
alluvial ridges (i) slowed down the flow of incoming water that overpassed the alluvial ridges; and 
(ii) prevented floodwater outflow when the water levels in the flood basin started to drop in the 
final stages of the flood, allowing clays but also relatively much silt and the finest sand fractions 
to settle. While the absolute amount of sediments available for levee formation decreased in a 
longitudinal direction, the downstream levee width trend was likely enlarged by a positive land-use 
feedback concerning riparian vegetation (Figure 6.11). The large areal coverage of alluvial ridges 
in the upstream and central delta, were attractive places for people to live (Pierik & Van Lanen, 
2017), leading to deforestation of the area since ca. 500 BC (Teunissen, 1988). The absence of a 
dense riparian vegetation resulted in a smaller lateral flow velocity gradient of the overbank flow, 
facilitating overbank fines to be conveyed further into the flood basin. This deposition further 
expanded the levee area in the upper and central delta segments. Once larger amounts of coarse-
grained sediments could reach the flood basins, the levees became wider and the transition to 
the flood basin became more gradual. In the downstream parts of the delta, marsh and swamp 
vegetation remained largely intact (Kooistra et al., 2013), and interactions of flood dynamics with 
vegetation were more natural. As a result, the flow velocity gradient from the channel towards the 
flood basin would have been steeper here, generating narrower levees. This may well explain the 
occurrence of the remarkable narrow outer bend levees in the peatlands, trapping by vegetation in 
the flood-basin would then be more important than channel hydraulics.

6.5.2	 Map information value, potential, and implications
In our data-driven geomorphological approach we reconstructed and analysed a palaeo-levee 
landscape of which much data is available at the scale of an entire delta. By quantifying the levee 
characteristics from these reconstructions in a uniform way across the entire delta, our map 
products allow assessing the role of regional flood-basin configuration, delta confinement, and 
spatially varying flood amplitudes on levee shape. This section discusses the benefits and limitations 
of our methodology and gives recommendations for further research.

In the reconstructions, the location and extent of the levees are generally known within tens 
of meters to maximal hundreds of meters, due to the availability of more than 100,000 lithological 
borehole descriptions and abundant map datasets. For more detailed use, e.g. to study levee width 
for smaller levees, it is important to have a clear definition of the distal levee boundary in the 
mapping. We considered this as the line where modestly inundated floodbasin water tables (i.e. the 
regional groundwater reconstructions) intersected the levee relief, rather than a particular break or 
convexity in transverse slope.

The precision of age control of the mapped levees varies across the study area. It was based on 
some 300 dates from site locations, from which the ages were transferred to the levees. This was 
done by comparing the orientation and position of levee complexes relative to the channel belts or 
by tracing levee deposits in cross-sections. Assigning ages to levees was hampered by diachronous 
activity within individual generations of channel belts. This concerns the pace in which levees 
expand in a cross-channel direction into the flood basin as well as vertical levee aggradation over 
time (see Appendici C1.2 and C1.3). Considering this we estimate that mature levee complexes 
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in the period of interest can be dated with a precision of ± 200 years, which is slightly less than 
the precision at which the according channel systems can be dated (± 100 years; Stouthamer & 
Berendsen, 2001). This makes the 400-year interval between the AD 100, 500, and 900 maps the 
most suitable time steps for levee planform comparison within the available data. For the palaeo-
DEMs additional assumptions on vertical levee aggradation had to be made. Considering the 
present state of geological dating control, the AD 100 and 900 elevation maps are considered 
to be the most optimal time steps. The accuracy of relative levee elevation reconstructions is 
estimated to be ± 17 cm based on errors in individual lithological borehole descriptions and the 
groundwater level reconstructions used as the reference surface (see Appendix C1.3). The age and 
surface expression are more uncertain for older natural levees positioned deeper in the substrate, 
and for stacked levees that occur in areas where the channel-belt density is high (such as in the 
upstream and central delta segments). The relative elevations resulting from our reconstructions 
were compared to those of archaeological settlements known to be positioned on the higher parts of 
the levee landscape (Roorda & Wiemer, 1992; Wiemer, 2002, updated in chapter 8). The settlement 
finds are most abundant above or around the reconstructed groundwater level (chapters 7 and 8), 
supporting the suitability of the reference surface in expressing levee height as relative elevation. 
Although the reconstructions proofed to be valuable on a delta scale and for comparing individual 
channel belts, it cannot be always fully assessed at this stage to what extent variation in local height 
(within smaller parts of individual alluvial ridges) represents real relief undulation or error noise. 
Nevertheless, it can be comfortably stated that levee dimensions show considerable variation on the 
scale of individual channel belts. This confirms the conclusion of Törnqvist & Bridge (2002) that 
many levees do not show idealized dimensions (e.g. widths or slopes), which are easily quantified 
and that would serve as a critical threshold for predicting avulsion. The pacing of lateral-levee 
development as well as distinguishing between initial stage crevasse splays and mature channel-belt 
levees could be further refined by detailed local sedimentological and geoarchaeological research 
focussed on the stratigraphy of single channel-belt generations. This could also help to better 
distinguish multiple generations of stacked levees and to include their dimensions in the already 
found delta-wide trends.

Identifying and isolating the roles of different levee forming processes and their controls from 
the reconstructed palaeo-landscape maps remains a challenge. Process-based modelling (e.g. 
Nicholas et al., 2006) might be used as a complementary approach to test the relative importance 
of controls on levee evolution, such as the role of valley width, flood-basin configuration, or 
riparian vegetation. Vice versa, the presented reconstructions can serve as validation for those 
modelling studies for scenarios with comparable initial and boundary conditions. Besides using 
numerical models, the mechanisms and controls proposed in the present study could be further 
tested by performing more detailed sedimentological research on selected isolated channel belts 
that were predominantly influenced by single controls. For such work, the maps of this study 
provide a way to select such test locations, where presumed controls are best expressed in levee 
shape. Sedimentological analysis on targeted channel belts could improve quantification of the 
development of levee growth through time, and could help unravelling the relative roles of levee-
forming controls. Examples of paired selections of channel belts to isolate the effect of the controls 
are the varying distribution of discharge over bifurcating channels (levees of the Nederrijn vs. 
Waal channel belts; Figure 6.7), the effect of downstream decreasing delta-plain slope (levees of 
the Homoet/Kamp vs. Hennisdijk vs. Alm/Werken channel belts; Figure 6.9A, C, D), or increased 
sediment load (levees of the pre-AD 100 Herveld vs. AD 900 Nederrijn channel belts; in Figure 
6.8B). Combining delta-wide geomorphological studies with results from selected case studies and 
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process-based modelling studies will further enhance the understanding on levee development as 
important components in fluvial geomorphology.

6.5.3	 Further applications
The advanced mapping of natural levees as executed in this study, is only possible in deltaic 
and coastal areas for which large amounts of data have been collected and integrated. Because 
geomorphological and lithological data are generally most abundant for the shallow parts of a delta, 
mapping works best for relatively young deposits. The mapping could be extended to older deposits 
(formed in the first millennium BC or earlier), but because data density is lower for these deposits 
-owing to erosion or burial by younger elements- the method will only yield comparable quality as 
the current study for smaller well-preserved and well-explored areas (e.g. as done by Arnoldussen, 
2008).

With our palaeo-DEMs, it is now possible to systematically distinguish between lower and 
higher parts of the levee landscape (i.e. within alluvial ridges of single channel-belt generations) – 
for the first time at delta scale. The levee reconstructions of our study therefore provide a starting 
point for archaeological prediction maps (e.g. Cohen et al., 2017ab) and modelling studies that 
focus on human-landscape interactions in the delta (e.g. Van Lanen et al., 2015ab; Groenhuijzen 
& Verhagen, 2016). The maps also provide a landscape zonation template for vegetation 
reconstructions (Peeters, 2007; Brouwer Burg, 2013; Van Beek et al., 2015a), which in turn may be 
used to further enhance hydraulic modelling scenarios of delta-flood dispersal (e.g. Van Oorschot 
et al., 2015). Including vegetation-morphology interactions would be an important step to test the 
hypotheses on variable levee morphology generated in this study.

6.6	 Conclusions

In this chapter we explored the controls on natural levee formation in the Rhine-Meuse delta. The 
detailed delta-wide reconstructions of natural-levee surface elevation for the first millennium AD 
revealed levee patterns from which the following conclusions can be drawn:
•	 Our results strongly suggest that delta-scale antecedent conditions – delta-plain confinement, 

flood-basin configuration and substrate – were important controls in levee shape. Levee 
dimensions are not solely determined by channel dynamics, but also by the hydraulic conditions 
in the inundated flood basins. This is demonstrated for the upper delta where delta-plain 
confinement (from > 20 to 10 km wide) and the presence of older alluvial ridges amplified 
flood levels that generated higher natural levees (1–2 m above distal flood-basin groundwater 
levels). The importance of flood-basin hydraulics is confirmed by the strong tendency for wider 
levees in the direction of the decreasing flood-basin slope along N-S oriented channel belts, 
suggesting that flood-basin slope affected levee forming hydraulics. Examples of the influence 
of the substrate were found in the downstream delta. Here, presence of peat close to the channel 
and under the levees led to levee subsidence and channel fixation, resulting in narrow but rather 
thick levees.

•	 Natural levees in the central to lower delta parts show a considerable decrease in width. This 
is due to a downstream depletion of suspended load caused by efficient sediment trapping of 
coarse-grained overbank sediment. This was facilitated by hampered flow and sediment-rich 
water trapping in the upstream enclosed flood basins. Most likely, the effect was further aided 
by differences in riparian vegetation density: in the deforested upstream part, the smaller lateral 
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reduction in flow velocity allowed conveyance of overbank material farther away from the 
channel, leading to wider levees.

•	 Avulsions in the first millennium AD led to the formation of new levee complexes along the 
newly formed river channels over a considerable area in the former flood-basins. The new river 
courses avoided the higher elevated areas with abundant fossil alluvial ridges in the landscape. 
On these fossil ridges, topographic levelling occurred resulting from widespread flood-basin 
trapping of overbank sediment. Increased flooding frequencies combined with large suspended 
sediment loads during the first millennium AD, caused the newly formed local levee crest 
heights to be 0.5 to 1.0 m higher than their predecessors. These higher levees possibly increased 
the chances for avulsion by enhancing cross-channel slope, and enlarged meander wavelength, 
because higher levees increased bankfull discharge.

Our new GIS-based reconstruction maps of the natural-levee landscape serve as a starting point for 
more detailed sedimentological research and as field evidence for process-based numeric modelling 
studies. They additionally facilitate new opportunities for compiling palaeoenvironmental and 
geoarchaeological maps to further study the interaction between the past geomorphological 
processes, vegetation, and habitation.
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Chapter 7

Roman and early-medieval habitation patterns in 
a delta landscape: the link between settlement 
elevation and landscape dynamics

Settlement locations in delta landscapes change through time because of cultural and natural 
dynamics. We assessed the impact of natural-landscape dynamics on settlement-location shifts 
for the Rhine-Meuse delta in the Netherlands during the Roman and early-medieval periods (12 
BC–AD 450 and AD 450–1050 respectively). During this time interval major landscape and cultural 
changes occurred in this area, with river avulsions and changes in flooding frequency coinciding 
with changing settlement patterns. In the delta plain, the relatively high and dry alluvial 
ridges of abandoned or active rivers were most favourable for habitation. Settlement location 
and elevation patterns were reconstructed in these landscape units using a high-resolution 
elevation map of the alluvial ridges. By integrating high-resolution palaeo-environmental and 
archaeological datasets for this period, we were able to spatially analyse the trends and to assess 
the effect of environmental changes on habitation. Results show that settlements progressively 
shifted towards higher areas between AD 250 and 750, on average by 20 cm over this period 
deltawide, which was coeval with an increased frequency of severe Rhine floods. The observed 
spatial differences demonstrate that this trend is most notable in the least-elevated segments of 
the study area. In areas where new large river branches developed, settlements show a strong 
shift towards higher-elevated parts of the landscape or even became completely abandoned. 
The river probably caused floods to be more frequent and more severe in these areas. Despite 
the clear link between changing settlement positions and floods during the studied time interval, 
floods do not seem to have caused long-term abandonment of major parts of the study area.

Based on article in press: H.J. Pierik & R.J. Van Lanen (2017) Roman and early-medieval habitation patterns in a delta 
landscape: The link between settlement elevation and landscape dynamics. Quaternary International (in press). dx.doi.
org/10.1016/j.quaint.2017.03.010

7.1	 Introduction

River and delta landscapes were among the most densely-populated areas in the world throughout 
all archaeological periods. In these areas, settlement patterns were susceptible not only to cultural 
processes (e.g. socio-economic, political) but also to environmental factors (e.g. flooding, elevation, 
avulsions – e.g. Butzer, 1982; Brown, 1997; Von Nagy, 1997; Guccione, 2008; Funabiki et al., 2012; 
Hill, 2014; Howard et al., 2015; Pennington et al., 2016). These fluvial landscapes provided fertile 
substrates and natural resources, and hosted abundant land and water routes for long-distance 
transport (e.g. Cunliffe, 2004; McCormick, 2007; Van Es & Verwers, 2010; Van Lanen et al., 2016a). 
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However the people living in these wet and dynamic landscapes often were confronted with 
flooding events. When the frequency or magnitude (flooding regime) of these floods changed, 
people can be expected to have adapted to this by relocating settlements to more suitable areas. For 
wetland regions all over the world changes in human-activity have indeed been linked to changes 
in flooding regimes (e.g. UK: Macklin, 1999; Gila River, Arizona: Waters 2008; Elbe, Germany: 
Schneeweiss & Schatz, 2014; Nile delta: Marriner et al., 2013; Macklin et al., 2015). On a larger scale 
even the rise and fall of civilizations have been attributed to changes in flooding regime (Yangtze 
delta: Zhang et al., 2005; Shanghai area: Wu et al., 2014). In some areas however increased episodes 
of flooding do not seem to have affected settlement dynamics (e.g. in the Roman Rhône delta: 

Figure 7.1 | Location and palaeogeography for AD 900. Pleistocene uplands and peat extent after Vos & De Vries 

(2013); tidal areas, alluvial floodplains and channels are after chapters 3 and 6; situation Gelderse IJssel: after Cohen et 

al. (2009). Newly formed river channels in the first millennium AD are indicated with arrows (see Table 7.2 for ages of 

initiation); red dots indicate avulsion sites.
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Arnaud-Fassetta et al., 2010). All these studies correlate trends observed in archaeological and 
sedimentological records, however deltawide geomorphological approaches have not been carried 
out as this would require the presence and integration of large amounts of data. For most of these 
areas, data is currently not always available on the desired resolution or spatial coverage and often 
remains rather fragmented.

In the fluvial-dominated part of the Dutch Rhine-Meuse delta (Figure 7.1), large-scale cultural 
and landscape changes have occurred during the late-Roman period (LRP: AD 270–450 – Table 
7.1) and the early-medieval period (EMP: AD 450–1050) (e.g. Hendrikx, 1983; Willems, 1986; 
Teunissen, 1988; Jansma et al., 2014). After the abandonment of the Roman limes in the delta, 
which was located along the river Rhine, large-scale depopulation occurred and settlements were 
relocated (e.g. Willems, 1986; Heeren, 2009; Vos, 2009; Van Dinter, 2013; Verhagen et al., 2016). 
This coincided with some remarkable environmental changes: (i) the avulsion of the major Rhine 
branch from its northern course to its currently active southern Waal branch (e.g., Table 7.2 – 
Berendsen & Stouthamer, 2000; Van Dinter et al., 2017; chapter 5); and (ii) an increase in flooding 
frequency of the river Rhine between AD 250 and 850 (Toonen et al., 2013; Cohen et al., 2016). This 
raises the question to what extent these environmental changes, next to cultural factors, influenced 
habitation in the area. Recent studies focusing on local settlement dynamics in specific parts of the 
delta (Bronze Age: Arnoldussen, 2008; Roman and Early medieval situation for the city of Utrecht: 
Van Dinter et al., 2017) conclude that the flooding regime temporally could have altered settlement 
distribution, forcing people to move to higher places or leading to abandonment of the area.

For the Rhine-Meuse delta, recent developments in integrating large-scale archaeological 
datasets (Van Lanen et al., 2015a) and the sedimentary-geomorphological perspective (e.g. Cohen et 
al., 2012; Toonen et al., 2013; chapter 6) for the first time allow the combination of high-resolution 
cultural and geoscientific data on a delta-wide scale. Here we combine new geomorphological 
reconstructions, recently assessed environmental changes in the delta, and changing settlement 
patterns through time. The aims are: 1) to analyse the shifts of settlement location over areas with 
different elevation through time; and 2) to assess the role of natural dynamics in these settlement 
shifts.

Already from the Bronze Age (2000–800 BC) onwards the relatively dry and elevated 
alluvial ridges with their natural levees and crevasse splays in the Rhine-Meuse delta were the 
most favourable areas for habitation (Modderman, 1948; Edelman et al., 1950; Hendrikx, 1983; 
Verbraeck, 1984; Willems, 1986; Arnoldussen, 2008; Van Dinter & Van Zijverden, 2010; Van 
Dinter et al., 2017). Therefore the alluvial ridges are considered to be key landscape elements to 
study the human-landscape interactions in the delta. However the spatial extent and elevation of 
the alluvial ridges in this delta are rather variable. Settlements positioned on the ridges therefore 
experienced different flooding frequencies and amplitude regimes during high-water events. 
Assuming that settlement elevation determined the sensitivity of the settlement to changes in 
flooding regime, a more detailed distinction between high and low parts of alluvial ridges is 
required to better understand the interaction between landscape and settlement dynamics. Because 
the height of settlements was not always recorded in the archaeological datasets consulted in this 
study, we inferred settlement elevation from the new high-resolution palaeo-DEMs presented in 
chapter 6. Integrating geoscientific and archaeological datasets is an important step towards further 
understanding of the relative contribution of environmental factors (e.g. floodings) to explain 
settlement distribution in the Rhine-Meuse delta.
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7.2	 Materials and methods

Settlement data for the Roman and early-medieval periods were collected, updated and enhanced 
for the study area (Van Lanen et al., 2015ab; chapter 8). Next we determined the landscape units 
where the settlements were located and assigned a palaeoelevation to each settlement using 
geomorphological-reconstruction and palaeo-topography maps. Finally settlement persistency and 
settlement elevation shifts throughout the first millennium were analysed.

7.2.1	 Archaeological source materials
Archaeological data on settlements in the research area were extracted from the Archaeological 
Information System of the Netherlands (ARCHIS). This system contains a national overview of 
reported archaeological finds (Roorda & Wiemer, 1992; Wiemer, 2002). For the study area this 
dataset was expanded and enhanced with archaeological data published in regional overview 
studies, which in general contain more detailed (meta)data on the settlements: Bechert & Willems 
(1995), Verwers (1998), and LGL World Heritage Database (2010). Both the ARCHIS and external 
data were integrated into a single dataset to obtain maximal chronological resolution and spatial 
accuracy of all available settlement data in the study area. Duplicate records were selected, 
compared and removed based on the appliance of a 100 metres buffer around each settlement (for 
a more detailed description of this method see: Van Lanen et al., 2015a; chapter 8). Next overviews 
of active settlements were created per archaeological period (Roman Period, Early Middle Ages) 
and subperiod (e.g. early-Roman period, middle-Roman period) as specified by the Archaeological 
Basic Register (ABR, Table 7.1).

Settlement data were compiled for seven ABR-defined subperiods which each roughly cover 
100 to 200 years (see section 7.2.2. and Table 7.1). We chose these short time intervals to match 
changing settlement patterns to developments in the landscape with a high-chronological 
resolution. Settlements dating to an unidentifiable part of the period, i.e. broadly classified as RP or 
EMP only, were excluded from the analysis since their chronological resolution is too low to yield 
significant results when comparing settlement patterns to landscape changes on the considered time 
scale.

Archaeological Period Subperiod Abbreviation Age Geomorphological 
reconstruction

Roman period (RP) early-Roman period ERP 12 BC to AD 70 AD 100
middle-Roman period MRP AD 70 to 270
late-Roman period LRP AD 270 to 450 AD 500

Early Middle Ages (EMP) early-medieval period A EMPA AD 450 – 525
early-medieval period B EMPB AD 525 – 725
early-medieval period C EMPC AD 725 – 950 AD 900
early-medieval period D EMPD AD 950 – 1050

Table 7.1 | Roman and early-medieval periods and subperiods as defined by the Archaeological Basic Register 
(ABR) and their chronological projection on the geomorphological reconstructions.
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7.2.2	 Geomorphological and palaeo-surface reconstructions
To assign elevation values to settlements and to assess their geomorphological setting across 
the delta landscape, two types of recently developed geomorphological reconstructions were 
used, which both cover the whole of the Rhine-Meuse delta: i) palaeogeogeographical maps 
(geomorphological reconstruction maps) for the time slices AD 100, 500, and 900; and ii) two 
palaeo-DEMs (Digital Elevation Models) representing the surface topography for AD 100 and 
900. These time steps equally divide the first millennium and the phasing of these developments. 
The first time step comprises the initial stage of a series of avulsions in the delta (Table 7.2); the 
second time step fits with the stage of ongoing avulsions and increased flooding frequencies; the 
last interval represents the last natural state before embankment with matured new channel belts 
of a more-or-less completed avulsion. Their compilation method is explained in chapter 6 and 
summarised below.

The maps show the extent and distribution of the alluvial ridges present in the past landscape, 
which consist of natural levees and crevasse splays either on top of or flanking channel belts (Figure 
7.2). The maps also include residual channels, zones of younger reworking by river activity, and 
dike-breach splays that cover the old landscape (Figure 7.2). The landscape elements were mapped 
based on the lithological and geomorphological criteria following methods of Berendsen & 
Stouthamer (2000), Berendsen et al. (2007), Van Dinter (2013). The lithological information was 
obtained from an extensive borehole database maintained by Utrecht University, whereas LiDAR 
images provided modern elevation of the landscape (Berendsen & Volleberg, 2007). The age of 
the mapped landscape elements was assessed from 14C dates, archaeology and relative dating 
(Berendsen & Stouthamer, 2000; Gouw & Erkens, 2007; Cohen et al., 2012; Van Dinter et al., 2017).
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Figure 7.2 | Geomorphological reconstruction for AD 900 (after chapter 6). Segments C1-C5, D, and U1-U4 are 
based on geomorphological criteria (Table 7.4).
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To determine alluvial ridge and settlement elevation we used reconstructions of the palaeo 
surface on a 100 × 100 m resolution for AD 100 and AD 900, which both represent the situation 
just before large-scale embankment of the rivers around AD 1100 (Hesselink et al., 2003). The AD 
100 surface level, derived from borehole data, was buried by flood sedimentation afterwards. The 
AD 900 surface level was mapped from current surface expression in LiDAR datasets. Absolute 
elevation (meters above O.D.) was converted to relative elevation (meters above a reference plain 
with a floodplain gradient) in order to facilitate comparison of changing settlement elevation 
on alluvial ridges throughout the delta. As a reference plane, we used an interpolated palaeo-
groundwater level reconstruction (Cohen, 2005; Koster et al., 2016a), selecting the reconstructions 
for 2000 BP and 1000 BP (i.e. early-Roman period and Early Middle Ages) (Figures 7.3–7.5).

The total vertical error of the surface reconstruction is estimated to be ca. 17 cm per individual 
grid cell (Appendix C1.3). Its main components are the core sampling error and the maximum 
error of the groundwater reconstruction. The palaeo-surface reconstruction is most accurate on the 
higher parts of the alluvial ridges where most settlements were situated. Data density in general is 
somewhat lower for built-up areas. Given the amount of data points used for the interpolation (n = 
80,000), these errors are cancelled out when considering larger areas.

After AD 100 only limited sedimentation of clay took place in the research area (some cm on 
the inherited natural levees to max. 30 cm in the lower flood basins), which in general did not 

Table 7.2 | New river branches in the Rhine-Meuse delta between in the first millennium AD, compiled after 
overviews in Berendsen & Stouthamer (2001), Cohen et al. (2012; 2016), more specific references are given in the 
table. The start of the initiation and mature phases are inferred from radiocarbon dates and relative dating. The 
location of the rivers is indicated in Figure 7.1.

New river branch Start of the initiation phase Start of the mature phase

Hollandse IJssel ca. AD 0–1001) before AD 8001)

Lek ca. AD 40–3001) around AD 7001)

Waal ca. AD 220–4502) after AD 4502)

Maas (Meuse) after AD 2702) after AD 2702)

Gelderse IJssel ca. AD 550–650 AD3) after AD 7353)

1)Based on Berendsen (1982), Guiran (1997), and on chapter 5; 2)based on Törnqvist (1993); Weerts & Berendsen (1995); 3)based on 
Makaske et al. (2008); Cohen et al. (2009).

Scenario 1 Scenario 2 Scenario 3

Input datasets DEM100 (OD) 
GW20001)

DEM100 (OD)
GW20001)

DEM100 (OD)
GW2000
DEM900 (OD)
GW10002)

Spatial varying overbank 
sedimentation and 
groundwater level rise?

- - v

100 m smoothing - v -

1)GW2000 was subtracted from DEM with elevation relative to OD, 2)The interpolated value of groundwater-level reconstructions 
between 1000 and 2000 BP was subtracted from the interpolated value between DEM100 (OD)
and DEM900 (OD) per time slice. 

Table 7.3 | Scenarios used to assigning elevation to the settlements.
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significantly affect the distribution of high and low areas throughout the landscape (Gouw & 
Erkens, 2007). Close to the active rivers, however, post-Roman sedimentation rate was significantly 
higher, with active levees and dike breach deposits reaching a height of some tens of cm to max. 2m 
(Hesselink et al., 2003; Gouw & Erkens, 2007). Because of the uncertainty in sedimentation rate in 
these areas, they were excluded from the analyses, which implies that a small number of settlements 
located in these areas were not taken into account. We used the delineations of these younger 
geomorphological elements of chapter 6 as boundaries for our analyses (Figure 7.2).

7.2.3	 Assigning elevation to settlements
For each time slice we assigned the reconstructed landscape elevation to the settlements and 
subsequently determined the changes in settlement elevation observed between the time slices. Per 
DEM grid cell in the palaeo-surface reconstructions the maximal error is ca. 17 cm (see section 
7.2.2). The mean elevation error of a selection of cells (i.e. those with settlements), depends on the 
number of cells (i.e. settlements) considered N, and was estimated as:

For the case with the smallest number of samples (N = 11 samples in EMPA in segments C4 and 
C5), the uncertainty of the mean equals 4.5 cm, which we assume the most conservative case.

To account for possible errors in the source datasets we developed three scenarios (Table 7.3). 
By comparing these scenarios we tested the accuracy of the two DEMs and the settlement-shift 
trends. Scenario 1 and 2 use two input datasets (GW2000 and DEM100 (OD)), whereas scenario 
3 additionally uses groundwater and surface-level reconstructions of AD 900. For scenario 1 we 
used the reconstructed AD 100 DEM for the settlement elevation of all time slices. This assumed 
that the elevation differences between higher and lower areas remained constant after AD 100. 
Scenario 2 was performed to test the influence of local errors which either originate from location 
administration errors in the archaeological database or from administrative outliers in individual 
boreholes. These types of error were compensated for by taking the average value of the 9 grid cells 
within 100 m surrounding the cells on which the settlement was positioned. In scenario 3 we assume 
a linear floodplain-sedimentation rate on the alluvial ridges between AD 100 and embankment 
around AD 1100, by assigning the interpolated value between the AD 100 and the AD 900 DEM to 
the settlements per time slice. From the results we subtracted the interpolated value of groundwater-
level reconstructions between 1000 and 2000 BP. In this scenario a thicker layer of overbank clay is 
deposited on the lower ridges than on the higher ridges (chapter 6).

Some settlements were positioned on dwelling mounds (e.g. Edelman et al., 1950) that were not 
mapped on the DEMs. Therefore, settlements located on known dwelling mounds were selected 
manually and their elevation was corrected using the mounds’ present surface elevation as the 
RP and EMP elevation. A two sample t-test (with unequal variances) was performed to assess the 
significance of the differences between average settlement elevation in the subsequent periods.

7.2.4	 Calculating settlement persistence
Other important aspects of settlement dynamics are persistence, abandonment, and settling in 
new areas. In this context persistence is defined as the degree of spatial correlation in settlement 
locations between two successive subperiods. We regard settlement locations in use during two 
successive subperiods (e.g. the early-Roman period and middle-Roman period) within the same 

𝑑𝑑𝑑𝑑𝑥̅𝑥𝑥𝑥 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
√𝑁𝑁𝑁𝑁
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100 m area as persistent (cf. Schlanger, 1992). The term refers to the long-term use of a specific area, 
i.e. not necessarily continuous use by the same inhabitants.

To analyse these aspects we spatially buffered the settlement locations for all periods using a 
100 m buffer. For each subperiod, we evaluated whether the point settlement overlaps with the 
100 m buffer area around the point settlement from the preceding subperiod. This buffer reflects 
the minimum surface area of a settlement, i.e. settled area (cf. Van Lanen et al., 2015b) of the 
ARCHIS settlement point data. In addition this buffer compensates for possible administration 
inconsistencies in location coordinates that are present in the original datasets.

The next step was to evaluate the elevation difference between abandoned and persistent 
settlements. We performed the comparison for all subperiods on the AD 100 DEM under the 
assumption that the relative elevation in the landscape did not change after AD 100 (section 7.2.1). 
A t-test (with unequal variances) was used to test the significance of the results.

7.2.5	 Selecting delta segments
To test the influence of landscape settings (e.g. delta plain width, alluvial ridge configuration, or 
position of river branches) on settlement dynamics we divided the delta plain into 10 segments. 
We followed the existing segments of chapter 6, which are based on distinct landscape settings. 
Regarding delta-plain width we distinguished three major segments: the upper delta (U: confined 
delta plain), the central delta (C: widening delta plain), and the lower downstream part of the delta 
(D: wide delta plain, large flood basins) (Figure 7.2). The central delta was divided further into 
five spatial segments, based on areal percentages of the alluvial ridges and the avulsion history of 
the major rivers (Table 7.4). Settlements within these segments that were situated on post-Roman 
embanked floodplains, levees and dike-breach deposits were excluded from the analysis (also see 
2.1). The lower delta plain, which is characterized by extensive peat areas and narrow alluvial ridges, 

Main 
segment

Delta width Segment 
code

Geographical name Alluvial ridge 
elevation 
relative to 
delta plain 
gradient

Alluvial ridge 
area1) (areal 
% of the 
segment)

Flood-basin
area2)

(areal % of 
the segment)

Remarks

Upper ca. 10 km U1 Overbetuwe High 60 35
U2 Nederbetuwe (east) Low 68 29
U3 Southern bank Waal Average 86 9
U4 Upper Meuse Average 77 19

Central 10–40 km C1 Utrecht Average 40 59 Large river 
silts up

C2 Kromme Rijn Average 61 33
C3 Nederbetuwe west/

Tielerwaard east
Average 74 22 Large river 

forms
C4 Bommelerwaard Low 52 46
C5 Land van Heusden 

Altena
Low 52 46

Lower > 40 km D Alblasserwaard, 
Krimpenerwaard

Low - - Not 
considered

1) Alluvial ridges include natural levees, crevasse splays and levees on channel belts in Figure 7.2; 2) Flood-basin area includes lower 
clayey and peaty flood basins in Figure 7.2.

Table 7.4 | Delta segments and their geomorphological criteria (also see Figure 7.2).



133

does not contain sufficient archaeological data for the studied periods. Therefore this segment was 
excluded from the analysis.

7.3	 Results

Settlements in both the RP and EMP generally were located on the higher parts in the landscape, 
99% being located on top of natural levees or crevasse splays, of which 60% was situated on top 
of channel belt sand bodies (Figures 7.6A and 7.7D). Within these landscape units some shifts in 
settlement location and therefore also settlement elevation from the RP to the EMP can be observed 
(Figures 7.5 and 7.7). The changes in settlement elevation through time are described below and 
linked to the most important landscape developments. The deviations in scenarios are indicated in 
Figure 7.5, indicating the robustness of the analysis.

ERP–MRP: Compared to the ERP, during the MRP settlement numbers increased by 40% 
throughout the study area (Figures 7.6A, B and 7.7A). No significant difference in settlement 
elevation can be observed between the ERP and MRP (Figure 7.7E). In terms of large floods and 
river avulsion both periods were relatively quiet (Figure 7.7B, C – Toonen et al., 2013).

MRP–LRP: From the MRP to LRP the number of settlements dramatically decreased by 66%, 
coinciding with the abandonment of the limes around AD 270 (e.g. Alföldi, 1967; Heeren, 2015; 
Verhagen et al., 2016) (Figure 7.6A, B). Only 33% of the MRP settlement persisted to the LRP 
(Figure 7.6C). Throughout the entire delta settlements shifted on average to 5–9 cm higher positions 
during the LRP (Figure 7.7E). The MRP settlements that persisted to the LRP were situated ca. 8 
cm higher than settlements that became abandoned, a trend that is statistically significant (Figure 
7.7F). This shift seems to have been strongest in the lowest segments (U2, C4, and C5 – Figure 7.5). 
During the LRP it coincided with an increase in flooding frequency (50–100 yr recurrence time) 
and a large flood around AD 282 (Toonen et al., 2013). Locally this shift is also observed in the 
southern part of segment C1 (Figure 7.5) where the river Hollandse IJssel and Lek were reactivated 
between AD 100 and 300 (Table 7.2; Figure 7.7C – Cohen et al., 2012).

LRP–EMPA: Towards and during the EMPA the number of settlements decreased even further 
by 35% (Figure 7.6A, B). Similar to the preceding period the persistence of settlements was still very 
low (Figure 7.6C). No delta-wide rising trend in settlement elevation can be observed between the 
LRP-EMPA (Figure 7.7E). However given the contrast between individual persistent and abandoned 
settlements, persistent settlements were located on average 13 cm higher than settlements that were 
abandoned (Figure 7.7F). Combined with the absence of an average rise in settlements this implies 
that new settlements most likely were situated on similarly low elevations as settlements abandoned 
during the LRP.

EMPA–EMPB: After the EMPA the number of settlements increased by 39% (Figure 7.6A, 
B). Throughout the research area the average EMPA-EMPB settlement elevation increased by 4-7 
cm (Figure 7.7E). About 50% of the EMPA settlements persisted into the EMPB. These persisting 
settlements were located on average about 27 cm higher than the abandoned settlements (Figure 
7.7F). One of the largest millennial floods in the research area occurred during the EMPA-EMPB 
(ca. AD 685; Toonen et al., 2013). The most notable shifts towards higher grounds occurred in 
segments C3-C5 and U3 (Figure 7.5). These trends correspond with the formation of the river Waal 
as the major Rhine branch. As segments C3 and U3 were located directly next to or just downstream 
of the Waal, they most likely were affected by higher and more frequent yearly floods conveyed 
through this new river branch. The effect of the formation of the Waal is further underlined by the 
abandonment of many existing settlements along this new river branch between the EMPA-EMPB. 
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A similar trend is observed in the northern part of segment C3 corresponding with the increasing 
discharge of the river Lek (Figures 7.3 and 7.4).

EMPB–EMPC: The number of settlements further increased during this period by 78%. The 
EMPB–EMPC settlement persistence is 60% (Figure 7.6). Throughout the research area settlement 
elevation increased further (Figure 7.7), with no clear spatial differences throughout the study area. 
Looking at persistent versus non-persistent settlements we observe a statistically significant 20 cm 
difference in settlement elevation. Presumably the large millennial flood of ca. AD 785 (Toonen et 
al., 2013) contributed to this rising settlement elevation.

EMPC–EMPD: In the EMPD the number of settlements decreased by 16% (Figure 7.6B). 
This decline is best explained by 1) increased clustering of settlements and houses within these 
settlements (Numan, 2005) and 2) the lack of excavation data for this period. The trend of 
settlement movement to higher elevated areas stagnated and in some segments the average position 
of settlements even slightly decreased (C2, U2, U3, and U4). Persistent settlements were located 3 
cm higher on average than non-persistent settlements (Figure 7.7F). Newly-founded settlements 
appear to have been located on lower grounds. These observations are best explained by the 
combination of increased reclamation activities and water management during this period, enabling 
the colonisation of previously unsuitable areas (Lascaris & De Kraker, 2013), and the relatively small 
number of severe floods during this period (Figure 7.7).

7.4	 Discussion

7.4.1	 Factors causing settlements shifts
The results show that from the RP to EMP settlements steadily shifted towards higher areas in 
the landscape. When comparing all subperiods except the ERP to MRP transition, persistent 
settlements on average were located higher than settlements that became abandoned. These shifts 
are most clear in the lowest segments in the MRP to LRP interval (U2, C4, and C5), and in the 
segments dating to the EMPA to EMPB transition close to a new river branch (C3 and U3). This 
suggests that during these periods water levels expressed by groundwater-level table, regular floods 
and extreme floods were important factors determining settlement location. The relative importance 
of these three factors is discussed below.

Influence of increased frequency of large floods
From the LRP onwards the study area experienced an increase in flooding frequency after centuries 
characterized by relatively few (large) floods (Figure 7.7B). Trends in settlement elevation from the 
MRP to LRP are mainly observed in the lowest areas of the delta (U2, C4, and C5 in Figure 7.5). 
From this we conclude that floods during the LRP must have affected the habitation conditions in 
the lowest areas in the study area, although they certainly will not have been the only cause of the 
depopulation. After the LRP, the lowest areas are much less populated and possible influences of 
major flooding events only are observed in the somewhat higher elevated segment C3, where a shift 
towards higher areas occurred until the EMPC (Figure 7.5).

Segment U1 is the most confined delta segment, causing floodwater to be higher than in other 
segments. This suggests that settlements in this area must have flooded more frequently and that 
even during regular, less extreme floods the water levels were higher (chapter 6). This area does not 

Figure 7.3 (left page) | Persistent (abbreviated as pers) and non-persistent settlements for the Roman period 
plotted on the palaeo-surface reconstruction of AD 100 (for colour version see Figure 7.5), with the settlements 
per time slice. Masked areas are not included in the analysis. The most important avulsions are indicated, for the 
segment codes see Figure 7.2.
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show significant trends in shifting patterns (Figure 7.5), presumably because during the Roman 
period settlements in this region already were located on the highest possible positions (as can be 
observed in Figures 7.3 and 7.4). Since segment U1 was never completely abandoned, its inhabitants 
probably were able to adapt relatively well to floods. Also in segment U4 no shift towards higher 
areas was observed for the MRP-LRP. This is best explained by the fact that this area was influenced 
by the regime of the river Meuse. Its flooding regime is yet unknown but as the river is smaller, 
floods can be expected to be less high compared to those of the river Rhine.

In summary, major floods caused settlements in the study area to shift upwards. These floods 
appear to have influenced settlement elevation shifts, but did not cause large areas to become 
permanently abandoned. The recorded floods are rare high-magnitude events and did not occur 
more frequently than once in several decades. Despite their possibly large impact, the relatively low 
frequency of these events probably made it possible for the delta inhabitants to return towards less 
elevated and therefore flooding-prone areas. This may explain why the settlements in the lowest 
areas in all cases were least persistent and why newly founded settlements often were located exactly 
here.

Position along a major river branch
The formation of the southern Waal course of the Rhine (Figures 7.1, 7.3, and 7.4) and the 
subsequent silting up of the former main branch of the Rhine in the north around AD 450 (Weerts 
& Berendsen, 1995; Berendsen & Stouthamer, 2000; Van Dinter et al., 2017) caused the main 
discharge of the Rhine to flow through segments C4 and C5 instead of segments C1 and C2 (Figures 
7.3 and 7.4). This shift of the main channel from the northern part of the central delta towards the 
southern segment caused more frequent and higher floods in the southern areas and less severe 
flooding regimes in the northern part of the central delta. This is reflected in the trends of settlement 
shifting to higher sites, as observed in segments C4, C5, and U3 and also in the southern part of C3 
and C1 (Figure 7.5, section 7.3). This is further underlined by the position of the settlements located 
in areas C4 and C5, which after the LRP mainly were confined to dwelling mounds. Although their 
absolute elevation through time (i.e., phases of dwelling mound elevation) is not known in detail, 
the trend of moving to higher areas is evident.

The configuration of large river branches affected settlement distribution by modulating both 
the distribution of flood water from large floods as well as from regular flooding events. Although 
the amplified effect of these events around rivers cannot be independently validated, as these lower-
magnitude floods are not well recorded in the sedimentological record, they form the most likely 
explanation for the observed settlement shifts susceptibility close to major rivers compared to areas 
further away from rivers. The higher-frequency occurrence of these floods probably made them 
easier to be remembered by inhabitants of the delta. It is also possible that locally more permanent 
higher groundwater levels occurred as observed by Van Asselen et al. (2017) for flood basins 
where a new river branch formed in segments C3 and D between 6000–4000 cal BP. Despite the 
upward settlement shifts observed throughout the entire delta, no major areas seem to have become 
depopulated as a result of the environmental changes.

Figure 7.4 (right page) | Persistent (abbreviated as pers) and non-persistent settlements for the Early Middle Ages 
plotted on the palaeo-surface reconstruction of AD 100 (for colour version see Figure 7.5), with the settlements 
per time slice. Masked areas are not included in the analysis. The most important avulsions are indicated, for the 
segment codes see Figure 7.2.
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Figure 7.6 (below) | (a) Number of settlements in the research area; (b) percentage difference in number of 
settlements between subsequent time slices; (c) percentage of persistent settlements and settlements on new 
locations.

Figure 7.5 (left page) | Average settlement elevation (µ) and 1σ (68% of settlements) for the segments per 
subperiod on the AD 100 DEM. Areas not included in the analysis are masked transparent. Red lines: average 
settlement elevation (scenario 1); blue dashed lines: average and standard deviations of scenario 2 (section 7.2.3) 
grey dashed lines: average and standard deviations of scenario 3 (section 7.2.3); black lines: significant average 
differences for p ≤ 0.05.
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Gradually rising groundwater levels
Rising groundwater levels could have triggered the establishment of settlements on higher elevated 
locations. In the central and upper part of the delta groundwater-level rise was mainly forced by 
continuous sedimentation rather than by absolute sea-level rise during the first millennium 
BP (Cohen, 2005; Gouw & Erkens, 2007), i.e. while the surface area was being elevated by 
clay sedimentation, the groundwater-level also rose at a similar rate causing the groundwater 
level relative to the surface to remain more or less constant. In chapter 6 this was confirmed by 
demonstrating that sedimentation on the alluvial ridges between AD 100 and river embankment 
around AD 1100 on average was 38 cm, which corresponds to the results of groundwater-level 
rise modelled by Cohen (2005). In this study, scenario 1 assumes equal pacing of groundwater and 
surface elevation, whereas scenario 3 actually tests this assumption using independent datasets on 
surface elevation and groundwater level reconstructions for AD 100 and AD 900 (see section 7.2.3; 
Table 7.3). When both scenarios are compared, it seems that sedimentation and groundwater level 
indeed kept the same pace, since both scenarios show comparable and consistent upward-shifting 
trends (Figure 7.5). From this we conclude that at least on the location of the settlements, the 
groundwater level relative to the surface did not significantly rise. Locally, in the lowest parts of 
the alluvial ridges, gradual groundwater-level rise may have been a minor forcing. This mechanism, 
however, cannot fully explain the observed major settlement shifts in the study area and the 
differences between the segments.

Despite the dynamic nature and changing environmental conditions of the delta landscape, 
cultural patterns (e.g. route networks) seem to show signs of long-term persistence as can been seen 
in the connectivity patterns in the study area (also see chapter 8).

7.4.2	 Reflections on the scale and data resolution
The upward shift of settlements during the studied time interval are visible both on delta scale 
and in the individual segments of the delta. In addition for all three scenarios the differences in 
elevation between the subperiods are rather consistent (Figures 7.5, 7.7E). The introduction of 
AD 900 surface level and groundwater levels in scenario 3 in addition to the AD 100 surface level 
and groundwater level used in scenarios 1 and 2 (Table 7.3) indicates that the latter input datasets 
are reliable. Administrative errors in settlement location appear to have a minor influence on the 
results (compare scenarios 1 and 2 in Figures 7.5 and 7.7E). In segments C4, C5, and U4 some 
more deviation between scenarios 1 and 2 is observed, however the magnitude and timing of these 
changes remain similar.

Figure 7.7 (right page) | (a) Number of settlements in the research area; (b) Holocene recurrence time of floods 
from black to light grey: 250 yr (very severe flood), 100 yr (severe flood), 50 yr (moderately severe flood), after: 
Toonen et al. (2013); Cohen et al. (2016); Toonen (personal communication); here the events are grouped per 
archaeological subperiod and the ages of the three largest floods are indicated; (c) activity of major rivers in 
the research area after Cohen et al. (2012), Van Dinter et al. (2017), and chapter 5; (d) percentage of settlements 
on geomorphological units on map of Figure 7.2. Orange: settlements on levees or crevasse splays on sandy 
channel belts, green: settlements on levees or crevasse splays outside sandy channel belts; (e) delta-wide average 
settlement elevation; (f ) elevation difference between persistent and abandoned settlements for scenario 1, 
including p-values describing the significance of the results of the t-test, with values statistically significant at p ≤ 
0.05 accentuated.
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The individual flood events generally have been dated with an accuracy of 30 to 150 years using 
14C dating and correlation techniques (Cohen et al., 2016), which corresponds to the chronological 
precision of the archaeologically dated settlements, i.e. a 20 to 200 years resolution. Cohen et al. 
(2016, p.43) state that the occurrence of major flood events in the ERP and MRP are highly unlikely 
considering the sedimentological and archaeological evidence. The chronological recording of 
settlement data is most accurate for the Roman period. This is due to: 1) a shorter time interval 
per subperiod; and 2) the fact that typologies based on Roman material culture in our study area 
are well developed and allow precise dating. In addition large-scale analyses in our study area 
are bound to specific ABR chronological boundaries (i.e. on average 100–200 yr. intervals, Table 
7.1). Although locally more detailed dating is available, when performing large-scale analyses the 
least accurately dated sites are the bottleneck of the analysis. Methods by Verhagen et al. (2016) 
who explored a detailed and statistical approach for the Roman period, appear to be promising to 
increase chronological resolution of settlements and to better understand settlement abandonment, 
continuity and persistence for the first millennium AD.

7.4.3	 Outlook
Since the LRP, settlements steadily shifted towards higher areas while the lower elevated settlements 
became abandoned. The observed elevation differences are small but appear to be robust. To 
further test the impact of floods on habitation conditions, hydraulic flood-modelling studies can 
be performed. These studies address flood-water dispersal through the delta assessing flooding 
frequency and intensity per gridcell. The palaeo-DEMs can serve as input layer for such a study. 
Following the approach in this chapter, segments in the delta can be compared and the role of delta 
plain width and avulsion in flooding frequencies can be further assessed.

The results of our study can be locally validated using information from studies characterized 
by a higher chronological and spatial resolution. When these studies focus on absolute settlement 
elevation and indications for wetter conditions (e.g. clay layer by flooding), the link between 
settlement dynamics (i.e. elevation trends and persistence) and floods can then be further evaluated.

The patterns observed in this chapter can be compared to more detailed large-scale historical 
and archaeological studies regarding e.g. early-reclamation activities, land use, demography, 
political settings, and transport. This will further improve our understanding of past human-
landscape interactions.

7.5	 Conclusions

Settlement data from integrated archaeological databases were combined with geomorphological 
reconstructions and records of environmental changes in the Rhine-Meuse delta. This delta-wide 
approach demonstrates that:
•	 During the first millennium AD habitation mainly occurred on the higher parts of the alluvial 

ridges, with 40% of the settlements being situated on alluvial ridges without an underlying 
channel belt.

•	 Between AD 270 and 750 settlements shifted towards higher locations. Between AD 270 and 
450 this development mainly occurred in relatively low-elevated delta segments. From AD 450 
onwards the somewhat higher-elevated central delta was affected as well. This settlement shift 
coincided with an increased frequency of severe floods.
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•	 Areas close to newly-formed large river branches between AD 270 and 750 were characterised 
by a strong relocation trend of settlements towards higher-elevated positions or even by 
settlement abandonment. Close to rivers, settlements appear to be relatively more susceptible 
to low-magnitude floods (yearly to decadal) because here these floods occur more regularly and 
reach higher levels than in areas further away from the river channel.

•	 The presented integrated approach clearly is useful for correlating environmental events to 
the settlement dynamics in the Rhine-Meuse delta during the first millennium AD. Although 
cultural factors must also have played a role in the observed geographical and altitudinal shifts 
of settlement locations, these can only can be fully explained by including landscape dynamics 
in the analyses.
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Chapter 8

Calculating connectivity patterns in delta 
landscapes: modelling Roman and early-
medieval route networks and their stability in 
dynamic lowlands

River landscapes can be regarded as amongst the most densely populated regions in the world. 
Despite their dynamic nature and their susceptibility to natural hazards, pull factors such as 
fertile soils and trade connections always have attracted people to these regions. During the 
Roman (12 BC–AD 450) and early-medieval periods (AD 450–1050) the Rhine-Meuse delta in the 
Netherlands underwent significant simultaneous cultural and environmental changes such as 
changing settlement patterns, the collapse of the Roman limes, changing flooding regimes and 
river avulsions. Past route networks are influenced by both cultural and natural dynamics and are 
therefore a useful tool to better understand the complex interaction between these dynamics. By 
applying and enhancing recently-developed methods of modelling route networks in dynamic 
lowlands, this study reconstructs connectivity patterns in the Rhine-Meuse delta. Based on 
newly-available high-resolution geoscientific and archaeological data, network-friction maps 
and route networks were calculated for three time slices: AD 100, 500, and 900. These modelled 
networks were validated using archaeologically-excavated infrastructural and isolated finds. 
Additionally the amount of network stability between these networks was calculated. Results 
show that for each of the route zones a clear correlation exist between the modelled network and 
the occurrence of infrastructural and isolated finds. Although clear periodic differences between 
these correlations percentages are visible. Despite the dynamic nature of the research area the 
routes show clear signs of network stability, with 80% of the AD 500 network being persistent 
with their AD 100 counterparts. Between AD 500 and AD 900 the persistence percentage slightly 
rises to 81% indicating a similar level of network stability. This shows that large parts of the Rhine-
Meuse delta were persistently used during the Roman period and Early Middle Ages despite local 
settlement dynamics and changing natural settings.

Based on article in press: R.J. Van Lanen & H.J. Pierik (2017) Calculating connectivity patterns in delta landscapes: 
modelling Roman and early-medieval route networks and their stability in dynamic lowlands. Quaternary 
International (in press). dx.doi.org/10.1016/j.quaint.2017.03.009

8.1	 Introduction

Many river and delta landscapes in the past were densely populated, since they provided fertile 
substrates and easily-maintainable geographical boundaries, and provided ample opportunities 
for long-distance transport networks (e.g. Cunliffe, 2004; McCormick, 2007). The Rhine-Meuse 
delta in the Netherlands is such a wetland landscape. It already was relatively densely populated 
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during the Bronze Age (2000-800 BC; 
Louwe-Kooijmans, 1974; Arnoldussen, 2008) 
and formed a crucial transport corridor 
functioning in long-distance connections 
between the mainland of Northwest Europe 
and the British Isles (Figure 8.1; Cunliffe, 
2004). Rivers in the Netherlands frequently 
have been described as crucial Roman and 
early-medieval trade routes (e.g. Van Es & 
Verwers, 2010; Dijkstra, 2011). However 
low-lying, dynamic landscapes also were 
challenging for their inhabitants, confronting 
them with amongst other regular flooding 
and changes in river courses (e.g. Cohen et 
al., 2016; Van Dinter et al., 2017). 

	 During the late-Roman and 
early-medieval periods (AD 270–1050), 
large-scale cultural and natural changes 
occurred in the fluvial-dominated part 
of the Rhine-Meuse delta (e.g. Hendrikx, 
1983; Willems, 1986; Van Es & Verwers, 
2010; Jansma et al., 2014; Van Dinter et al., 
2017). After the collapse of the Roman limes 
around AD 275 large-scale depopulation 
and settlement-relocation took place (e.g. 

Alföldi, 1967; Willems, 1986; Van Dinter, 2013; Heeren, 2015). These developments corresponded 
with large-scale landscape changes such as the avulsion of the Rhine to its southern course, the river 
Waal (Weerts & Berendsen, 1995), and increasing flooding frequency and intensity (Toonen et al., 
2013; Cohen et al., 2016; Van Dinter et al., 2017). These cultural and natural changes clearly affected 
settlement patterns (Pierik & Van Lanen, 2017; chapter 7) and also must have had a significant 
impact on the geographical position and functioning of route networks in the landscape and on 
resulting cultural connectivity patterns.

In this chapter we model Roman and early-medieval route networks in a delta landscape 
as an expression of environmental and cultural changes. The aims are to: 1) calculate the level of 
persistence between the reconstructed Roman and early-medieval route networks; 2) determine 
to what extent the dynamic nature of delta landscapes influenced patterns of connectivity during 
this period; and 3) determine to what extent a network-friction model (NFM; section 8.2) can be 
applied to model Roman and early-medieval route networks on a more detailed regional scale and 
in densely populated areas. This was performed by applying a regional multidisciplinary approach: 
integrating large-scale archaeological and geoscientific datasets in combination with evidence-based 
route-network reconstructions. Our approach was based on the network-friction method presented 
by Van Lanen et al. (2015ab) which we further developed and tested.

We used the network-friction method introduced by Van Lanen et al. (2015a). This method was 
specifically designed to model suitable areas for potential route networks, i.e. movement corridors, 
in dynamic lowland areas. Van Lanen et al. (2015a, p. 200–201) define network friction as: “..the 
variable that determines potential regional accessibility based on the comparison of local and 

GRID boundary

0 50

kilometres

Figure 8.1 | The location of the study area (in red) within 
the current Netherlands. The coastline represents 
the Roman period. The study area reflects the spatial 
boundaries visible in Figures 8.3, 8.4, 8.6–8.10.
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surrounding landscape factors”. A network-friction model (NFM) calculates local accessibility based 
on a combination of high-resolution geoscientific datasets (e.g. palaeogeography, geomorphology, 
soil map, elevation model) and shows the potential movement corridors in the past. By combining 
a NFM with large-scale archaeological data it is possible to calculate and validate Roman and early-
medieval route networks on a supra-regional scale. Van Lanen et al. (2015b) already stressed the 
importance of applying the network-friction method on a more local, detailed scale, especially in 
densely populated regions, in order to test its applicability for reconstructing past-route networks 
and human-landscape interaction.

The amount of archaeological data on the Roman period and, especially, the Early Middle 
Ages in northwest Europe has grown substantially over the last few decades. However, large-scale 
spatial patterns (e.g. settlement patterns, route networks, land-use systems) and their dynamics 
through time on delta-covering scale have not been studied in detail. Davis & McCormick (2008) 
and McCormick (2008) have already suggested that the next step should be to compare and analyse 
these newly available, vast amounts of data and collaborate better within and across scientific 
disciplines (e.g. geosciences, history, biology). For the Rhine-Meuse delta well-documented 
archaeological and detailed landscape reconstructions are now available and allow us to for the 
first time to study these spatial patterns on delta-covering scales using multi- and interdisciplinary 
approaches (e.g. Van Dinter, 2013; Van Dinter et al., 2017; chapters 6 and 7).

8.2	 Route networks and connectivity patterns

Roads can be defined as narrow, fixed communication and transport lines connecting different 
places, whereas routes have been characterized as broad and vaguely delimited zones of 
communication and transport (Van Lanen, 2016; Van Lanen et al., 2016b). With the exception of 
the Roman limes road, there is little evidence for the presence of Roman and early-medieval roads 
in the Rhine-Meuse delta (e.g. Van der Heijden, 2016). Almost all Roman and early-medieval 
routes were unpaved and hence not rigidly anchored in space (e.g. Bell & Lock, 2000; Horsten, 
2005). Route zones are spatial zones in which, often unpaved, bundles of tracks, paths or roads are 
located. These zones formed as a result of travellers frequently shifting to adjacent lanes because of 
e.g. weather conditions or general wear of the carved-in tracks. Although the general orientation of 
past roads and routes were similar, route networks spatially were more dynamic and therefore they 
should be regarded as corridors rather than as single lines.

Route networks are spatial elements connecting settlements by land or water through the 
surrounding landscape on local, regional and supra-regional scales (Van Lanen et al., 2015ab). 
In our study area the higher and relatively dry alluvial ridges provided the best places to live 
(e.g. Willems 1986; chapter 7) and also functioned as the movement corridors in the landscape. 
Movement corridors are defined as areas where landscape units provide people with connectivity 
options such as route zones to other places of interests (e.g. settlements, forts, mining areas, 
religious centres). The spatial layout of these movement corridors through time has been influenced 
by both environmental as well as cultural factors and therefore their chronological development is 
key to understand the complex interaction between these dynamics. As environmental conditions 
changed, the accessibility of these alluvial ridges also may be expected to have changed and in this 
manner the movement corridors and settlements situated there. This especially holds true for past 
delta landscapes due to the relatively large number of settlements and because the dynamic-fluvial 
environment forced people to adapt to rapidly changing environmental conditions
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Route networks are not merely connecting zones in the landscape but are an integral part of 
connectivity patterns. Here we define connectivity patterns as the dynamic spatial and social 
interrelation and interaction between the following landscape-influencing factors: settlement 
patterns, land use, demography, route networks, long-distance transport routes and physical 
landscape-formation processes (Figure 8.2). Changes in one of the factors within this system 
(may) cause a far-reaching ripple effect within the system, which implies that these patterns are 
connected and characterized by a level of path dependency and in general function on larger spatial 
and chronological scales. Although connectivity patterns are a complex collection of seemingly 
countless entwined relations, studying the changes of individual connectivity-pattern factors, 
such as settlement patterns and route networks allows to unravel this complexity. Therefore route 
networks, or connectivity patterns in general, are key for studying large-scale human-landscape 
interactions.
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Figure 8.2 | Connectivity patterns: schematic overview of the interrelationships between important connectivity-
pattern factors: physical landscape, settlement patterns, long-distance transport routes, route networks, 
demography and land use. The relative size of each factor node reflects the numbers of connections within the 
system, i.e. smaller nodes have less interrelationships. Each factor is connected to the other factors in the system, 
with the exception of the physical landscape and demography between which, excluding catastrophic events, no 
direct connection exists. Changes within one (or more) of the factors influence the interrelationships within the 
system and may cause changes in other factors, making connectivity patterns a complex system with countless 
dynamic, path-dependent connections.
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The reconstruction of historical route and road networks has been the focus point of many 
studies dealing with spatial modelling and Geographical Information Systems (GIS) software 
(e.g. Gietl et al., 2008; Zakšek et al., 2008; Verhagen & Jeneson, 2012; White & Barber, 2012; 
Verhagen, 2013; Breier, 2013; Vletter, 2013; 2014; Groenhuijzen & Verhagen, 2015). Traditionally 
the modelling of historical route networks using GIS has been limited to relatively theoretical 
exercises to determine technological possibilities and practical applications, and to calculate 
cost-surface modules and least-cost paths (e.g. Zakšek et al., 2008; Herzog & Posluschny, 2011, 
Murrieta-Flores, 2012; Herzog, 2013abc; Verhagen, 2013; Herzog, 2014). Many of these studies 
focus on regions characterized by large elevation differences, i.e. mountainous areas, and focus 
mainly on slope calculations, in this manner limiting the usefulness of the developed techniques for 
application in delta landscapes. Recently, it has been suggested that especially in these landscapes 
other environmental (e.g. soil type, groundwater levels) and non-environmental (e.g. political, 
socio-economic, religious) formative processes are of influence on the spatial layout of past route 
networks (e.g. Bell & Lock, 2000; Llobera, 2000; Herzog, 2013a; Van Lanen et al., 2015b; Vletter 
& Van Lanen, in review). The research focus therefore increasingly has shifted towards the need 
for integrated, explanatory and complementary models which can be validated using archaeological 
or historical data (e.g. Verhagen & Whitley, 2011; Citter, 2012; Herzog, 2013a; Fovet & Zakšek, 
2014; Van Lanen et al., 2015b; 2016a). In order to study connectivity patterns, which are defined by 
cultural and natural processes, such models combining multiple proxies are required.

It is generally accepted that the (micro-)regional level is the optimal spatial entity to study 
the interaction between settlement and landscape dynamics from a long-term perspective using a 
landscape-archaeological approach (e.g. Spek, 2004; Kluiving et al., 2012; Kluiving & Guttmann-
Bond, 2012; Van Beek & Groenewoudt, 2011). Van Lanen et al. (2015b) recently reconstructed 
Roman and early-medieval routes on a supra-regional level using multiple proxies. One of the 
findings was that this approach is unsuitable for application to the Rhine-Meuse delta, due to high 
settlement density in this region during the first millennium AD. The relatively high number of 
settlements, i.e. the ratio of settlements per km2 higher than the national average, requires a spatially 
more detailed approach in order to accurately calculate route zones (Van Lanen et al., 2015b). This 
is now possible in our study area because: (i) newly-developed geoscientific input data with an 
unprecedented spatial and temporal resolution have become available (chapter 6), (ii) the grid-cell 
resolution of the NFM can be enhanced, i.e. from 500 × 500 m to 100 × 100 m and (iii) the study 
area reflects a region where settlement-density differences are minimal, i.e. settlements equally 
divided in the landscape.

8.3	 Material and methods

Routes and network stability were calculated following the methods developed by Van Lanen 
et al. (2015ab). The first step was to create a NFM based on high-resolution geoscientific datasets 
(sections 8.3.1. and 8.3.2.). Next, archaeological data were integrated into the model by overlaying 
these data on network-friction maps, and routes were calculated for the time slices: AD 100, 
500, and 900 (sections 8.3.3. and 8.3.4.). The resulting network reconstruction was to determine 
persistence of the reconstructed route network and validate the results based on the occurrence of 
infrastructural and isolated finds (sections 8.3.5. and 8.3.6.).

Since route networks were reconstructed based on archaeological and geoscientific data, the 
first were converted to match available geoscientific chronology. Archaeological data in our study 
area are recorded using chronological specifications from the Archaeological Basic Register (ABR). 
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Based on these chronological divisions and the newly-developed high-resolution geomorphological 
reconstructions we converted archaeological data to fit three time slices: AD 100, AD 500, and AD 
900 (Figure 8.3). Data were divided based on two major cultural events during the first millennium 
AD: (i) the collapse of the Roman limes and coinciding diminishing of Roman authority and 
economy; and (ii) the cultural integration of the study area into the Carolingian empire. Each 
archaeological subperiod was linked to the geomorphological time slice optimally representing the 
specified period (Figure 8.3). We linked the Roman period (12 BC–AD 270), consisting of the early 
and middle-Roman periods, to the AD 100 time slice. The late-Roman period and early-medieval 
periods A to B, summarised as the Roman-EMA transition period (AD 270–725), was linked to the 
AD 500 time slice. Early-medieval periods C and D, the final part of the early-medieval period (AD 
725–1050), were linked to the AD 900 time slice.

8.3.1	 Geomorphological and palaeo-elevation reconstructions
The network-friction maps presented in this chapter were based on recently developed 
geomorphological reconstructions and palaeo-elevation models, which are described below.

Geomorphological reconstructions
The geomorphological maps developed in chapter 6 represent reconstructions of the extent, 
distribution and orientation of the alluvial ridges present in the past landscape for the time slices 
AD 100, 500, and 900. The time steps 100, 500, and 900 CE equally divide the first millennium 
and the phasing of these developments. The first time step comprises the initial stage of a series of 
avulsions in the delta; the second time step fits with the stage of ongoing avulsions and increased 
flooding frequencies; the last interval represents the last natural state before embankment with 
matured new channel belts of a more-or-less completed avulsion.

Each of these maps in unprecedented detail show the spatial extent of channel belts including 
the well-accessible alluvial ridges (including natural levees and crevasse splays) and less-accessible 
flood basins (Figure 8.4). These reconstructions expand on existing regional studies (e.g. Willems, 

AD 100 AD 500 AD 900

12 BC AD 70 AD 270 AD 450 AD 525 AD 725 AD 900 AD 1050

MAP AD 100 MAP AD 500 MAP AD 900

ERP MRP

Roman period Early Middle AgesRoman - EMA transition period

LRP EMPA EMPB EMPC EMPD

Figure 8.3 | Chronological division of subperiods based on the Archaeological Basic Register: early-Roman period 
(ERP), middle-Roman period (MRP), late-Roman period (LRP), early-medieval period A (EMPA), early-medieval 
period B (EMPB), early-medieval period C (EMPC) and early-medieval period D (EMPD). Each of the subperiods 
were linked to one of the geomorphological-landscape reconstructions for AD 100, 500, or 900.

Figure 8.4 (right page) | Geomorphological landscape reconstructions for the Rhine-Meuse delta around AD 100, 
500, and 900 of chapter 6. The names of the major rivers and towns mentioned in the text are given for each time 
slice. 1 = Utrecht, 2 = Dorestad, 3 = Tiel, 4 = Arnhem, 5 = Nijmegen.
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1986; Van Dinter, 2013; Van Dinter et al., 2017, see chapter 2) to delta scale in a uniform manner. 
The geomorphological elements were mapped using lithological and geomorphological datasets: 
lithological information was obtained from an extensive borehole database maintained by Utrecht 
University, whereas LiDAR images provided modern elevation data of the landscape (Berendsen 
& Volleberg, 2007). Alluvial ridges were taken from borehole data as loam or sandy clay intervals 
of at least 40 cm thick, that are elevated ca. 1-2 meter above to floodplain level (chapter 6). The 
sandy channel belts were taken from Berendsen & Stouthamer (2000), Cohen et al. (2012). In order 
to reconstruct past water routes, the position of former river channels was outlined by identifying 
elongated depressions in the LiDAR with a clayey and peaty infill.

The age of the mapped elements is relevant to evaluate the presence of specific elements during 
the reconstructed time steps. It was derived from ca. 300 14C dates, archaeology, and relative dating 
(Berendsen & Stouthamer, 2000; Cohen et al., 2012). The majority of the alluvial ridges had been 
formed before AD 100 (blue to red alluvial ridges in Figure 8.4). The age uncertainty of the younger 
alluvial ridges in Figure 8.4 relates to the dating accuracy of the initiation and the maturation of the 
according channel belts, which is generally maximal several centuries (Berendsen & Stouthamer, 
2000). The maps have a higher spatial resolution than previous reconstructions, representing a 

140000 150000 160000 170000 180000 190000

42
00

00
43

00
00

44
00

00
45

00
00

younger levees

Legend

-200 -100 -50 0 50 100 200
   (cm to GW level)

AD 100 PalaeoDEM Utrecht

Arnhem

Nijmegen

reconstructed GW level (cm)
outcropping Pleistocene deposits

embanked floodplains

dike-breach fan
flood basins
residual channels

Nederrijn

Waal

Waal

Meuse

Levee elevation relative to

Figure 8.5 | Palaeo-DEM (relative to the groundwater level) for the Rhine-Meuse delta around AD 100 (chapter 6).



153

higher level of accuracy and include more landscape elements. Compared to existing supra-regional 
reconstructions for the first millennium AD by Vos (2015a) they include an additional time step, 
AD 500.

Palaeo Digital-Elevation Model (palaeo-DEM)
Higher and lower areas in the study region were distinguished using a palaeo-surface reconstruction 
for AD 100 with 100 × 100 m grid-cell resolution. This palaeo-surface topography (palaeo-DEM) 
was compiled by interpolating the vertical position of the top of the typical natural-levee and 
crevasse splay lithology, derived from the lithological borehole data (chapter 6). This dataset 
has been corrected for younger clay sedimentation on abandoned alluvial ridges and has been 
normalised for delta plain gradient (around +8 m OD in the east to around -1 m OD in the west). 
This normalization was performed by subtracting groundwater level reconstructions for 2000 yrs 
BP (Cohen, 2005; Koster et al., 2016a) from the palaeo-surface reconstruction. The resulting map 
shows the elevation of the landscape relative to the reconstructed past groundwater level in the delta 
(Figure 8.5).

Zones with actively-forming natural levees, embanked floodplains and dike-breach deposits of 
post-Roman active rivers have been omitted from the analysis, because they hampered the detailed 
reconstruction of former landscape elevation in this area. We therefore excluded the narrow strip of 
these elements and only used the inherited alluvial ridge landscape to update the NFM. The masked 
delineations of the levees were derived from the mapped boundaries of the geomorphological 
elements developed in chapter 6 (Figure 8.4).

8.3.2	 Rhine-Meuse delta network-friction model (NFM)
Network friction was developed to identify geographical ‘push’ (unattractive areas for travelling: e.g. 
peat marshes, flood basins) and ‘pull’ (attractive areas for travelling: e.g. high, dry alluvial ridges) 
factors for possible translocation through the delta in the past. High-resolution geoscientific data on 
the Roman and early-medieval physical landscape were integrated into one network-friction model 
(NFM), which is described below.

Grid model
In order to develop the NFM we created a GRID model covering the fluvial dominated Rhine-
Meuse delta region. The GRID model consists of 331,800 individual grid cells of 100 × 100 m, with 
each cell containing 21 data fields (Table 8.1). Each grid cell was assigned a unique identifier and 
corresponding grid-cell identifier from the supra-regional NFM developed by Van Lanen et al. 
(2015a; Table 8.1: #1 and #2). Geomorphological-reconstruction data on land and water units and 
accessibility values were recorded for each of the three time slices (Table 8.1: #3–#14). Elevation 
data derived from the palaeo-DEM and corresponding accessibility values were recorded in fields 
#15–#18 (Table 8.1). Network-friction values were calculated combining accessibility values from all 
geoscientific datasets.

Accessibility and network-friction calculation
In the NFM we used the five network-friction classes defined by Van Lanen et al. (2015a) (Table 
8.2). Network-friction values were calculated for each individual grid cell by first selecting 
geomorphological units as reconstructed in chapter 6 that are archaeologically and historically 
known to be well suited for routes (e.g. high-elevated alluvial ridges), which were designated 
accessible (Table 8.2: 5). Grid cells located in areas clearly not suited for routes (e.g. wet peat areas, 
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flood basins) were designated inaccessible (Table 8.2: 1). Next, all remaining landscape units were 
classified as reasonably accessible (Table 8.2: 3). Since the network-friction value of a cell is not only 
defined by local but also immediately the surrounding landscape units, network-friction values 
were upgraded or downgraded based on their proximity to accessible or inaccessible areas, using a 
100 m buffer (cf. Van Lanen et al., 2015a).

Importing the geomorphological reconstructions
Network friction has been designed to model the maximum amount of accessibility in the past. 
Therefore in the procedure of assigning friction values to the grid cells in the NFM, landscape units 
archaeologically known to be important for possible routes were imported into the model first 
(Table 8.3). In this conversion, even when only a small part of the grid cell intersected with such 
landscape units, the complete cell was assigned this specific value. In delta landscapes this approach 
ensures that small movement corridors such as very narrow alluvial ridges (< 100 m wide) are 
included in the resulting reconstruction. Since land and water transport require opposite landscape 
units, some areas are well suited for land routes but equally form an obstacle for water transport 
(and vice versa). Therefore land and water routes were separately calculated in the NFM (Table 8.3).

	 The geomorphological data for AD 100, 500, and 900 developed in chapter 6 were clustered 
into 10 generalized landscape units (Table 8.3). These landscape units were imported into the NFM 
by spatially overlaying their geographical outlines with the grid cells. Intersecting cells were selected 
and updated with corresponding geomorphological data using the unique GRID_ID. This process 
was repeated for each of the landscape units and time slices.

# Field name Description

1 GRID_100_ID Unique identifier for each individual grid cell
2 GRID_500_ID Corresponding identifier field in NFM Van Lanen et al. 2015b
3 LA_AD100_Unit Geomorphological reconstruction unit AD 100
4 LA_Nfv_AD100 Accessibility based on land unit AD 100
5 LA_AD500_Unit Palaeogeographical land unit AD 500
6 LA_Nfv_AD500 Accessibility based on land unit AD 500
7 LA_AD900_Unit Geomorphological reconstruction unit unit AD 900
8 LA_Nfv_AD900 Accessibility based on land unit AD 900
9 WA_AD100_Unit Geomorphological reconstruction water unit AD 100
10 WA_Nfv_AD100 Accessibility based on water unit AD 100
11 WA_AD500_Unit Geomorphological reconstruction water unit AD 500
12 WA_Nfv_AD500 Accessibility based on water unit AD 500
13 WA_AD900_Unit Geomorphological reconstruction water unit AD 900

14 WA_Nfv_AD900 Accessibility based on water unit AD 900
15 Palaeo_Elevation Elevation based on the palaeoDEM AD 100
16 Nfv_AD100_PalaeoDEM Accessibility based on elevation AD 100
17 Nfv_AD500_PalaeoDEM Accessibility based on elevation AD 500
18 Nfv_AD900_PalaeoDEM Accessibility based on elevation AD 900
19 LA_Nfv_AD100_Avg Average network-friction value AD 100
20 LA_Nfv_AD500_Avg Average network-friction value AD 500
21 LA_Nfv_AD900_Avg Average network-friction value AD 900

Table 8.1 | Design of the NFM in the study area.
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Palaeo-DEM import
Within the alluvial ridges (Figure 8.3), further distinctions regarding accessibility were made using 
the reconstructed relative surface elevation of the palaeo-DEM. We assumed that more elevated 
areas had lower-groundwater levels and were less prone to floods. Elevation data in the palaeo-DEM 
was recorded using 100 × 100 m grid-cell resolution, which corresponds to the resolution of the 
NFM. These data were included by calculating the relative surface elevation for each NFM-grid cell 
and further refining the network-friction values, i.e. lower areas (< -0.5 m) were manually given 
a value of 2 and grid cells with an elevation between -0.5 m and 0 m and > 0 m, values 4 and 5 
respectively. Including this dataset allowed us to take elevation differences within these landscape 
units into account. Areas with post-Roman alluvial ridges (i.e. close to post-Roman active rivers) 
were not reconstructed in the palaeo-DEM and therefore were not adapted further. The low-lying 
flood basins already had been designated as less suitable for routes and therefore also remained 
unchanged. In addition the younger reworked landscape units were not differentiated using the 
palaeo-DEM.

Import seq.
Land routes

Import seq.
Water routes

ID legend
(chapter 6)

Description
geomorphological unit
(chapter 6)

Network-friction 
value
Land routes

Network-friction 
value
Water routes

1 1 x Reconstructed active 
channel

1 5

2 2 6 Open residual channel 1 5
3 x 5 Natural levee 5 x
4 x 3 Natural levee on inactive 

channel belt
5 x

5 x 4 Crevasse splay 5 x
6 x 1 Outcropping pleistocene 

substrate
5 x

7 x 7 Abandoned residual channel 3 x
8 3 2 Active channel belt/with 

immature natural levees
3 3

9 x 8 Clay-filled floodbasin 1 x
10 x 9 Peat-filled floodbasin 1 x

Table 8.3 | Generalized landscape units of the geomorphological reconstructions in chapter 6. For each of the 
legend units the import sequence into the NFM, the legend ID in the original dataset, corresponding descriptions 
and assigned network-friction values (1 = inaccessible, 3 = moderately accessible, or 5 = accessible) are presented.

Description Network-friction value

Inaccessible 1
Poorly accessible 2

Moderately accessible 3
Reasonably accessible 4
Accessible 5

Table 8.2 | Network-friction values as defined by Van Lanen et al. (2015a).
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8.3.3	 Archaeology
Archaeological data on the location, chronology and type of Roman and early-medieval settlements, 
burial sites, shipping (e.g. shipwrecks) and isolated finds were collected through the Archaeological 
Information System of the Netherlands (ARCHIS), the dendrochronological repository DCCD, and 
the Electronic Archiving System (EASY). ARCHIS contains a national overview of archaeological 
finds (Roorda & Wiemer, 1992; Wiemer, 2002). In order to increase data accuracy we expanded and 
enhanced this dataset with archaeological data published in regional overview studies (e.g. Bechert 
& Willems, 1995; Verwers, 1998) and the LGL World Heritage Database (2010). Additional data 
on shipwrecks were collected through the heritage-based online dendrochronological repository 
DCCD (Jansma et al., 2012; Jansma, 2013) and from overviews made by Brouwers et al. (2013; 
2015). EASY is an online archiving system for archaeology and contains a wide variety of excavation 
data (e.g. reports, figures, photos, GIS files).

8.3.4	 Modelling past routes
Land and water route networks were calculated for AD 100, 500, and 900 by combining the 
settlement data and the NFM. Using the method of Van Lanen et al. (2015b) we modelled route 
zones between settlements in the manner described below.

Modelling land routes
We modelled land-route zones following the method presented by Van Lanen et al. (2015b). By 
calculating the shortest path between neighbouring settlements or burial sites (nearest neighbour) 
following the average highest network-friction values (i.e. highest level of accessibility, least 
friction) route zones of 100 m wide were computed. Since Roman and early-medieval burial sites 
always were located near settlements (i.e. at a minimum distance of 300 m from the settlement; 
Van Es, 1981; Verlinde, 1987; Verwers, 1998; Hiddink, 2003; Heeren, 2009; Van Beek, 2009), in case 
of missing settlement data we used burial sites as an indication of nearby habitation. In order to 
obtain maximum accuracy within the used datasets, settlement data were selected from ARCHIS 
only when: 1) at least five finds were recorded for that site; and 2) the chronological resolution 
reflects the ABR subperiod division (e.g. early-Roman period, early-medieval period B). In this 
respect the modelled network shows a minimum amount of probable connections to settlements, 
since only settlements dating to specific subperiods were included in route calculations. Therefore 
additional movement corridors calculated by the NFM, which based on geoscientific data were well 
suited for route zones but lacked (reliable) archaeological data, were not part of the route-network 
reconstructions.

Modelling water routes
Water-route zones were modelled based on data representing shipwrecks and water-adjacent 
settlements (i.e. settlements within 100 m from active channel belts). Through dendrochronology 
many shipwrecks have been dated accurately, and therefore this find category was used as a high-
resolution record of active transport routes. Water routes were modelled by calculating the shortest 
path between water-adjacent settlements and shipwrecks along the reconstructed active rivers 
around AD 100, 500, and 900, i.e. grid cells with network-friction value 5 for water transport (Table 
8.3). Grid cells containing navigable rivers but without known water-adjacent settlements were 
excluded from the route-network reconstruction.
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8.3.5	 Route persistence
Route-network persistence was calculated by comparing the spatial layout of route-zone sections 
within the networks during the different time slices. In line with Van Lanen et al. (2016b) we 
define the term “persistence” as the long-term use of specific locations in the landscape. These 
areas, although not necessarily continuously in use, reflect locations which are at least frequently 
reused and ‘never’ completely abandoned. Even if these route zones or movement corridors were at 
some point abandoned they are expected to survive in the collective memory. In order to calculate 
persistence, the networks were converted into individual line sections, i.e. unique lines between 
nodes never exceeding 200 m in length, which were then spatially compared to route-zone sections 
from the two other periods. We used the 100 m wide route-zone sections for the persistence 
calculations, since these reflect the most accurate buffers and therefore yield the most conservative 
persistence results.

8.3.6	 Route validation
The reconstructed route networks were validated using three route-zone scales: 100 m, 250 m and 
500 m, the latter corresponding with the average width of the larger alluvial ridges (Figure 8.3). For 
each of the time slices the percentage of infrastructural and isolated finds located within the route 
zone was calculated. Infrastructural finds, e.g. remnants of roads, tracks, jetties and harbours, are 
indicative for the presence of past-route networks. Isolated finds such as pottery sherds, fibulae and 
jewellery, represent past material unconnected to any (known) larger archaeological complex (e.g. 
settlement, temple), but nonetheless indicate human activity on a specific location (cf. Van Lanen et 
al., 2015b). Therefore, if routes have been modelled correctly the percentages of infrastructural and 
isolated finds located within the route zones should be relatively high as compared to the complete 
set of infrastructural or isolated finds found in the study area.

We determined the relative accuracy of the validation results by comparing them to the spatial 
dimensions (i.e. width) of individual landscape elements, such as alluvial ridges which function as 
movement corridor. First, the surface area of each route zone of 100 m, 250 m, and 500 m (rz100, 
rz250 and rz500 respectively) was divided by the total surface area of the NFM. Next, the numbers 
of infrastructural finds and isolated finds located within the route zone were divided by the total 
number of similar finds located in the study area. In order to assess the performance of the model 
and determine the robustness of these validations we calculated gain values (G) based on Kvamme 
(1988) using the following equation:

Where Pa is the proportion of the surface area of each route zones (100 m, 250 m, and 500 m) 
compared to the total surface area of the NFM and Pf is the proportion of infrastructural or isolated 
finds within that zone of interest.

8.4	 Results

8.4.1	 Network friction
The NFM shows that most accessible regions in AD 100, 500, and 900 were located in the eastern 
and central part of the study area (Figure 8.6). In the western part, which was dominated by clayey 
and peaty flood basins, small and less-accessible alluvial ridges and rivers formed narrow movement 

Eq 8.1 
 

𝐺𝐺𝐺𝐺 = 1 −   
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
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Figure 8.6 (left page) | Network-friction maps for the Rhine-Meuse delta around AD 100, 500, and 900. The white 
line shows the division between the Holocene and Pleistocene parts of the study area.

Figure 8.7 (above) | Overview of network-friction changes in the Rhine-Meuse delta between AD 100 to 500 and 
AD 500 to 900.
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corridors for land or water routes to the west. In this area landscape settings strongly must have 
limited route orientation.

Through the NFM we were able to locate regions where accessibility changed between AD 100, 
500, and 900 and calculate the severity of these changes (Figure 8.7). The most notable changes 
occurred between AD 100 and 500, especially in the south-western and north-western parts of 
the study area. Between AD 500 and 900 accessibility changes appear to have been less severe, 
with the largest changes being restricted to the north-western, south-western and north-eastern 
part of the Rhine-Meuse delta. Changes in accessibility during the first millennium AD appear to 
have been linked to meander migration and avulsion activity. These changes can be attributed to 
avulsions of the river Waal, Maas, and Lek, which especially affected the western part of the study 
area (Stouthamer & Berendsen, 2001, Stouthamer et al., 2011, Cohen et al., 2012). The new river 
courses must have cut off older routes, but at the same time must have provided new opportunities 
for water routes and, when the natural levees matured, eventually for land routes. The older river 
courses must have silted up and therefore became less accessible for water transport.

8.4.2	 Network characteristics

Spatial patterns
During the first millennium AD route networks connected almost all parts of the Rhine-Meuse 
delta (Figure 8.8). Land routes were mainly east-west oriented and located on the alluvial ridges. The 
delta could be crossed in a north-south direction in the eastern part of the study area, most notably 
on the movement corridors near the current cities of Arnhem and Nijmegen (Figures 8.3 and 8.8). 
Towards the west, in the central part of the delta, land routes mainly ran towards the northwest and 
the southwest. The most western option to switch route zones and cross the entire delta in a north-
south direction appears to have been in the centre of our research area, near the early-medieval 
towns of Dorestad and Tiel. These two locations were characterized not only by well-connected land 
routes running north-south and east-west, but also by abundant water-transport possibilities as they 
were located on important river bifurcations (Kosian et al., 2016; Oudhof et al., 2013). In the Roman 
period, the presence of many open residual channels caused water routes in the study area to be 
oriented in line with many land routes on the alluvial ridges (Figures 8.3 and 8.8). When new rivers 
formed, these older channel silted up leaving only a few navigable connections towards the north-
west and south-west from the centre of the study area. With the exception of the eastern and central 
parts of the delta during the Roman period, water routes running north-south were almost non-
existent (Figures 8.3 and 8.8).

The reconstructed route networks point towards a remarkable high level of connectivity in 
the Rhine-Meuse delta. Almost all movement corridors contain one or more route zones, which 
suggests that the delta landscape was used to its full potential. Despite the dynamic nature of 
the landscape and the likelihood of floods, the areas’ pull factors (section 8.1) appears to have 
continuously drawn people to settle in this area, resulting in all parts of the delta to be well 
connected and isolated areas to be non-existent. Major events such as the avulsion of the river Rhine 
to its southern course, the river Waal, initially will have limited the number of accessible land routes 
in the south-western part of the study area, but equally facilitated new water-route connections 

Figure 8.8 (left page) | Route networks (land and water) in the Rhine-Meuse delta around AD 100, 500, and 900 
projected on the corresponding network-friction maps.
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towards the southwest. Here the natural levees were not mature yet, which is underlined by the lack 
of archaeological finds on these relatively young landscape units.

Surface areas
Route-zone density was determined for the combined land and water route networks (Table 8.4). 
Results show that the Roman-route zones around AD 100 covered the most land. A decreasing 
trend in route-zone surface area is visible towards the AD 500 and AD 900 time slices. The pattern 
between AD 100 and AD 500 is best explained by demographic decline during the post-Roman 
periods. Despite a probable population increase after AD 500, the pattern between AD 500 and AD 
900 is still rather consistent, this is most likely due to increased settlement size and the clustering of 
settlements towards the Middle Ages (e.g. Dekker, 1983; Rutte & Abrahamse, 2015; chapter 7).

8.4.3	 Route-network changes and persistence
Despite the dynamic nature of the study area, 79.8% of the modelled AD 500 network shows 
persistence with route sections from the AD 100 network (Table 8.5; Figure 8.9). In the subsequent 
period persistence slightly increased, resulting in 80.5% of the AD 900 route sections showing 
persistence with their AD 500 predecessors (Table 8.5; Figure 8.9).

Route zone Surface 
AD 100 (km2)

% of 
AD 100 surface

Surface 
AD 500 (km2)

% of 
AD 500 surface

Surface 
AD 900 (km2)

% of 
AD 900 surface

100 m 211.9 6.4% 173.3 5.2% 167.1 5.1%
250 m 503.8 15.2% 419.0 12.7% 405.9 12.3%
500 m 906.5 27.4% 779.7 23.6% 762.8 23.1%
Total study area 3,306.8

Table 8.4 | Overview of surface calculations of the modelled route networks. For each of the networks the surface 
area and corresponding percentage comparted to the total research area are given.

Route network Surface area (km2) % Surface area

AD 100 211.9 100.0%
AD 500 173.3 100.0%
AD 900 167.1 100.0%
Persistence between time slices
Persistence AD 500
(compared to AD 100 network) 138.3 79.8%
Persistence AD 900
(compared to AD 500 network) 134.6 80.5%
Long-term persistence
Long-term persistence within AD 900 network
(route sections in use during all time slices) 118.5 70.9%

Table 8.5 | Persistence and long-term persistence between route networks using 100 m-wide route zones. 
Persistence percentages are based on: the surface area of the complete route-networks (i.e. 50 m buffer) 
compared to the surface area of the route sections that are in use during (persist to) the next time step. Long-term 
persistence is presented for the youngest route network of AD 900 and shows the percentage of route sections in 
use during all researched time slices.
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Figure 8.9 | Persistent-route sections (in black) projected on the AD 500 and AD 900 route networks (in red) in the 
Rhine-Meuse delta. Persistence was calculated between the AD 100 and AD 500 route networks (above) and the 
AD 500 and AD 900 route networks (below).
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Long-term persistence
Long-term persistence between all three time slices was calculated for the youngest time slice, the 
AD 900 network. By comparing AD 500 to 900 persistence (80.5%; Table 8.5) to AD 100 and 500 
persistence we calculated that 88.1% of the AD 900 persistent-route network is long-term persistent, 
i.e. in-use during all three periods (Table 8.5; Figure 8.10). This equals to 70.9% of the complete AD 
900 network. Results show that the majority of the route sections in the first millennium AD were 
persistent and located in movement corridors that appear to form core regions within the study 
area. Within these regions the majority of the persistent settlement were situated. During periods 
with strong demographic decline, i.e. the LRP, EMPA, and EMPB periods, habitation appears to 
have clustered within these parts of the movement corridors and route-zone orientation remained 
relatively stable.

8.4.4	 Route-network validation
Table 8.6 shows overviews of the validation results for each of the modelled route zones and time 
slices (Table 8.6; Figure 8.11A). Additional percentages of finds located outside the largest route 
zone, i.e. 500 m, are also presented. Although these 500 m route zones represent the least strict 
validation, their spatial extent corresponds best with the width of the movement corridors, i.e. 
representing the smallest levees. Results show that for infrastructural finds derived from locations 
within the route zones the validation percentages are lowest for the AD 100 time slice. At this 100 
m route-zone level results for the AD 500 and 900 time slices are more-or-less comparable (Table 

AD 900 route network Inferred long-term persistent
transport route

Long-term route-network persistence
Rhine-Meuse delta (NL)

Long-term persistent route sec�ons

Con�nously-inhabited area
Inferred disrupted transport 
route between AD 100 - 500A

A

Figure 8.10 | Long-term persistent route sections (in blue) projected on the AD 900 route network (in red) in the 
Rhine-Meuse delta. For each of the movement corridors long-term persistent transport routes were inferred (in 
grey). Major disruptions in these transport routes between the Roman and early-medieval periods are presented 
in red.
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8.6). In contrast, the validation percentages for finds located outside the 500 m route zones are 
more comparable for the AD 100 and 900 networks. In general validation results for AD 100 are 
high but slightly lower than for AD 500 and 900. The relatively low 100 m route-zone validation 
percentages for the AD 100 time slice are best explained by the fact that during the Roman 
occupation infrastructural works were often issued by a central government despite less favourable 
landscape settings (e.g. Van der Heijden, 2016). The current NFM does not include these variables 
sufficiently to model these deviations correctly. The test results increase drastically between the 100 
m and 250 m route zone validations, with the best results for the AD 900 network. Gain values 
were also calculated for each time slice and modelled route zone (Table 8.6). None of the gains 
are lower than 0.5 and most values relatively close to 1, meaning that the modelled route zones 
are a good representation of human activity in the landscape. Showing potential for predicting yet 
undiscovered archaeology. The performance of our model appears to be better than gain values 
calculated for the Indicative Map of Archaeological Values of the Netherlands (IKAW; Verhagen, 
2007).

When comparing the validation for the infrastructural and isolated finds the following 
differences are observed: the correlation between the spatial layout of isolated finds and the 
modelled route zones is generally lower for all periods. Additionally, the highest percentages of 
isolated find within the route zones occur in the Roman period, whereas the infrastructural finds 

Route zone AD 100 network AD 500 network AD 900 network

Validation: infrastructural finds within route zone
N % N % N % 

100 m 98 48.8% 38 60.3% 28 63.6%
250 m 135 67.2% 50 79.4% 38 86.4%
500 m 180 89.6% 60 95.2% 40 90.9%
Outside 500 m 21 10.4% 3 4.8% 4 9.1%

Validation: isolated finds within route zone
N % N % N % 

100 m 2372 35.9% 590 38.1% 557 29.0%
250 m 4081 61.7% 896 57.8% 954 49.6%
500 m 5255 79.5% 1163 75.1% 1287 66.9%
Outside 500 m 1357 20.5% 387 25.0% 637 33.1%

Route zone AD 100 network AD 500 network AD 900 network

Gain values: infrastructural finds
100 m 0.87 0.91 0.92
250 m 0.77 0.84 0.86
500 m 0.69 0.75 0.75

Gain values: isolated finds
100 m 0.82 0.86 0.82
250 m 0.75 0.78 0.75
500 m 0.66 0.69 0.66

Table 8.6 | Overview of the validation results and gain values for Roman and early-medieval infrastructure (upper) 
and isolated finds (lower). For each route zone either the percentage of correctly modelled finds within the route 
network or gain value is given.
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in this period show the lowest correlation (Table 8.6; Figure 8.11A). This pattern also was visible in 
the supra-regional analysis by Van Lanen et al. (2015b: Table 8.4 and Figure13). The exact reasons 
behind this pattern shift are unclear, but it is probably best explained by: a) the different nature of 
isolated finds in the three periods (i.e. relatively high number of recognisable coins in the Roman 
period) and b) the probable culturally-defined differences in depositional and post-depositional 
processes, i.e. processes influencing the degradation and retrievability of archaeological material 
(e.g. Schiffer, 1976; 1987). Most notable are the relative low validation percentages for the AD 900 
network, with 33.1% of the isolated finds located outside the 500 m route zone.

Calculating probability of the networks
When the route-zone width is increased from 100 m to 250 m, the validation results, i.e. the number 
of infrastructural and isolated finds located in the route-zone buffers, greatly increase (Figure 
8.11B). Most graphs show a slight flattening-out between rz250 and rz500 and reach good results 
for the latter. This suggests that 250 m as a route zone is the most accurate resolving resolution 
for route-width reconstructions. The validation using infrastructural finds show better results 
compared to the isolated-find validation, which is understandable since infrastructural finds are a 
direct representation of active route networks. Figure 8.11B also shows the most notable, almost 
linear trend for correctly located infrastructure during the Roman period as compared to the post-
Roman periods. This trend probably shows the deviating development of infrastructural works 
during the Roman period, i.e. infrastructural works located on less predictable locations because of 
Roman centralized governing.

8.5	 Discussion

8.5.1	 Connectivity patterns in the Rhine-Meuse delta
The NFM for the Rhine-Meuse delta shows a clear intra-regional variability between the eastern and 
western parts (Figure 8.6). The eastern parts of the delta landscape were relatively well accessible 
throughout the first millennium AD. The western parts generally were less accessible and appear to 
have been much more susceptible to landscape dynamics, mainly avulsion, most notably between 
AD 100 and 500 (Figures 8.6 and 8.7).

Landscape settings clearly influenced regional accessibility during the first millennium AD. 
Areas which contained extensive flood basins, which were not interrupted by accessible alluvial 
ridge corridors (e.g. western delta), formed a large barrier in the landscape (Figure 8.8). Areas 
with abundant accessible alluvial ridges that were well connected to each other on the other hand 
facilitated multiple movement corridors. The abundance and orientation of the ridges determined 
the connectivity in the central and upper Rhine-Meuse delta and facilitated transport from and 
towards multiple directions. Therefore this region can be regarded as a transport hub characterized 
by east-west corridors as well as several north-south connections (Figure 8.10).

Despite the dynamic nature of the delta landscape, its modelled route networks between AD 
100 and 900 were characterized by a surprising degree of stability (Table 8.6; Figure 8.9). The 
main reasons for this are: (i) the route-networks were generally located on the older, more stable 
alluvial ridges; (ii) although strong population decline following the Roman period must have led 
to decreasing demographic pressure on the landscape, in the study region settlements shifted locally 
rather than disappearing completely as was also shown by Verhagen et al. (2016) and in chapter 
7; and (iii) the lower demographic pressure after the Roman period on the landscape allowed the 
delta inhabitants to locate to the ideal (i.e. safest) settlement locations, probably partially forced by 
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increased flooding between AD 270–850 (Toonen et al., 2013; Cohen et al., 2016). As a result, many 
parts of the route networks remained in use and the impact of increased flooding frequencies on the 
development of the route networks appears to have been limited.

Most parts of the modelled route networks in the study area show clear signs of long-term 
persistence, with the exception of the southwest of the study area (Figure 8.10: red arrows). The 
robustness of route-network persistence could be further assessed in the future using more detailed 
archaeological settlement data. Our results are in agreement with findings by Hendriks et al. (in 
press: Table 7.12), who used a detailed regional approach to study changing Roman and early-
medieval settlement patterns in the central and southern Netherlands. They have shown that 
certain parts of our study area (Figure 8.10: region A) were continuously inhabited during each of 
the cultural subperiods (Figure 8.5). As such these continuously-inhabited regions even cross the 
archaeologically defined chronological boundaries and can be useful to study long-term route-
network development.

Avulsions appear to have been very influential on route-network development, most notably 
through the newly-formed river Waal and Meuse in the south-western part of the study area. Here 
we see route-network persistence is low and settlement density after the Roman period decreasing 
(chapter 7). There are several reasons to classify this part of the delta as more sensitive to physical-
landscape changes. First, the new river Waal cut through all existing corridors, i.e. through land 
routes as well as water routes. Second, the presence of this largest river in the delta made the area 
more prone to floods (chapter 7). In this area existing land and water routes will have been cut off, 
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Figure 8.11 | (a) Percentages of infrastructural (left) and isolated finds (right) located within the 100 m, 250 m and 
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effecting the stability of route networks (section 8.4.1; Figures 8.7 and 8.10), but at same time this 
river provided new (long-distance) water-based connections.

Equal to settlements, route networks were formed by a combination of cultural and natural 
factors. The relatively high number of infrastructural and isolated finds located within the 
reconstructed route zones confirms the hypothesis that natural setting, i.e. the occurrence of alluvial 
ridges and navigable channels, was a key factor for route-network development. Although natural 
forcings, such as floods, must have led to countless local adaptations in settlements patterns (e.g. 
chapter 7; Hendriks et al., in press) and route sections on a local scale, natural-forcing factors, 
appear to have been of little influence on the persistence of the networks. This is probably due to 
the fact that interconnecting route zones and movement corridors function on a more regional 
scale and therefore appear to have been persistently reused throughout the first millennium AD. 
From this we infer that the overarching delta-wide connectivity patterns appear to have remained 
the same, i.e. reflecting dynamics on a local scale (e.g. settlement patterns) but at the same time 
mirroring persistence on a larger scale (e.g. route networks).

The results demonstrate the strong link between settlement location, route orientation and 
the physical landscape. The network-friction method has proven itself very helpful in better 
understanding dynamics between these factors on these varying spatial and chronological scales. 
Spatial structures such as route networks and settlement patterns in the Rhine-Meuse delta point 
towards a persistence in overarching connectivity patterns in the area. Regions with abandoned 
routes or settlements appear to have been prone to be reused for similar functions in later periods 
(functioning as pull factor), showing a degree of path dependency to one another. In the future, the 
NFM therefore could be slightly adapted to function as predictive map pinpointing regions with an 
increased likelihood of containing archaeological remains of as yet undiscovered settlements, burial 
sites or shipwrecks (section 8.4.4).

8.5.2	 The network-friction method on regional scale
The presented results contributed to refining route-network modelling in delta landscapes (section 
8.3.1; Figure 8.3). The results of this integrated view, combining high-resolution archaeological and 
geoscientific data, are promising for route-network modelling since they clearly show that local 
accessibility in the first millennium AD can considerately vary in space and in time in this dynamic 
landscape.

When the validation outcomes are compared with the supra-regional analysis by Van Lanen 
et al. (2015b), it becomes clear that data quality between the different input datasets is crucial. 
The models’ accuracy using the most detailed route zone of 100 m is relatively low compared to 
the other modelled-route zones (Table 8.6; Figure 8.11A). Figure 8.11B shows that within the 
available data resolution the route-zone width of 250 m is probably most suited for route-network 
modelling using a NFM. Furthermore the results show that we can accurately reconstruct the route 
location within 500 m, but the data is less suitable for modelling route zones with 100 m accuracy. 
This is mainly due to the regional scale and archaeological data applied in the current NFM. Gain 
values however show that the models’ performance in locating infrastructural and isolated finds is 
generally higher than the scores calculated by Verhagen (2007) for the national predictive model in 
the area, the IKAW (section 8.4.3). Although the high-resolution geomorphological data used in the 
NFM were specifically designed for the study area, the archaeological data in the model originate 
from supra-regional overviews and as such create a disbalance. Data stored in ARCHIS have not 
been developed for studies with this level of detail, and should be improved upon when applying a 



169

regional or smaller approach to route-network modelling. These improvements should incorporate 
amongst other settlement hierarchy and enhanced chronological resolution.

Although the current NMF successfully models persistency of movement corridors, it would 
benefit from a more extensive analysis using traditional GIS-based route or path-modelling 
techniques. This includes network analysis and least-cost path calculations, in order to model route 
networks and network hierarchy within these movement corridors more precisely (e.g. Gietl et al., 
2008; Murietta-Flores 2012; Herzog, 2013a; 2013b; Verhagen, 2013; Groenhuijzen & Verhagen, 
2015; 2016). Such an approach would also probably more accurately reconstruct the multi-scale 
variability within route networks, i.e. thoroughfares versus more local secondary routes (cf. Vletter 
& Van Lanen, in review).

Vletter & Van Lanen (in review) already concluded that the network-friction method is most 
suited for the reconstruction of supra-regional connections, but less successful in the modelling of 
secondary paths or tracks, i.e. connections functioning on a finer scale then reconstructed in this 
study. Since the route networks in this chapter were calculated based on the spatial distribution 
of settlements, differences in settlement patterns directly influence the models’ outcome. The 
demographic decline that characterized the early-post Roman periods (i.e. LRP to EMPB; Verhagen 
et al., 2016), combined with the increased size and clustering of settlements during the EMPC and 
EMPD (e.g. Dekker, 1983; Rutte & Abrahamse, 2015; chapter 7) further hampers route-network 
modelling using network friction, since less nodes are available. For these post-Roman periods 
route-network modelling based on the NFM will mainly reconstruct primary connections and 
have an increased chance of missing more local, secondary paths or tracks. This might explain the 
relatively low validation results for the isolated finds in these later periods (Table 8.6).

We assumed that lower areas are generally wetter and also more prone to inundation during 
floods. It should be noted that detailed data on flooding frequency per NFM grid cell, and the 
general influence of flooding on the cultural landscape in the study area during the Roman and 
early-medieval periods, are still unknown. Including these data in the future will further enhance 
modelling results. However the current lack of these data is not a problem for the reconstruction 
of connectivity patterns, since network persistence will probably only slightly decrease as the 
archaeological data, i.e. mainly settlements, are key for these analyses and settlement dynamics 
occur on local scales only (chapter 7). In the Rhine-Meuse delta settlement patterns thinned out 
but remained situated on movement corridors, i.e. the higher and accessible alluvial ridges (chapters 
6 and 7). Although movement corridors might have gotten narrower through landscape dynamics 
such as flooding, they will have persisted in the landscape. As such these stable movement corridors 
increase the likelihood of persistent-route sections occurring in these areas.

8.5.3	 Outlook
This chapter focused on modelling connectivity factors in delta landscapes by calculating route 
networks and route-network stability in the Rhine-Meuse delta during the Roman period and 
Early Middle Ages. However, connectivity patterns encompass more than route networks only 
(Figure 8.2). Chapter 7 already showed that settlements patterns, another factor within connectivity 
patterns, on the local scale show much less persistence then route networks. In order to understand 
these differences between settlements and route networks, in the future a more detailed analysis of 
settlement persistence in the study area is necessary. In addition, other connectivity-pattern factors 
such as demography, land use should be studied in more detail in order to better understand their 
mutual relations/interaction and general.
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	 Although floods appear to have been of limited influence on the route-network evolution 
in the study area, the developed NFM could benefit from a more detailed analysis of the impact 
of severe floods on the landscape. The consequences of the flood episodes on landscape suitability 
for routes can be modelled using results from flood-hydraulic models. Such models can further 
quantify the assumption that lower areas are more prone to flood levels and can better predict 
the propagation of floods through the delta. Subsequently, data regarding this increased flooding 
variability then can be incorporated into route-network modelling using a NFM, allowing the 
quantification of flooding impact on route-network evolution and leading to more detailed 
reconstructions of route-network probability in the Rhine-Meuse delta.

8.6	 Conclusion

The network-friction method can be applied on a regional scale in order to obtain high-resolution 
NFMs able to model route networks and network stability in the past. The approach proves itself 
to be very well suited for locating movement corridors and obstacles in past landscapes. However, 
the current approach appears to be best suited for supra-regional analyses and would benefit from 
a combination with other route-network modelling techniques in order to also allow regional or 
micro-regional reconstructions. By integrating high-resolution archaeological and geoscientific data 
we created a regional NFM showing the complex interaction between route networks and landscape 
dynamics in densely populated areas. The models’ validation results showed that the NFM is able 
to calculate the link between route networks, settlement patterns and the physical landscape. The 
model is an important first step towards reconstructing overarching connectivity patterns within 
the study area.

	 Despite the dynamic nature of the landscape in the Rhine-Meuse delta, persistence between 
the route networks is remarkably high. By applying network friction to the study area, we quantified 
the level of (long-term) route-network persistence. Results showed that with the exception of the 
southwestern part of the study area, the majority of the movement corridors remained in use 
throughout the Roman and early-medieval periods. In the southwest of the research area, the 
exceptional scale and orientation of the newly-developed river Waal will have led to great changes 
in the physical as well as the cultural landscape, which are reflected in route-network instability in 
this area. The overarching connectivity patterns in the other parts of the Rhine-Meuse delta appear 
to be relatively stable as became clear by the calculated route-network stability. This points towards 
possibly more continuity and at least a degree of path dependency in the development of settlement 
patterns and route networks between the Roman period and Early Middle Ages.

	 Connectivity patterns function on a variety of scales and link the physical and cultural 
landscapes. Our research shows that studying these patterns increases our understanding of the 
complex interplay between processes of change and persistence on varying scales. Connectivity 
patterns should be studied by combining numerous (large-scale) datasets. The current NFM was 
developed on a regional scale and showed the need for a quality balance between datasets, since 
the least accurate data determines the level of detail that can be obtained. The NFM did however 
show the added value of, and need for, more evidence-based and multi-proxy approaches when 
researching connectivity patterns or solely route networks in the past.
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Chapter 9

Controls on late Holocene drift-sand dynamics: 
the dominant role of human pressure in the 
Netherlands

Holocene drift-sand activity is commonly directly linked to population pressure (agricultural 
activity) or to climate change (e.g. storminess). In the Pleistocene sand areas of the Netherlands 
small-scale Holocene drift-sand activity began in the Neolithic, whereas large-scale sand 
drifting started during the Middle Ages. This last phase coincides with the intensification of 
farming and demographic pressure, but also is commonly associated with a colder climate and 
enhanced storminess. This raises the question to what extent drift-sand activity can be attributed 
to either human activities or natural forcing factors. In this study we compare the spatial and 
temporal patterns of drift-sand occurrence for the four characteristic Pleistocene sand regions in 
the Netherlands for the period between 1000 BC and AD 1700. To this end we compiled a new 
supra-regional overview of dates related to drift-sand activity (14C, OSL, archaeological and 
historical), which were compared to reconstructions of soil properties, historical-route networks, 
vegetation, and climate. Results indicate a constant but low drift-sand activity between 1000 BC 
and AD 1000, interrupted by a remarkable decrease in activity around the BC/AD transition. It is 
evident that human pressure on the landscape was most influential on initiating sand drifting: 
this is supported by more frequent occurrences close to routes and the uninterrupted increase 
of drift-sand activity from AD 900 onwards, a period of high population density and large-scale 
deforestation. Once triggered by human activities, this drift-sand development was probably 
further intensified several centuries later during the cold and more stormy Little Ice Age (AD 
1570-1850).

H.J. Pierik, R.J. Van Lanen, M.T.I.J. Gouw-Bouman, B.J. Groenewoudt, J. Wallinga & W.Z. Hoek (in review): Controls 
on late Holocene drift-sand dynamics: the dominant role of human pressure in the Netherlands, The Holocene.

9.1	 Introduction

Drift sands are relatively young Holocene aeolian deposits, which originate from local re-working 
of terrestrial Pleistocene sand deposits (Koster, 1982). Throughout the Holocene, expansion of drift-
sand fields has been a prominent geomorphological phenomenon in the northwest European sand 
belt (Koster, 2009; Tolksdorf & Kaiser, 2012 – Figure 9.1). Drift-sand formation often led to the loss 
of suitable farming land (Lascaris, 1999; Ravi et al., 2010), and sometimes even caused settlement 
abandonment (Heidinga, 1987; Mikkelsen et al., 2007; Derese et al., 2010). Neolithic occurrence 
of small-scale drift-sand activity was demonstrated by Tolksdorf & Kaiser (2012) and Willemse & 
Groenewoudt (2012), whereas large-scale drift-sand activity started from the Middle Ages onwards 
when human impact (e.g. deforestation and intensification of farming) on the landscape increased 
(Koster et al., 1993). Therefore, Holocene drift-sand activity is commonly linked to population 
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pressure and agricultural practices (e.g. Koster et al., 1993; Kolstrup, 1997; Tolksdorf & Kaiser, 
2012). However, other studies consider changes in climate or storminess to be an important control 
(e.g. Bateman & Godby, 2004; Charman, 2010; Jungerius & Riksen, 2010). This raises the question 
to what extent drift-sand activity can be attributed to either natural or human factors, or to a 
combination of these.

Figure 9.1 | Location of the study area and the four regions distinguished in this study.
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Many studies that link drift-sand occurrence to fluctuations in climate or human pressure consider 
only few sites in high detail. The information from these sites not always necessarily represents 
regional trends. Large supra-regional studies have resulted in useful overviews of multiple sites 
mainly by chronologically comparing patterns of forcing factors and drift sands (e.g. Koster et al., 
1993; Tolksdorf & Kaiser, 2012). Few studies, however, analysed the spatial patterns of drift-sand 
activity and their forcings on a regional scale. Further understanding of past drift-sand activity 
would additionally benefit from complementing such overview studies with new data from different 
disciplines.

In this chapter we explore the role and the relative importance of environmental factors (e.g. 
landscape setting, climate) and demographic pressure (population density, deforestation) on the 
formation of drift sands. We focus on four Pleistocene sand regions in the Netherlands, which 
comprise the western part of the northwest European sand belt (Figure 9.1). For this area abundant 
data on climate, vegetation development, human occupation, and drift-sand activity are available. 
The four studied areas, all ca. 50 × 100 km in size, share common past climate trends but are 
different in many cultural and geomorphological aspects. We compiled an integrated supra-regional 
overview of drift-sand related dates, either directly or indirectly indicating drift-sand activity or 
its absence using 14C and OSL, as well as archaeological and historical dates. Using this new data 
overview we performed analyses of: (i) the temporal changes in drift-sand activity between the 
areas, and (ii) the local spatial patterns of drift-sand activity within these regions. For the first 
analysis, the regional drift-sand chronology was compared to reconstructions of regional population 
density and forest cover. For the second analysis, the location of drift-sand activity was compared to 
areas with higher demographic pressure, indicated by the presence of past main route networks. 
The study focuses on the period between 1000 BC and AD 1700, because the population density 
and vegetation cover strongly changed during this time span (Teunissen, 1990; Louwe Kooijmans, 
1995; Jansma et al., 2014), allowing a comparison between these factors and drift-sand occurrence. 
Furthermore, this time frame provides the most data regarding drift-sand activity, palaeoclimate 
data, and demographic pressure, which enables to discriminate between forcing factors and 
resulting drift-sand activity. Before the selected time frame (before 1000 BC) data on sand drifting 
and possible forcings are scarce. After ca. AD 1700 the dune fields became so large and the pressure 
of people on the landscape so high, that an approach using written sources and historical maps 
would be more adequate, which is beyond the scope of this chapter. The dune fields reached their 
maximum extent in the 19th century, after which they were confined and reduced through the 
establishment of large-scale pine plantations (Riksen et al., 2006; Koster, 2009). The regional scale 
and the period 1000 BC –AD 1700 provides the best opportunity to test the relation between drift-
sand activity and climate, demography, and land use. As such, this chapter contributes to further 
understanding human-landscape interactions in sandy areas.

9.2	 Controls in drift-sand formation

Several prerequisites of drift-sand initiation have been identified in previous studies (Figure 9.2 
– Schelling, 1955; Koster, 1978). First of all, sand drifting requires the presence of dry, fine and 
relatively well-sorted sand at the surface (Marzolf, 1988; Pye & Tsoar, 2008). Second, vegetation 
cover has to be low (generally lower than 30%; Ash & Wasson, 1983), not only at the surface of 
the sand source, but also in its surroundings. In order to transport the sand, the wind needs a 
fetch of around 500 m (Steckhan, 1950). When these antecedent conditions are met, strong winds 

(after Teunissen 1988)
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(especially above 5.5 m/s) can generate large-scale sand transport (Livingstone & Warren, 1996). 
Fine sands with non-cohesive grains are most easily transported by the wind (Bagnold, 1941; Pye & 
Tsoar, 2008).

Heidinga (1984ab) and Jungerius & Riksen (2010) suggested severe drought as a climatically 
facilitating condition that could have made the soil more prone to sand drifting. In the NW 
European sand belt, sand drifting has been linked to land-use changes such as deforestation and 
especially to the presence of bare soil in croplands from which sand can deflate (Figure 9.2 – 
e.g. Castel et al., 1989; Kozarski & Nowaczyk, 1991; Spek, 2004; Koster, 2009). The area of bare 
soil and the seasonal timing varies per region and crop and determines the risk of sand drifting. 
Overexploitation by grazing, burning practices and the use of plaggen (sods digging) from 
heathlands are also land-use practices associated with sand drifting (Lascaris, 1999; Koster, 2009). 
Also, roads and cattle and sheep drifts have been suggested as drift-sand nuclei (Heidinga, 1984a; 
Spek, 2004). The occurrence of these land-use practices can be influenced by socio-economic 
factors, as are prevention measures (e.g. use of hedges) that prevent drift-sands once formed (Figure 
9.2; e.g. Heidinga, 1987; De Keyzer, 2016).

Besides a research focus on facilitating controls that make the substrate more prone to sand 
drifting, much focus has been on the triggers causing it (Figure 9.2). Large-scale reactivation of both 
inland and coastal dune systems has been linked to climatic change, in particular to the frequency 
of intense storms (‘storminess’; Clemmensen et al., 2009; Costas et al., 2012; Sorrel et al., 2012). 
These periods seem to match reasonably well with colder climate episodes. Especially for the Little 
Ice Age (LIA, AD 1570-1850), which is associated with more severe storms in NW Europe (Clarcke 
& Rendell, 2009; Costas et al., 2012). Enhanced inland and coastal dune formation has been found 
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Figure 9.2 | Conceptual diagram summarising the controls on Holocene drift-sand formation that are treated in 
this study, for explanation see text.
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in the UK for this period (Bateman & Godby, 2004; Charman, 2010), along the French Atlantic 
coast (Clarke et al., 2006), in the Netherlands (Jungerius & Riksen, 2010), in Portugal (Clarke & 
Rendell, 2011; Costas et al., 2012, and in Denmark (Clemmensen et al., 2001; 2007; 2009). Many 
of these studies focussed on coastal settings where marine-influenced factors also played a role 
(e.g. Van Vliet-Lanoë et al., 2015), nevertheless these cold and stormy climates might have caused 
inland sand drifting as well. Because the observed large-scale dune formation also coincided with 
increasing population density and enhanced human pressure in both inland and coastal landscapes, 
it is remarkable that in most of these studies the human factor was considered to a limited extent 
only. Therefore, in the present study an integrative approach is applied, which considers the role and 
relative importance of the forcings (natural and human-induced) and initial conditions in Figure 
9.2.

9.3	 Geographical setting

9.3.1	 Geological and geomorphological setting
Inland drift sands in the Netherlands are mainly reworked Weichselian periglacial coversands 
(Schelling, 1955), which form the largest outcropping unit in the Pleistocene sandy area (Van der 
Hammen et al., 1967; Kasse, 2002; Schokker et al., 2007). Peat formed during the Holocene, either 
in brook valleys (Bisschops et al., 1985) or in other lower and wet areas, could develop into large 
oligotrophic fen peatlands (Figure 9.1 – Casparie and Streefkerk, 1992; Van Beek et al., 2015b). 
Within the Pleistocene sand area we distinguish four areas that have distinct geological substrates 
and are separated by fen peat wetlands or large river floodplains: the northern, eastern, middle, and 
southern sand area (Figure 9.1).

The substrate of the northern sand area contains till of Saalian age (Rappol, 1987), capped by 
up to two meters of coversand (Bosch, 1990). The substrate is loamy and wet due to the presence of 
the impermeable till. The main drift-sand activity in this area was reconstructed to have taken place 
after ca. AD 1200 (Castel et al., 1989; Castel, 1991).

In the eastern sand area relatively small isolated coversand ridges are present. The first 
indications of drift-sand activity date back to the Neolithic period (Table 9.1) and occurred on 
relatively high Pleistocene river dunes flanking small rivers (Willemse & Groenewoudt, 2012). 
At present, the largest drift-sand fields, which mainly are post medieval, are situated along the 
Overijsselse Vecht (Bruins, 1981; Neefjes et al., 2011).

A large part of the middle sand area consists of ice-pushed ridges formed during the Saalian; 
the Veluwe and Utrechtse Heuvelrug (Busschers et al., 2008). Although they are very well drained 
and thus dry, their coarse sandy and gravelly substrate makes them less likely sources for sand 
drifting. On the western side, however, the ice-pushed ridges are flanked and partly covered by thick 
coversands, which are prone to sand drifting (Koster, 1978; Sevink et al., 2013). Early evidence of 
drift-sand activity around 4500 BC was found by Sevink et al. (2013). Especially on the western 
flanks of the ice-pushed ridges, large drift-sand fields developed after AD 1200, which developed 
into the largest drift-sand fields of the Netherlands (Koster, 1978; Heidinga, 1984ab; 1987).

In the southern sand area the Roervalley Graben contains thick coversand deposits with quite 
shallow loamy impermeable deposits, causing the soils to be relatively wet (Bisschops et al., 1985; 
Schokker et al., 2007). Here, three long WSW-ENE oriented coversand ridges occur which locally 
have been reworked into drift-sand dunes (Figure 9.1). The earliest Holocene sand drifting has been 
dated around 4000 BC in this area (Van Mourik, 1988; Van Mourik et al., 2010).
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9.3.2	 Vegetation development and population
Until the Neolithic period (Table 9.1), vegetation development and soil formation in coversand 
deposits took place without significant human interference (Doorenbosch & Van Mourik, 2016). 
From the Late Neolithic period onwards, forest vegetation gradually developed into heathland 
(Janssen, 1972; Casparie & Groenman-Van Waateringe, 1980; Louwe Kooijmans, 1995; Van Geel 
et al., 2017), coinciding with soil depletion and podzol development (Waterbolk, 1964; Spek, 1996; 
Sevink et al., 2013). The first small-scale sand drifting took place on high and dry river dunes in 
the Neolithic period; it became more widespread since the Middle-Bronze Age (Willemse & 
Groenewoudt, 2012). In all four areas population density gradually increased towards the Roman 
period (Louwe Kooijmans et al., 2011), coeval with the decrease in forest cover. This pattern 
changed during the 4th and 5th centuries AD, when major depopulation and reforestation occurred 
(Teunissen, 1990; Groenewoudt et al., 2007; Cheyette, 2008; Kalis et al., 2008; Wickham, 2009). The 
latter trend was most pronounced in the areas south of the Roman limes (Figure 9.1) in the southern 
sand area, where it started from AD 270 onwards, a century later it also occurred in the other three 
areas. From the 7th century onwards population density and the corresponding pressure on the 
landscape started to increase again, a trend which generally persisted throughout the entire Middle 
Ages (e.g. Van Bavel, 2010). As a result, the forested area decreased again, with the lowest forest 
cover occurring during the Modern period (Teunissen, 1990; Spek, 2004; Van Beek et al., 2015a; 
Engels et al., 2016). From the Late Middle Ages onwards the southern sand area became the most 
densely populated sand area in the Netherlands (Spek, 2004).

9.3.3	 Climate
During the last three millennia several warmer and colder periods occurred in northwestern 
Europe with temperature fluctuations of 1 to 2 degrees Celsius. The transitions between these 

Period Subperiod Start End

Neolithic period
(5300–2000 BC)

Early-Neolithic period 5300 BC 4200 BC
Middle-Neolithic period 4200 BC 2850 BC
Late-Neolithic period 2850 BC 2000 BC

Bronze age
(2000–800 BC)

Early-Bronze Age 2000 BC 1800 BC
Middle-Bronze Age 1800 BC	 1100 BC
Late-Bronze Age 1100 BC 800 BC

Iron Age
(800–12 BC)

Early-Iron Age 800 BC 500 BC
Middle-Iron Age 500 BC 250 BC
Late-Iron Age 250 BC 12 BC

Roman period
(12 BC–AD 450)

Early-Roman period 12 BC AD 70
Middle-Roman period AD 70 AD 270
Late-Roman period AD 270 AD 450

Middle Ages
(AD 450–1500)

Early Middle Ages AD 450 AD 1050
Late Middle Ages AD 1050 AD 1500

Modern period
(AD 1500–present)

Modern period A AD 1500 AD 1650
Modern period B AD 1650 AD 1850
Modern period C AD 1850 Present

Table 9.1 | Subdivisions of archaeological periods since the Neolithic period used in this study.
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periods usually were gradual and differ in timing between the various records from which they 
were derived. Before 500 BC climate was relatively warm, followed by a colder episode between 500 
and 300 BC, and subsequently by a warmer period between 300 BC and AD 500 (inferred from 
a Greenland ice core by Kobashi et al., 2011). This later warm period, the Roman Warm Period 
(RWP) is recorded in proxy records across NW Europe (Büntgen et al., 2011). An abrupt cooling 
has been identified around AD 500 (Dark Ages Cold Period DACP – AD 500-700: Ljungqvist, 
2010; Büntgen et al., 2016), and was followed by the relatively warm Medieval Climate Optimum 
(MCO – AD 700-1570) and subsequently by the colder Little Ice Age (LIA – AD 1570-1850; Lamb, 
1972; Mann, 2003). Accurate precipitation reconstructions are scarce; Büntgen et al. (2011) indicate 
normal conditions during the Iron Age (800-12 BC – Table 9.1), a wetter RWP and first part of 
the DACP (Dermody et al., 2011; McCormick et al., 2012), and a relatively dry second part of the 
DACP for NW Europe. The MCO is often reconstructed as relatively wet. Periods of prolonged 
drought could lead to the dying of vegetation or fires, both resulting in bare soils susceptible to 
aeolian erosion (Doorenbosch & Van Mourik, 2016). Sorrel et al. (2012) have inferred periods 
of increased storminess in NW Europe from sedimentological archives of coastal records, with 
increased storminess occurring in 1100-400 BC, AD 100-950 and AD 1400-1750. The latter period 
also has been documented as relatively stormy in historical records in the Netherlands dating from 
around AD 1400 onwards (Berendsen, 1984c; Buisman & Van Engelen, 1996; 1998; 2000; Vos, 
2015b). Although the first historical storm references date from the 8th century, the record is only 
reliable after around AD 1300 for deriving long-term trends.

9.4	 Materials and method

In order to establish the relationship between drift-sand activity and human pressure between 
1000 BC and AD 1700, the temporal patterns per region were analysed as outlined in the first 
methodological section. This was done by comparing the occurrence of 140 investigated drift-sand 
events to population-density data and forest cover trends. The occurrence and intensity of sand 
drifting in the Pleistocene coversand area were derived from ca. 340 dates related to drift-sand 
activity (Figure 9.1; Table 9.2). In the second methodological section we outline how the location of 
the events of drift-sand activity was compared to zones of intensified demographic pressure.

9.4.1	 Assessing temporal patterns per region

Collecting dates on events of drift-sand activity
Several techniques are available that can be used to directly or indirectly date (the absence of) drift-
sand activity (Table 9.2). These dates were collected from the literature (e.g. Koster et al., 1993; 
Tolksdorf & Kaiser, 2012; Willemse & Groenewoudt, 2012), the LumiD database (www.lumid.
nl) and archaeological reports (see Appendix D2). Only dates of inland drift sands were used (i.e. 
omitting events affected by coastal dynamics; e.g. Vos et al., 2015).

Archaeological finds (usually pottery) below the drift-sand deposits, e.g. Van Beek (2009); Van 
Gijn & Waterbolk (1984); Willemse & Groenewoudt (2012), were used as indirect Terminus Post 
Quem dates (TPQ, providing an earliest possible age). Archaeological finds on top of the drift-sand 
deposits were used as Terminus Ante Quem (TAQ, providing a youngest possible date). Since drift 
sands rarely contain organic material, direct radiocarbon-dating opportunities of drift phases are 
limited. We excluded radiocarbon dates of humic acids from intercalating soils (Van Mourik, 1988; 
Castel, 1991), as these proved to be up to 1500 years too old when compared to OSL dates (Van 
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Dating strategy Notes Begin date
sand drift1)

End date
sand drift 1)

Selected references 

Begin
14C of humic acids from the 
A-horizont under drift sand

TPQ – considered 
generally 1500 years too 
old.

Not used Not used Van Mourik (1988)

AMS 14C macrofossils from 
the A-horizont under 
drift sand

TPQ Not used Not used Castel (1991)

14C of peat or charcoal 
under drift sand

TPQ best method, 
first sand influx in peat. 
Charcoal can yield too old 
dates.

DATE2) DATE + 2501) Castel (1991);
Teunissen (1988; 1990)

Archaeology directly 
under the drift sand

Mean of arch 
period(s)

Mean of arch 
period(s) + 500

Van Gijn & Waterbolk 
(1984); Willemse & 
Groenewoudt (2012)

Pollen Low-resolution date Not used Not used

Dendro of trees buried 
under drift sand

 DATE DATE + 250 Den Ouden et al. (2007) 

Activity
TL Systematic 

underestimation 
of 20-40%

Not used Not used Dijkmans et al. (1988; 
1992); 
Dijkmans & Wintle 
(1991)

OSL Mixing by bioturbation, 
saturation.

DATE - 125 DATE + 125 Wintle (2008); 
Wallinga et al. (2013) 

Historical sources Accurate age, 
location not always. After 
ca. AD 1400

DATE - 125 DATE + 125 Bruins (1981); 
De Keyzer (2016); 
Leenders (2016)

End
14C of humic acids from the 
A-horizont in drift sand 

TAQ Not used Not used Van Mourik (1988)

AMS 14C macrofossils from 
the A-horizont in drift sand

Not used Not used Castel (1991)

Archaeology on top of drift 
sand

Mean of arch. 
period(s) – 500

Mean of arch. 
period(s)

Van Gijn & Waterbolk 
(1984); Willemse & 
Groenewoudt (2012)

Dendro on top of drift sand DATE - 250 DATE Verlinde (2004); 
Den Ouden et al. (2007)

1)Begin and end date inferred from the dating evidence in cases that no additional dates or indications are present.2) The mean 
date is taken. 

Table 9.2 | Dating methods for drift sands (TAQ = Terminus Ante Quem, TPQ = Terminus Post Quem, TL = 
Thermoluminescence) and how the drift-sand events were derived from them. Earlier used dating methods that 
are too inaccurate and therefore not used in this study are also included.
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Mourik et al., 2010; Wallinga et al., 2013). Dates of peat below drift sands, however, provided more 
accurate TPQ 14C dates, especially AMS 14C dates (Castel, 1991; Koster et al., 1993),

Optically Stimulated Luminescence (OSL) is a reliable direct dating tool of drift-sand activity 
(Wallinga et al., 2007), it has been applied to inland drift sands by e.g. Bateman & Huissteden (1999); 
Hilgers (2007); Derese et al. (2010); Van Mourik et al. (2010); Sevink et al. (2013); Vandenberghe et 
al. (2013); and Wallinga et al. (2013). Usually multiple samples are taken within in a single drift-
sand sequence, in order to determine the rate and duration of sand deposition. Equivalent doses 
are obtained using the Single Aliquot Regenerative dose protocol (Murray & Wintle, 2003), with 
measurement parameters differing for each of the individual sites that contribute to the dataset. 
The vast majority of analyses were performed at the Netherlands’ Centre for Luminescence Dating 
(NCL sample codes), where dose rates are calculated from radionuclide activity concentrations 
determined by gamma-ray spectrometry (see the original publications listed in Appendix D2 for 
further details of the measurement procedures).

Historical documents (i.e. written sources) recording drift-sand activity on a specific location 
are also used as dates for active sand drifting (e.g. Bruins, 1981; De Keyzer, 2016; Leenders, 2016). 
These records have the highest chronological accuracy, but the exact location of the described sites 
is not always clear and written sources on drift-sand activity are only available from around AD 
1400 onwards.

Determining drift-sand events and establishing drift-sand intensity
The chronological information was incorporated into a database, registering the dating method and 
the literature reference (Appendix D2). From this information the most likely periods of drift-sand 
activity were derived (Table 9.2), which were summed into drift-sand intensity per century. The 
beginning of drift-sand events was set at the mean TPQ age (if available), and the end of activity 
at the mean TAQ age (if available). If direct dating evidence was available, the drift-sand activity 
was clustered around these dates. When either the begin or end date was not available, we assumed 
a period of 250 years for drift-sand activity (Table 9.2). This period was derived from empirical 
studies that resulted in multiple OSL dates for single drift-sand sequences, since the results 
pointed to periods of activity ranging from decades to a maximum of ca. 250 years (Derese et al., 
2010; Sevink et al., 2013; Vandenberghe et al., 2013). Within this time frame, multiple short drift-
sand events can occur with hiatuses in between which are hard to identify. Therefore we generally 
considered one single section or point location as a single event with a resolution of 250 years. For 
direct dates (OSL, historical records) we assumed that the beginning of the event took place 125 
years before this date and that the end occurred 125 years after this date. For TPQ dates based on 
radiocarbon dating of peat underneath drift sand, we assumed that no hiatus occurred between peat 
formation (cf. Koster et al., 1993) and sand influx. For archaeology buried by drift sand, the mean of 
the archaeological dating range was taken as the begin age, and the end age was set 500 years later 
in order to account for the possible large hiatus between the archaeological age and the drift-sand 
event. For finds on top of drift sands we took the central age of the archaeological period as the end 
age and set the start date 500 years earlier. If additional evidence suggested that the sand drifting 
occurred during a shorter or much longer period (e.g. when multiple datings are present), begin 
and end ages were adapted accordingly.

To reconstruct drift-sand intensity from the combined data over time, we summed the intensity 
of all drift-sand events per century. The intensity per individual event (I) was set proportional to the 
reconstructed duration of the reconstructed drift-sand period (taken as the difference between its 
begin age (tb) and end age (te)):
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This method incorporates the precision of the events: events that were dated within a small time 
frame (i.e. more precisely dated events) received a high weight, whereas events that had a much 
more uncertain time frame were assigned a lower weight. Applying this step weights down the 
contribution of less well-dated events in the resulting intensity curve.

This approach results in an overview of currently known sites with sand-drift activity, which 
is unavoidably biased due to research traditions and availability of the dates (e.g. historical dates 
only are available for the last centuries). To assess the relative contribution of each dating method, 
the intensity curve shows the contribution of the different dating techniques. To partially overcome 
biases in the reconstructed drifting, we also used evidence regarding the lack of this phenomenon, 
among others derived from dated peat sequences and well-dated hiatuses between drift-sand stages 
(e.g. between Late Glacial coversand and drift sand). This was incorporated in the temporal analysis 
as evidence of sand-drift absence (brown and grey bars in Figures 9.3-9.6).

Reconstructing population density
Population density per period (PD) was calculated using existing population estimates for the 
Roman period of Van Beek & Groenewoudt (2011), and for AD 1500 and 1600 using estimates 
of Spek (2004). We estimated population for the less-known periods in between by means of 
interpolation, taking into account the number of archaeological settlements in this period, following 
Zoetbrood et al. (2006). This procedure is further explained in Appendix D1.

Assessing the areal extent of deforestation
The degree of deforestation was used as a proxy for human pressure on the vegetation and hence 
on the landscape. The relative amount of deforested area was derived from the arboreal pollen 
percentages (AP%-values) in existing well-dated and detailed pollen diagrams from point 
locations per sand area. Empirical studies demonstrate that the AP%-values of modern vegetation 
assemblages are related to landscape openness (Groenman-Van Waateringe, 1986; Frenzel et al., 
1992; Frenzel, 1994; Doorenbosch, 2013). Because this relation is strongly influenced by the pollen 
source area and the vegetation type and pattern, the AP%-values were only used as an indication of 
relative landscape openness rather than as an absolute percentage of forest cover (Broström et al., 
1998; Sugita et al., 1999; 2010; Doorenbosch, 2013;). Therefore, we did not compare absolute values 
between areas but assessed the long-term deforestation trends per region by identifying periods 
with rising and falling AP%-values.

The pollen diagrams were selected using the Dutch Pollen Database (Donders et al., 2010), 
based on representability of the regional vegetation trend following comparisons with other sites 
and studies (e.g. Groenewoudt et al., 2007; Brinkkemper, 2013), robustness of the chronology 
and detail of the analyses. We only selected pollen diagrams from undisturbed peat sequences, to 
eliminate the influence of fluvial transported pollen and human interference. For the northern sand 
area we selected the Mekelermeer pollen diagram (Figure 9.3). The record from this pingo remnant 
covers the period from ca. 1200 BC to AD 1100 and was originally published by Bohncke (1991). 
For the eastern sand area a pollen diagram from a raised bog was chosen: the Engbertdijksveen 
(Figure 9.4) covering the period 950 BC to AD 950 (Van der Molen & Hoekstra, 1988). The 

𝐼𝐼𝐼𝐼 =
1

𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒 −  𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏
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vegetation development for the middle sand area was best reflected in the pollen diagram from the 
Uddelermeer pingo remnant (Figure 9.5 – Engels et al., 2016; unpublished data Gouw-Bouman). 
For the southern sand area we chose a pollen diagram from the peat infill of an abandoned 
Pleistocene channel without Holocene fluvial influx, Berkenhof which shows the vegetation trend 
from BC 1500 to AD 1850 (Figure 9.6 – Teunissen, 1990). The chronology of all pollen records is 
supported by radiocarbon dates reported in Appendix D2 (Table D6). Although pollen percentage 
values can vary strongly between sites, the trends in AP%-values are reasonably similar to pollen 
records from other natural and relatively undisturbed sequences (De Jong, 1982; Berendsen & 
Zagwijn, 1984; Teunissen, 1990; Engels et al., 2016). This indicates that the selected sites represent 
the regional trends well.

The arboreal pollen percentages of the different studies were digitised and recalculated using a 
uniform pollen sum to enable comparison. To capture regional vegetation trends, we chose a pollen 
sum comprising upland types only (i.e. vegetation from dry areas), excluding wetland pollen types 
such as Alder to minimise the effects of local vegetation dynamics. The original chronology of the 
record was updated using linear interpolation between the sequence calibrated original radiocarbon 
dates (Bronk Ramsey, 2009; Niu et al., 2013; Reimer et al., 2013).

9.4.2	 Spatial analysis
To investigate the relation between population pressure and the occurrence of sand drifting, spatial 
zones with increased human activity were identified based on route-network reconstructions (Van 
Lanen et al., 2015ab; 2016b). This analysis was performed for soils susceptible for sand drifting for 
three time slices: roughly corresponding to the Roman period, the Early Middle Ages and the Late 
Middle Ages.

Determining sand-drift susceptibility
The spatial analysis was performed for soils that are susceptible for sand drifting only (i.e. the drier 
sandy soils). The areal distribution of susceptible soils was derived from national datasets of soil 
maps and palaeogeographical maps (chapter 2) using the criteria listed in Table 9.3. Dry soils with 
fine sands with a poor loam content are considered most susceptible. Moderately dry, more loamy 
sands or gravelly sands are considered moderately susceptible. Using GIS we recatogorised these 
soil map units from the digital national soil map (De Vries et al., 2003) into drift-sand susceptibility 
classes (Table 9.3). Since the Roman period and especially the Middle Ages the extent of peatlands 
diminished due to oxidation as a result of artificial drainage and excavation leaving behind more 
sandy soils prone to sand drifting (Casparie & Streefkerk, 1992). Therefore, drift-sand susceptibility 
maps were compiled for three periods in time. We derived the fen bog extent from the Vos & De 
Vries (2013) palaeogeographical maps for the three periods (using the AD 100, 800, and 1500 peat 
extent – Table 9.4) and assigned these landscape units as ‘not susceptible’.

The current extent of fossil drift-sand dune-fields was derived from the palaeogeographical 
map for AD 1500 (Vos & De Vries, 2013) that shows the presumed distribution of active drift-sand 
fields. This information is supplemented with pedological criteria (occurrence of young, incipient or 
undeveloped soils – cf. Koster, 1982) using the national soil map (De Bakker & Schelling, 1989; De 
Vries et al., 2003). The fossil dune fields derived from these datasets represent the maximal spatial 
extent of the dune fields during the Holocene, which roughly corresponds to the extent of active 
dunes in the 17th to the 19th century. We included these areas as susceptible soils in the AD 100, 800, 
and 1500 reconstructions.
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Comparing sand-drift locations to corridors of human activity
For the Roman period we used drift-sand events ranging from 100 BC to AD 450, a time frame 
that reflects the absolute onset and end of Roman occupation in the Netherlands. The Early Middle 
Ages, ranging from AD 450 to 950, roughly cover the period after Roman occupation until the 
end Carolingian rule. For these two periods we used zones around the AD 100 and 800 route 
networks of Van Lanen et al. (2015a). These networks have been calculated based on (a) the spatial 
distribution of excavated archaeological settlements and (b) the spatial distribution of movement 
corridors, i.e. well-accessible areas, in the landscape derived from soil and geomorphological maps. 
Verification against independent archaeological finds (i.e. infrastructural and isolated finds) has 
shown that the majority of these finds were uncovered within 1000 m around these route networks 
(< 85% and < 72% around AD 100 and 800 respectively; Van Lanen et al., 2015b). This indicates 
that these route networks reflect zones with a high level of human activity. Additionally, routes 
(always located in these zones) themselves can directly cause sand drifting (Lascaris, 1999; Spek, 
2004). Therefore we used these route zones to determine the spatial link between sand drifting and 
population pressure.

The third time slice ranges from the end of the Early Middle Ages to the beginning of the 
modern period, i.e. AD 950 to 1700. At the end of the Early Middle Ages habitation started to 

Table 9.3 | Criteria for susceptibility of the soil to aeolian erosion (after Hack-Ten Broeke et al. (2009) and Hessel 
et al. (2011)). Units from the national soil map were converted based on three criteria: groundwater level, 
median grain size and silt fraction. For each criterion three susceptibility classes were distinguished. Polygons 
that are susceptible based on all three criteria (i.e. low groundwater level, fine sandy, poor in silt) are marked as 
susceptible. If only one or two criteria are met (e.g. low groundwater but with silty sand or gravelly sand), the soil 
is considered to be moderately susceptible. Soils that had clay or peat at the surface during the reconstructed 
time step are considered to be unsusceptible. Silt percentages and median grain sizes: after De Bakker & Schelling 
(1989).

Susceptible Moderately susceptible Not susceptible

Groundwater level Low (> 40;> 120) Moderate (< 40; 80-120) High (surface; < 40,0-120)
Median grain size 50-210 µm 210-2000 µm Silt and clay
Silt fraction < 17.5% 17.5-50% > 50 % 
Wetlands - - Clay, peat

Table 9.4 | Drift-sand activity ranges, route network, and soil susceptibility maps used for the three studied 
periods in the spatial analysis. The three periods roughly correspond to the Roman period, Early Middle Ages and 
Late Middle Ages.

ABR period Drift-sand activity 
range

Zones of increased human activity Soil susceptibility

Roman period
12 BC-AD 450 

100 BC-AD 450 AD 100 route network
(Van Lanen et al., 2015b)

Current soil map +
Peat extent AD 100

Early Middle Ages
AD 450-1050

AD 450-950 AD 800 route network
(Van Lanen et al., 2015b)

Current soil map +
Peat extent AD 800

Late Middle Ages
AD 1050-1500

AD 950-1700 AD 1600 historical route network
(Horsten, 2005; Van Lanen et al., 2016b)

Current soil map +
Peat extent AD 1500
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cluster and in the sand areas became fixed on stable positions (Waterbolk, 1980; Hamerow, 2002; 
Van der Velde, 2004). Some of these settlements after AD 1300 developed into larger towns (Spek, 
2004; Keunen, 2011; Rutte & IJsselstijn, 2014). Because most settlements were established by 
the end of the Early Middle Ages, route networks are expected not to have changed significantly 
afterwards, even when urbanisation took place (Van Lanen et al., 2016b). Major changes in the 
route networks did occur after the introduction of railways in AD 1848 (Horsten, 2005). Therefore 
we used a historical road map of the AD 1600 route network reconstructed by Horsten (2005) 
and digitally made available by Van Lanen et al. (2016b) as representative for the period AD 
950-1700. This overview of roads in the Netherlands mainly was based on a variety of old maps 
showing contemporaneous data on roads. These data have been integrated into an overview of main 
thoroughfares, and therefore do not include secondary roads and local paths. Although the AD 1600 
road network has a high spatial accuracy, this network does not – in contrast to the reconstructions 
made by Van Lanen et al. (2015b) – connect all known settlements from that period (Van Lanen et 
al. 2016b). Still, the network does reflect the main thoroughfares and therefore the areas where land 
transport and associated population pressure on the landscape were highest.

We compared the number of drift-sand events within and outside a 1000 m buffer around the 
routes. These buffers represent (i) the uncertainty in route-network location (AD 100 and 800) 
and (ii) the expected impact zone of population pressure (settlements, arable fields, etc.) around 
these routes (Van Lanen et al., 2015b). Next, we calculated the spatial distribution of drift sand in 
and outside the zone of increased human pressure. This was done by determining the ratio of the 
number of sites inside and outside the buffer, corrected for the areal ratio in susceptible substrates 
within and outside the buffer (moderately susceptible and susceptible soils). The resulting factor 
expresses how often sand drifting was identified inside the buffer relative to its occurrence outside 
the buffer, with < 1 expressing predominant occurrences outside the buffer and > 1 expressing 
predominant occurrence within the buffer zone. To further test the statistical significance of the 
calculated factor values, we performed an exact binominal test. We took the assumption that drift-
sand sites occurred as often within and outside the buffers per areal unit as a null-hypothesis.

9.5	 Results

9.5.1	 Temporal patterns in drift-sand activity
The results show that abundant drift-sand activity took place during Late Bronze Age and Iron Age 
(Figures 9.3-9.6), in the middle sand area this phenomenon was less prominent in these periods. 
All areas show a gradual decrease in forest cover and population density since the Late Bronze Age 
towards the Roman period, in line with reconstructions by Teunissen (1988), Louwe Kooijmans 
(1995), and Spek (2004).

Between AD 1 and 400 (the largest part of the Roman period), the data of drift-sand activity 
show a remarkable decrease on a national level (Figures 9.3-9.6). This trend is observed in the 
northern and eastern sand areas (AD 1-400; Figures 9.3 and 9.4) and in the southern Netherlands 
(AD 200-600; Figure 9.6). In the middle sand area no drift-sand activity occurred before AD 800 
(Figure 9.5). The Roman dip in drift-sand activity is confirmed by observed peat growth without 
sandy influx at several sites (brown bars in Figures 9.3-9.6). This timing is counter-intuitive since it 
coincides with a relatively high population density and a low forest cover. In the southern sand area 
the dip occurred somewhat later, but still at a time that population density was relatively high and 
forest cover was low (Figure 9.6).
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Figure 9.3 | Drift-sand activity in the northern sand area. Ages are in B2k (before AD 2000), for legend see Figure 
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Figure 9.4 | Drift-sand activity in the eastern sand area, ages are in B2k (before AD 2000). Brown square (DBo) = 
dendrochronological date. The narrow bars indicate drift-sand dates 1σ range (Appendix D2), the wider yellow-
orange bars indicate estimated drift-sand activity. The observed intensity graph (bottom right) shows the 
sum of all dates in the figure visualised per type of date (colour corresponds to the colours of the narrow bars). 
Population density (PD) estimates are explained in Appendix D1, the arboreal pollen percentage (AP%) is used as 
an indication for openness (see text).
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Between AD 600 and 900 the observed drift-sand activity increased to the prehistoric level. 
This seems in line with the vegetation trends, which during this time interval show renewed 
deforestation. After AD 900 sand drifting shows a sharp rise, especially in the middle and southern 
sand areas (Figures 9.5 and 9.6). In the northern and eastern sand areas the drift-sand activity 
remained moderately low, until after AD 1500 a sharp rise in the number of active sites occurred 
here as well (Figures 9.3 and 9.4). The change in timing of this major increase between the regions 
is consistent for all dating methods and therefore most likely represents a real trend rather than a 
sampling bias. The difference in timing it is best explained by the increase in population density that 
was higher in the southern and middle sand areas than in the eastern and northern areas.

On a national level the number of point locations where sand drifting occurred did not increase 
from AD 1300 onwards. This does not imply that drift-sand activity stabilized; the surface of 
existing drift sites increased (e.g. Lascaris, 1999).

9.5.2	 Spatial patterns in drift-sand activity
The locations of sand drifting are not randomly distributed over the areas with susceptible soils, but 
seem to occur more often close to routes (Figures 9.7-9.10). When comparing the number of active 
sites inside and outside the 1000-m buffer around reconstructed route networks, taking only the 
areas susceptible to sand drifting into account, most sites are indeed located relatively close to route 
zones. For the cases where more sites are available, the southern sand area for AD 1600 and the 
northern sand area for AD 800, have > 1.8 times more activity close to routes (Table 9.5).

Few sites with sand drifting were found for the period between 100 BC and AD 450 (n = 18). 
The northern and southern sand areas contain 8 and 5 sites respectively. These are situated relatively 
close to the route network, but in each area only two sites are located within the defined 1000-m 
buffer (Figures 9.7A, D and 9.10A). The eastern and middle sand areas contain few sites, which all 
are located within the buffer (Table 9.5; Figures 9.8A and 9.9A). Between AD 450 and 950 drift-sand 

Region Period % 
susceptible 
area within 
1 km routes

% susceptible 
area outside
 1 km routes

# sites 
within
1 km 
buffer

# sites 
outside 
1 km buffer

Factor 
comparing drift 
sand sites inside 
and outside 
1 km buffer

p-value (n)

northern 
sand area

RP 25.7 74.3 2 6 1 0.650	 (8)
EMA 25.8 74.2 4 4 > 10 0.126	 (8)
LME 22.9 77.1 2 8 0.8 0.706	 (10)

eastern 
sand area

RP 30.1 69.9 3 0 > 10 0.027	 (3)
EMA 28.2 71.8 1 1 2.5 0.485	 (2)
LME 41.1 58.9 5 7 1 0.593	 (12)

middle
sand area

RP 25.6 74.4 1 0 - -
EMA 21.0 79.0 1 1 3 0.377	 (2)
LME 46.9 53.1 6 17 0.4	 0.988	 (23) 

southern 
sand area

RP 40.3 59.7 2 3 1 0.668	 (5)
EMA 30.5 69.5 2 2 2.3 0.358	 (4)
LME 35.9 64.1 11 11 1.8 0.125	 (22)

P-value for H0: drift sand activity occurs as frequent within as outside the 1000 m buffer. Lower p-value indicates trend towards 
more drift sand within buffer, p < 0.05 indicates significantly more drift sand within the buffer. 

Table 9.5 | Spatial distribution of drift-sand sites inside and outside the route zones in Figures 9.7-9.10.
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frequency was low (generally n < 4), mostly occurring close to routes. In the northern sand area 
(Figure 9.7B) 8 sites are present with a strong spatial tendency towards the routes (p = 0.126; Table 
9.5).

For the Late Middle Ages and early Modern period (until ca. AD 1700) more sites have been 
identified, and clear relations between drift-sand occurrence and human presence can be observed. 
In the southern sand area, 50% of the drift sites (11 out of 22) occur within the 1000-m buffer, which 
differs close to significantly from a random distribution (exact binomial test, p = 0.125 – Figure 
9.10C, D; Table 9.5). In the northern sand area and the Overijsselse Vecht area in the eastern sand 
area, drift-sand activity was remarkably aligned along routes (Figures 9.7C and 9.8D). However 
in this area several outliers occur (remote sites), which reduces the overall spatial correspondence 
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Figure 9.6 (left page and this page) | Drift-sand activity in the 
southern sand area. Ages are in B2k (before AD 2000). The 
narrow bars indicate drift-sand dates 1σ range (Appendix 
D2), the wider yellow-orange bars indicate estimated drift-
sand activity. The observed intensity graph (bottom right) 
shows the sum of all dates in the figure visualised per type of 
date (colour corresponds to the colours of the narrow bars). 
Population density (PD) estimates are explained in Appendix 
D1, the arboreal pollen percentage (AP%) is used as an 
indication for openness (see text).



192

20
00

00
21

00
00

22
00

00
23

00
00

24
00

00
25

00
00

26
00

00
20

00
00

21
00

00
22

00
00

23
00

00
24

00
00

25
00

00
26

00
00

520000530000540000550000560000570000580000

20
00

00
21

00
00

22
00

00
23

00
00

24
00

00
25

00
00

26
00

00
520000530000540000550000560000570000580000

0
10

20
5

K
ilo

m
et

er
s
¯

Le
ge

nd

#
dr

ift
-s

an
d 

ev
en

ts
re

co
ns

tru
ct

ed
 ro

ut
e 

ne
tw

or
k

bu
ffe

r 1
00

0 
m

m
ax

im
um

 e
xt

en
t d

rif
t-s

an
d 

fie
ld

s

D
rif

t s
an

d
R

ou
te

 n
et

w
or

k

D
rif

t-s
an

d 
ev

en
ts

: 1
00

 B
C

 to
 A

D
 4

50
La

nd
sc

ap
e:

 A
D

 1
00

R
ou

te
s:

 A
D

 1
00

D
rif

t-s
an

d 
ev

en
ts

: A
D

 4
50

 to
 A

D
 9

50
La

nd
sc

ap
e:

 A
D

 8
00

R
ou

te
s:

 A
D

 8
00

D
rif

t-s
an

d 
ev

en
ts

: A
D

 9
50

 to
 1

70
0

La
nd

sc
ap

e:
 A

D
 1

60
0

R
ou

te
s:

 A
D

 1
60

0

So
il 

su
sc

ep
tib

ili
ty

no
t s

us
ce

pt
ib

le

m
od

er
at

el
y 

su
sc

ep
tib

le

su
sc

ep
tib

le

n 
= 

8
n 

= 
8

n 
= 

10

A
B

C

Ee
n

Ee
n

Vr
s

Vr
s

Zg
d

Zg
d

O
dn

O
dn

W
Lv

W
Lv

Lg
h

Lg
h

Br
d

Br
d

H
av

H
av

Zg
d

Zg
d

Sc
b

Sc
b

Lg
h

Lg
h

O
dn

O
dn

Sl
z

Sl
z

W
Lv

W
Lv

Be
h

Be
h

Br
d

Br
d

Zg
d

Zg
d

M
ev

M
ev

H
ez

H
ez

Th
z

Th
z

Kr
a

Kr
a

Sl
z

Sl
zO

dn
O

dn Em
d

Em
d

Be
h

Br
d

Br
d

Fi
gu

re
 9

.7
 | 

Po
si

tio
n 

of
 s

an
d-

dr
ift

in
g 

ev
en

ts
 r

el
at

iv
e 

to
 t

he
 r

ou
te

 n
et

w
or

ks
 in

 t
he

 n
or

th
er

n 
sa

nd
 a

re
a.

 F
or

 c
od

es
 

of
 t

he
 s

ite
s, 

se
e 

Fi
gu

re
 9

.3
. A

: A
D

 1
00

, B
: A

D
 8

00
, C

: A
D

 1
60

0.
 F

or
 a

ll 
tim

e 
sl

ic
es

, t
he

 s
ite

s 
sh

ow
 a

 r
at

he
r 

go
od

 
co

rr
es

po
nd

en
ce

 to
 th

e 
lo

ca
tio

n 
of

 th
e 

ro
ut

e 
ne

tw
or

ks
, e

xc
ep

t f
or

 s
om

e 
re

m
ot

e 
ou

tli
er

s 
in

 A
D

 1
60

0.



193

between route networks and drift sites (Table 9.5). This is probably caused by drift-sand occurrence 
in remote sites or by the fact that not all routes have been mapped.

For the Veluwe in the middle sand area the opposite trend is observed: especially in the area 
around the largest dune fields most sites are located relatively far away from routes (Figure 9.9C; 
Table 9.5). The most likely reason is that these dune fields became so large that the roads had to 
be diverted around them as demonstrated for the Kootwijk (Ktw in Figure 9.9) area by Heidinga 
(1987). The AD 1600 roads represent the situation after significant extension of drift-sand fields and 
do therefore not reflect the initial spatial layout of the routes. The original route zones probably 
are buried under the fossil drift-sand fields. Around the western edge of the Veluwe (i.e. upwind, 
Nunspeet, Zeist), the same pattern emerges as in other areas. Here, relatively many drift-sands are 
found close to routes. The reason is that the sand mostly was blown towards the east, and therefore 
these roads were not affected/relocated.
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Figure 9.10 | Position of sand-drifting events relative to the route networks in the southern sand area. For codes of 
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9.6	 Discussion

9.6.1	 Natural and anthropogenic causes
In this section the role of natural and human facilitating conditions and natural forcings for sand 
drifting is outlined using the conceptual diagram of Figure 9.2 and the results from our study area 
summarised in Figure 9.11.

Facilitating initial conditions – Large dune fields can develop most easily in a sandy and dry 
substrate (Figure 9.2) and when this substrate covers a large area. This explains why in the eastern 
sand area small isolated coversand outcrops are most prominent, and drifting is confined to smaller 
areas. An exception is the Vecht area (eastern sand area) with large W-E oriented coversand 
ridges (Figures 9.4 and 9.8), since due to the predominantly western wind regime and the long 
fetch through the E-W oriented valley, large drift sands could easily develop here. Southwest 
of the Veluwe thick coversand deposits occur. Here the largest drift-sand fields of the study area 
developed, which were active until the 19th century. The peat bogs flanking and covering sandy areas 
were mainly excavated or reclaimed from the Late Middle Ages onwards. This probably lowered the 
local groundwater level, further facilitating sand drifting. This mechanism could have played a role 
along the edges of large sand areas: the northern edge of the southern sand area (Figures 9.6 and 
9.10) and the western edge of the Veluwe (Heidinga, 1984ab) and Utrechtse Heuvelrug (Sevink et 
al., 2013; Figures 9.5 and 9.9).

Natural forcings (climate and storms) – The hypothesis that colder climatic events coincided with 
episodes of drift-sand activity (possibly through weaker vegetation – Figure 9.2) is not confirmed 
with our data. The rise in drift-sand activity around AD 400 took place before the cold DACP (AD 
500-750) started. Moreover the most pronounced rise in drift-sand intensity of the studied period 
after AD 900, especially occurring in the southern and middle sand area, is not concurrent with a 
cold period but with the warm MCO (AD 750-1570 – Figure 9.11).

In order to identify periods with enhanced storminess, historical written sources can only be 
used after ca. AD 1400 and we therefore have to rely on sedimentary records for comparing drift-
sand activity to storms. Sorrel et al. (2012) reconstructed a stormy Roman period in NW-Europe 
(Holocene Storm Period (HSP) VI in Figure 9.11), while during this period in the Netherlands 
the lowest drift-sand activity of the past 3 millennia occurred. This sharp rise in drift-sand activity 
during the MCO after AD 900 does also not match a presumed NW European storm period, it falls 
between HSP VI and V in Figure 9.11. The inland rise after AD 900 is in line with late-medieval 
inland drift sands recorded in Germany (Tolksdorf & Kaiser, 2012 and references therein) and 
dune phases along the Dutch coast from around AD 1000 onwards (Jelgersma et al., 1970; Vos et 
al., 2015). All these drift-sand activity phases occurred earlier than the onset of the cold LIA and 

Neal (1993); Orford et al. (2000), Brecklands – Bateman & Godby (2004), Denmark – Clemmensen et al. (2009), 
eastern Germany and Lower Saxony – Tolksdorf & Kaiser (2012), Holland coast – Jelgersma et al. (1970); Zagwijn 
(1984), Pulle, Belgium – Derese et al. (2010). Forest cover after Louwe Kooijmans (1995); population density (PD) 
and drift-sand intensity – this study. The drift-sand intensity graph shows the sum of all dates for the four study 
areas, visualised per type of date. Moderate drift-sand activity has been present at least since 1000 BC, with a clear 
dip between AD 1 and 500. After AD 900 the drift-sand activity increases uninterruptedly. Together with several 
Belgium and German sites, this increase occurs earlier than in many other parts of NW Europe and does not seem 
to be related to climate or storm trends.
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inferred storm periods in NW Europe. It is nevertheless possible that once drift sands were initiated, 
they further expanded during the colder and more stormy LIA from ca. AD 1500 onwards. For 
this colder period higher storm frequencies and much dune activity has been recorded throughout 
many sites in the Netherlands and for many other parts of northwestern Europe (Figure 9.11).

When comparing storm periods to phases with increased drift-sand intensity on a NW 
European scale, still several methodological problems arise: (i) many of the sites of the Sorrel et 
al. (2012) study are situated in coastal dunes or in tidal areas, which are also sensitive to autogenic 
sediment dynamics such as supply from the shallow sea (Jelgersma et al., 1970, 1995; Zagwijn, 1984; 
Van der Valk, 1992; chapter 4); (ii) the effect of individual storms that occur outside the period of 
enhanced storm activity on coastal and inland sand drifting can be overlooked. These storms could 
push an already vulnerable system state (e.g. intensively used dry sandy soils) across a threshold, 
causing a non-linear response in the form of drift-sand formation; (iii) within NW Europe or 
even within the Netherlands, individual storms can have different magnitudes and impact. Not all 
storms that may have been important are recorded in independent sedimentary records or historical 
records; (iv) dating uncertainty of drift-sand events (several centuries) does not often allow linking 
them to individual storms (Clarke & Rendell, 2009).

The issues discussed above highlight the importance of independent storm records and 
reconstructions (i.e. not inferred from aeolian dunes) on a regional scale rather than on a NW 
European scale. With the exception of the LIA, the discrepancies between presumed periods of 
enhanced storminess, colder or drier climate and drift-sand events indicate that changes in climate 
conditions still were small compared to the optimum temperature or wetness range of vegetation. 
Therefore climate conditions are considered not to be the main cause behind drift-sand activity in 
the Netherlands.

Facilitating human conditions – Generally, higher population densities will result in more intense 
land use (deforestation, overexploitation) leading to more sand drifting. When comparing the 
period before and after AD 1000 in terms of drift-sand activity and population density, it is clear 
that higher population densities indeed coincided with high drift-sand activity. This is further 
underlined by the early timing of large-scale drift-sand activity in the middle and southern sand 
areas, which were characterized by higher population densities than the other study areas. The 
higher population densities in the south are best explained by the development of flourishing 
medieval Flemish cities nearby. In the middle sand area, settlements mainly were located near the 
area boundaries, close to the densely-populated river area. We also see a clear link between forest 
cover and drift-sand activity. Periods of decreasing forest cover generally coincided with periods 
of increased drift-sand activity, for example in the southern sand area during the Iron Age and 
the 11-13th centuries (Vera, 2011) (Figure 9.6). In the middle sand area a low forest cover after AD 
900 coincided with high drift-sand activity. Modest forest clearings for iron mining between the 
Iron Age and the 6/7th century in this area does not seem to have caused much drift-sand activity 
(Heidinga, 1987; Doorenbosch & Van Mourik, 2016; Figure 9.5).

The consistent dip in drift-sand activity during the Roman period strongly suggests that 
population increase and deforestation did not automatically lead to more drift-sand activity. 
This dip is observed both south as well as north of the Roman limes. Besides possibly low storm 
activity during this period, the type of land use could play a role. After the Iron Age, Celtic fields 
were abandoned, indicating a shift in agricultural practices (Van Gijn & Waterbolk, 1984; Roymans 
& Gerritsen, 2002; Spek et al., 2003). In the eastern and northern sand area this coincided with a 
settlement shift towards areas with more loamy and fertile substrates (Groenewoudt, 1989; Spek, 
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2004). The same type of shift has been documented by Roymans & Gerritsen (2002) and Kluiving 
et al. (2015) for the southern sand area. These trends could not be reproduced by Wolthuis & 
Arnoldussen (2015), but they did notice a settlement shift trend towards areas comprising more wet 
soils during the Late Iron Age and the Early Roman period. These shift in the Roman period may 
have decreased human pressure on the most sensitive sandy areas. More research should further 
explore this hypothesis, also for other sandy areas within the NW European sand belt.

The introduction of different agricultural techniques from the Early Middle Ages onwards, such 
as more advanced ploughs leading to increased soil destruction (Larsen, 2016), could have made the 
land more prone to sand drifting. From the 15th century onwards, heather sods (plaggen) were used 
as natural fertilizers in the southern sand area. These plaggen, with a high organic content, were 
collected by removing the vegetated organic top soil, causing the bare sandy substrate to become 
exposed to wind erosion. Around a century later this technique was introduced in the middle 
and eastern sand areas, and during the 17th century it was applied in the north (Groenman-Van 
Waateringe, 1992; Lascaris, 1999; Spek, 2004; Van Mourik et al., 2011). Initially, plaggen activities 
most likely took place close to settlements and routes. Later, plaggen material had to be collected 
from more remote areas as well. These areas generally contained the poorest and driest soils, and 
therefore, already were most prone to sand drifting. The large-scale destruction of the protecting top 
soil allowed drift-sand fields in these areas to develop into their final maximal extent during the 19th 
century, also in more remote areas.

Besides population density, also the type of land use (e.g. agricultural techniques, specialization, 
ratio arable farming-animal husbandry) was an important driver for sand drifting (Figure 9.2). 
Socio-economic and political factors such as institutional arrangements, property structures, 
power balances, and commercial strategies play an important role when it comes to the initiation 
and prevention of drift sand (e.g. De Keyzer, 2016; De Keyzer & Bateman, in review). These factors 
determine activities enhancing or preventing sand drifting, such as the use of plaggen, deforestation, 
and the construction of hedges and wooden fences.

From the cases presented in this study, it can be concluded that human pressure on a sandy 
landscape was the most important facilitating condition for drift-sand activity. When the landscape 
is more sensitive due to the human pressure, sand drifting can be enhanced by colder climate or 
higher storm intensity. Whether sand actually will start to drift or continue to drift depends strongly 
on how the land is used (e.g. deforestation, use of prevention measures), which is besides population 
pressure influenced by many cultural factors. This causes the relation between population density, 
deforestation, and drift sand activity to be strongly non-linear.

9.6.2	 Reflection on data quality
In this study regional patterns of drift-sand activity were assessed by combining information from 
many point locations. This approach is sensitive to sampling biases, because the coverage of the 
earlier research this work was based on may vary in space and time depending on past research 
traditions. A source of undersampling are the plaggen soils in which drift sands have become 
homogenised by ploughing (Spek, 2004). When low drift-sand activity is found (e.g. the Roman 
period), bias caused by undersampling can be minimised by (i) considering regional patterns (i.e. 
by comparing multiple regions and other locations in NW Europe), and (ii) considering evidence of 
absence of drift sands (e.g. peat records), as was done in this study. Using the latter kind of evidence 
also minimises the overrepresentation of younger drift-sand events caused by reworking of older 
generations of dunes. The reworking bias could still have a local effect, but from peat records and 
dated soil horizons it is clear that increasing drift-sand intensity in the Netherlands after AD 900 
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represents a real trend. To consider oversampling effects during observed high aeolian intensity (e.g. 
influenced by detailed records in written sources dating from AD 1400 onwards), the events were 
split up according to their dating method in which the increase is still evident (Figure 9.11).

Especially after AD 1500, not the amount of drift-sand sites, but the size of the drift-sand dune 
fields becomes a more important indicator of human impact on the landscape and people. This 
makes the point location approach used in this chapter gradually less suitable for the period after 
AD 1500. Therefore, the growing dune fields are not well reflected in our study, and even resulted in 
the apparent decrease of site events in Figure 9.11 after ca. AD 1400. Historical records mentioning 
the size and scale of the dunes therefore should be considered more suitable for this interval. In 
addition for the interval after AD 1800, historical maps can be used for drift-sand reconstruction.

Despite the low amount of drift-sand data around AD 100 and 800, it appears that sand drifting 
occurred more often close to route networks. Although the reconstructed route networks due to 
a lack of data only reflect parts of the original networks, they do show a spatial correspondence 
with drift-sand activity for the investigated period. Also for AD 1600 the results indicate that areas 
flanking these routes contained more drift-sand sites than areas further away, but this spatial trend 
cannot be proven statistically on a regional scale. This is partly because during this period more 
activities causing sand drifting took place at increasing distance from the main roads (e.g. digging 
of plaggen), as most likely is reflected by several clusters of sites further away from these routes. 
For drift-sand sites near settlements, results probably can improve by including secondary roads 
and local paths in the AD 1600 route network, and by improving the chronological depth of the 
analyses.

9.6.3	 Outlook
Including more exact dates from local site studies (preferentially OSL) would further unravel the 
chronological and spatial patterns of past aeolian activity. Additionally, sand influx data from 
continuous peat records will provide a good record of both the presence and absence of sand 
drifting. Further independent storm records (i.e. not inferred from dunes) will help to assess the 
role of storms in episodes of drift-sand formation. Such records may include shell layers in coastal 
dunes (representing wave height – Jelgersma et al., 1995; Cunningham et al., 2011) or lagoon-
derived sand layers (Van den Biggelaar et al., 2014; Degeai et al., 2015). Although these were mainly 
influenced by wind direction and resulting water setup rather than absolute wind strength, they can 
help to understand the role of storm events in drift-sand formation.

Comparing sand drifting north and south of the Roman limes based on more sites would probably 
further help to understand the (lack of) impact of anthropogenic and natural conditions during 
the Roman period. Combining such local studies in an interdisciplinary manner, also taking 
into account the occurrence of human activity and vegetation, will improve the understanding 
of the relation between people and landscapes of the past. To achieve this, spatial vegetation 
reconstructions including drift sands will be helpful (e.g. Van Beek et al., 2015a). Historical studies 
from AD 1500 onwards can unravel the political and economic factors behind land use strategies 
(Spek, 2004; De Keyzer, 2016). These detailed local studies can be integrated into regional and 
supraregional studies as done in this study or further extended towards adjacent areas in the NW 
European sand belt.
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9.7	 Conclusions

This chapter presents an integrated overview of inland Holocene drift-sand activity in the 
Netherlands, aiming to assess the relative importance of natural and anthropogenic factors in this 
region on aeolian drift-sand activity.
•	 From the cases presented in this study it can be concluded that human pressure on a sandy 

landscape was an important facilitating condition for drift-sand activity. Prehistoric sand 
drifting occurred since the Late Neolithic period under increasing population densities and 
deforestation. The uninterrupted increase of drift-sand activity from ca. AD 900 onwards 
coincided with a growing population density and decreasing forest cover compared to preceding 
periods. This effect was strongest in the most densely-populated southern and middle sand 
areas.

•	 Human pressure as an important forcing is also demonstrated by the proximity of sand drifts 
to routes, which represent areas with intense human activities. In these areas road density, 
agricultural activities and overexploitation are presumed to have been most intense, enhancing 
drift sand formation. After AD 1500, drift-sand activity not only took place close to habitation 
but also on more remote sites, especially where plaggen digging led to the large-scale expansion 
of active dune fields.

•	 The relation between population density, deforestation, and drift sand activity is non-linear. 
Whether sand actually started to drift, continued to drift, or was prevented from drifting, 
depended on the manner in which the land was used. For example, the shifting of habitation 
throughout the Iron Age towards less drift-sand susceptible areas could explain the observed 
dip in drift-sand activity during the densely populated Roman period. The type of land use 
furthermore depended on political and economic factors facilitating overexploitation or leading 
to prevention measures.

•	 Sand drifting likely was enhanced, but not initiated, by colder climate and higher storm 
intensity. These conditions accelerated the expansion of dune fields during the Little Ice Age 
after ca. AD 1500, although original facilitating conditions were provided by population 
pressure and type of land use.
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Chapter 10 

Synthesis

In this thesis human-landscape interactions in the Netherlands during the first millennium AD were 
studied. During this period a mainly natural, prehistorical lowland landscape became increasingly 
influenced by people. The first centuries of the first millennium (Roman period), were characterised 
by a high human pressure on the landscape, followed by a period with depopulation and less human 
influence (‘Dark Ages’). Eventually human influence increased again and the landscape reached a 
mainly human-dominated state after embankment, large-scale reclamation, and population growth 
from the High Middle Ages (ca. AD 1050–1200) onwards (Jansma et al., 2014). 

This research on human-landscape interactions during the first millennium AD has a broad 
areal focus, dealing with three distinct physical geographical regions within the Netherlands: the 
coastal plain, the fluvial area (Rhine-Meuse delta), and the Pleistocene sand area (Figure 10.1). The 
aims were to: 1) identify the changes in natural landscape evolution; 2) unravel the natural and 
anthropogenic causal factors as well as the geomorphological feedback mechanisms underlying 
these changes; and 3) to evaluate the impact of these changes on humans. An integrative approach 
was used in which data and methods from the disciplines of physical geography and archaeology 
were combined. To identify landscape changes, map datasets were integrated into reconstruction 
maps of the physical landscape that show the former extent of geomorphological elements 
(channels, supratidal ridges, alluvial ridges, etc.). By spatially and temporally comparing observed 
geomorphological changes to varying external forcings and the archaeological record, the causes 
and effect on humans were inferred.

The three studied regions each have a typical geomorphological setting. In the coastal plain 
estuaries, tidal wetlands, and peatlands were situated, the fluvial area was characterised by a river 
network with alluvial ridges and wet flood basins, and the sand area consisted of sandy uplands, 
brook valleys, and peat bogs. In these areas various geomorphological changes took place (e.g. 
tidal-areal expansion, river avulsion, or drift-sand activity). Both the different geomorphological 
settings and the varying processes between the regions resulted in regionally characteristic human-
landscape interactions. In this final chapter, these interactions are discussed and compared between 
the three regions. 

Section 10.1 lists the main overarching and region specific conclusions. Section 10.2 discusses 
the reconstruction methods applied in this thesis and their use for unravelling human-landscape 
interactions. Section 10.3 elaborates on human-landscape interaction in all three regions, by 
conceptualising the respective roles of the inherited landscape, active natural and human-induced 
processes, and implications for settlement dynamics. In section 10.4 recommendations for further 
research are presented.

10.1	 Conclusions on human-landscape interactions

10.1.1	 Overarching conclusions
Based on the study of three research areas within the Netherlands the following overarching 
conclusions are drawn on human-landscape interactions for the first millennium AD:
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•	 Anthropogenic land-use activities played an important role in the evolution of all 
studied landscapes. After a period in which the landscape was made more susceptible to 
geomorphological change by human influence (e.g. through deforestation or soil subsidence), 
unintended geomorphological changes took place (e.g. sea ingressions, avulsion, and sand 
drifting). Storms and floods functioned as triggers, but were not the primary causes of these 
landscape changes. Although a more frequent occurrence of these triggers may have accelerated 
the processes, the increased sensitivity of the landscape caused by humans was a prerequisite for 
these changes. 

•	 In the coastal and fluvial areas, human impact during the first millennium AD was large 
compared to the preceding periods. The human forcings that made the landscape more 
susceptible to the changes had already been initiated in the preceding centuries, e.g. by 
reclamation of peatlands or increased sediment load due to deforestation. In the sand area 
human impact on sand drifting was comparable to the preceding periods. It mainly occurred 
locally and probably shortly after the overexploitation that caused it.

•	 The scale on which geomorphological changes occurred depended on antecedent conditions 
in the landscape (i.e. the substrate composition and geomorphology). These determined 
the sensitivity of the landscape to human influence and the strength of geomorphological 
feedbacks. Anthropogenic impact could be initiated locally, for example through soil subsidence 
of peatlands after reclamation. Later, the effects could spread regionally via non-linear response 
and feedback mechanisms. During the studied period, sea ingressions in the coastal plain 
had the largest effect on landscape evolution, transforming a major part of the coastal plain 
peatlands into a tidal area. Avulsion had a moderate effect by changing sediment depocentres 
and delta-network properties. Finally, sand drifting occurred on a more local scale.

•	 The impact of landscape changes on humans depended on the scale, irreversibility, and recovery 
time of the geomorphological change, and hence varied across the lowland area. In the coastal 
plain, sea ingressions caused large-scale settlement abandonment. In the fluvial area, modest 
settlement shifts are observed in reaction to wetter conditions. In the sand area, no major 
settlement shifts occurred due to the drift sands. 

10.1.2	 Regional conclusions 
For each of the three research areas, the following conclusions are made on the human-landscape 
interactions for the first millennium AD: 

Coastal plain (chapters 3-5)
•	 Late-Holocene sea ingressions in the peaty coastal plain of the Netherlands were the effect of 

subsidence caused by prehistoric peatland reclamation and groundwater level lowering. In these 
areas, inlet channels were initiated during storm surges and these increased in size by erosion of 
the tidal flow, leading to considerable loss of land. 

•	 Filling in a newly-formed tidal area to a level suitable for habitation took several centuries. The 
filling time depended on the extent of the ingressed area, sediment supply by local reworking or 
fluvial input, and subsidence feedbacks.

•	 The presence of wide peatlands in the coastal plain facilitated the formation of large sea 
ingressions, whereas other antecedent conditions, such as the presence of beach barriers or 
supratidal levees, explains their absence or small extent.

•	 Because large areas in the coastal plain were drowned for multiple centuries, large parts of this 
plain were abandoned by people. 
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Rhine-Meuse delta (chapters 5-8)
•	 Human-induced peat subsidence and wetland deforestation caused the success of the avulsion 

of the Hollandse IJssel and Lek rivers between ca. AD 1–300. These rivers were the first Rhine 
branches that fully crossed the peatland in the downstream part of the delta since several 
thousands of years. Human-induced increased suspended sediment supply towards the rivers 
and estuaries caused additional peat subsidence by loading processes in the lower delta, thereby 
accelerating the avulsion process. Increased sediment load also caused the natural levees to be 
larger along the active channels and probably facilitated avulsions by enhanced crevasse-splay 
progradation. 

•	 In the upper and central parts of the delta, avulsion paths were controlled by flood-basin and 
natural-levee topography. While the levees along young branches grew relatively high during 
the first millennium AD, the flood basins and fossil levees collected a substantial clay cover 
causing delta-topography levelling. 

•	 Antecedent conditions (e.g. flood-basin configuration) were an important control in the shape 
of natural levees. Delta-plain confinement and the presence of older alluvial ridges amplified 
flood levels in the upper delta generating higher natural levees. This configuration also led to 
efficient upstream trapping of overbank sediments yielding wide levees upstream and smaller 
levees downstream. The importance of flood-basin hydraulics for levee shape is further 
confirmed by the strong tendency for wider levees in the direction of the decreasing flood-basin 
slope. 

•	 In the Roman and early-medieval periods, the alluvial ridges were densely inhabited and hosted 
route networks. Between AD 270 and 850, preferred settlement locations on the alluvial ridges 
contracted and shifted towards the higher parts of the ridges, which is attributed to increased 
flooding intensity during this period. These settlement shifts hardly affected the route networks, 
since almost all alluvial ridges remained habitable and accessible. 

•	 Along the banks of new, steadily enlarging rivers such as the Waal (since ca. AD 450), 
settlements appear to have been more susceptible to regular floods. Along these branches 
relatively many settlements were abandoned, and the route networks were reorganised after the 
late-Roman period.

Pleistocene sand area (chapter 9)
•	 Drift-sand activity was triggered by human presence. This is evident from the peak in activity 

after ca. AD 900 that coincided with higher population densities, larger-scale deforestation, and 
a more frequent occurrence of this activity close to settlements and route corridors. Different 
types of land use strongly influenced the occurrence of drift-sand activity by either provoking 
or preventing it. For the first millennium AD no direct match was found between climatological 
variation and drift-sand activity.

•	 Drift-sand activity and its impact on people in the first millennium AD were restricted to the 
local scale. When overexploitation of arable fields increased in the Middle Ages, the drift-sand 
dune fields became larger. 

10.2	 The use of landscape reconstructions in studying past human-landscape 
interactions

Studying the interaction between people and the landscape requires an integrated analysis of the 
chronology of landscape changes and human activities. The landscape changes described in this 
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thesis were a product of regional variation in the interaction between external forcings, autogenic 
processes, and antecedent conditions (geomorphological and geological setting) that are often 
unexplored in local case studies. A regional-scale analysis, therefore, is necessary to study the 
landscape changes and their formative controls in space and time. The natural landscape changes 
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were reconstructed by integrating stratigraphical, geomorphological, and chronological data from 
accumulated and formerly fragmented data (chapter 2). This was done for the three study areas, 
where different approaches were used, tailored to the type of landscape and the quality and quantity 
of the available data. The new landscape reconstructions contain more spatial and chronological 
detail than previous studies, they are additionally spatially uniform, generic, and adaptable. The 
reconstructed timing of geomorphological changes was linked to the antecedent conditions, 
settlement dynamics, and known natural forcings. The relative importance and interaction of 
generic process rules shaping the landscape (for example peat subsides when drained) were then 
identified from the spatial and temporal correspondence of landscape changes to its forcings. The 
quality of these reconstruction-based studies heavily depends on the resolution of the underlying 
landscape reconstructions and on the resolution of the presumed forcings, which is discussed in this 
section. 

10.2.1	 Mapping past landscapes
The development of new tidal and river channels, and their flanking natural levees, tidal flats, and 
salt marshes represent the most prominent geomorphological changes in the studied coastal-deltaic 
plain. The abundance and quality of data (e.g. borehole data, existing maps) in the Netherlands 
are unprecedented compared to many other areas in the world. Therefore, the spatial extent of 
the end situation (mature state) of the natural levees and tidal systems is rather well-known. Their 
deposits form traceable clastic layers in the substrate that can be absolutely dated and correlated 
over large distances (chapters 2, 3, and 6). The last phases of sedimentary activity are also visible 
as channels or tidal or alluvial ridges in the current landscape. In the fluvial area the fossil alluvial-
ridge landscape is mostly pre-Roman, except for the direct area around modern rivers. In the 
coastal plain, the final extent of the established late Roman to early-medieval sea ingressions also 
is well expressed in the current relief of the landscape. This data abundance allowed the creation of 
integrated landscape reconstructions with a uniform spatial coverage, based on existing fragmented 
information from regional studies and numerous local studies. Even in cases where age control and/
or detailed stratigraphy only was available for point locations, the geomorphological expression 
enabled making regional reconstructions for the youngest elements, geological data allowed this 
for the older and buried elements. In the coastal plain mainly existing maps were used, whereas in 
the fluvial area high-quality borehole data were used, providing a higher spatial and chronological 
resolution in this area. In the sand area, the spatial extent of drift-sand dune fields was not 
reconstructed. Rather than a uniformly covering reconstruction, a more site-based approach 
was applied, especially for drift sands that occurred before the 17th century. This is because the 
geomorphology of the currently preserved drift-sand dune fields mostly represents the maximum 
state of drift-sand activity during the 17th to 19th centuries, obscuring the older phases of drift-sand 
activity on these locations. Moreover, drift-sand activity often only occurred on a local scale and 
phases of activity, therefore, often cannot be correlated over large distances.

10.2.2	 Assigning ages to geomorphological elements
When assigning ages of activity to sea ingressions and channel belts, the following challenges had to 
be overcome: (i) uncertainty of the dating method; (ii) gaps between the date and the actual event 
(e.g. too old dates due to peat oxidation); (iii) diachronicity in the elements’ development; and (iv) 
lost record due to reworking by maturing channels (i.e. non-preservation of deposits from initial 
channel forming stages). Combining multiple dates, allowing for a ca. 200-yr dating resolution, 
reduced the overall uncertainty of an elements’ date. Reworking by younger channels hampered 
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the reconstruction of the stages of initiation and the preceding state. This especially occurred 
close to tidal inlets where high-energy conditions prevailed and a sandy substrate facilitated lateral 
channel movement. By relative dating and the use of well-dated archaeological finds from the top 
of the silted-up tidal system, it was nevertheless possible to identify the age of the activity of the 
tidal system within an uncertainty range of several centuries. Compared to the coastal area, in the 
river area more systematic dating had been performed, making reconstruction of channel-belt 
generations easier. In addition, compared to the coastal plain, reworking in the river area was much 
more confined to the channel belts, leaving most parts of the old landscape intact. Many peat beds 
used for dating tidal or fluvial initiation in the first millennium AD, however, suffer from oxidation. 
This hampers the reconstruction of the tidal inlets and rivers and makes further differentiation of 
development phases within a single river or tidal system (e.g. longitudinal trends) difficult.

For the activity of drift sands, other age issues had to be overcome. Because the natural archive 
of drift sands contains many hiatuses and the known dates still represent a small portion of drift-
sand activity, inevitable bias will occur in the data. The best way to reconstruct geomorphological 
changes in this type of landscape is to use as many sites as possible to infer general trends. This 
can be supplemented with drift-sand dates from more continuous records (e.g. peat with datable 
sand pulses). Drift-sand activity on individual sites can currently be dated with a 500-yr precision 
when few indirect dates are available. It can be dated within several decades precision when using 
OSL dates (Optically Stimulated Luminescence) and/or historical references. As we compiled trends 
using information from ca. 140 sites and 340 dates the observed overall trends in drift-sand activity 
have a maximum age uncertainty of 1 to 2 centuries. 

10.2.3	 Inferring processes from geomorphological changes
From the reconstructions, the antecedent conditions and landscape changes were inferred. 
The forcings that could have driven these changes were derived from the archaeological record 
(indicating human activities) and independent records on floods. The spatial and temporal 
correspondence of these changes to the forcings was used to derive the causal relations between 
them (identifying processes via induction). To achieve this, geomorphological changes and the 
forcings that presumably caused the changes had to be placed in time as precisely as possible. 
Variation in sediment supply to the delta was dated within 500-yr increments by Erkens & Cohen 
(2009). Individual severe floods generally were dated more precisely with 30-150 yrs precision, 
whereas archaeology tends to be dated at 20-200 yrs precision (Toonen, 2013; Cohen et al., 2016). 
When archaeology was used as an indication of human pressure or reaction to landscape change in 
the coastal area, a chronological hiatus between the reconstructed habitation and landscape change 
may occur. Because landscape changes can be traced over larger distances in the geological and 
geomorphological record, collecting additional dates reduces this uncertainty.

In this thesis, archaeological finds were not only used to date geomorphological changes but 
also to determine if human activities forced geomorphological changes. To avoid circular reasoning, 
independent additional proof of new absolute dates and stratigraphical correlations in the data-
rich study area were used. For example, archaeological finds in the coastal plain on top of peat 
covered by clay layers indicate reclamation activity. They were additionally used to date the peatland 
drowning indicated by the clay layers, assuming that peatland reclamation caused the drowning. 
The causal relation then had to be proven independently, for example by assessing additional 
evidence of the identified reclamation (rectangular in-filled tidal channels) and by using additional 
dates of associated materials (e.g. 14C of the peat or shells inside the tidal deposits). 
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Other challenges in inferring geomorphological processes from reconstructions is that multiple 
processes can lead to similar outcomes or that local processes propagating to larger areas may be 
overlooked. This is partly circumvented by comparing the changes for multiple cases (rivers, tidal 
systems, sand areas), with well-known differing antecedent conditions and forcings. Mechanistic 
understanding can be further improved when more detailed case studies are added in which the 
results from regional studies are explicitly tested. This can be done by expanding the research area 
and increasing the number of cases, as well as by process-based modelling testing the sensitivity of 
the landscape to the forcings (see section 10.4). 

10.3	 Past human-landscape interactions 

Landscape evolution occurred in response to different types of ‘slow forcings’ that gradually pushed 
the landscape into a state susceptible for geomorphological change. One of such slow forcings is 
autogenic behaviour (e.g. channel belt maturation, increasing levee height with time) (Stouthamer 
& Berendsen, 2007). These developments were overprinted by generally unintended human-
induced changes through slow forcing processes such as deforestation and agricultural practices 
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Figure 10.2 | Components of human-landscape interaction and their relations. Landscape change occurs when 
forcings and triggers act upon the landscape. Slow forcings can be either naturally or human-induced, they make 
the landscape more susceptible to triggers, pushing the landscape into a different state. The moment when this 
occurs is called a tipping point. After the tipping point, geomorphological feedbacks can enhance this change 
and the state of the landscape changes (from i to i+1). From this new situation the interaction starts again: the 
landscape change affects people in the landscape, who respond by adapting to the change or by abandoning the 
area. This new settlement configuration, in turn, affects where and how people influence the landscape from then 
onwards, leading to potential new landscape change. Examples from this thesis are in Table 10.1.
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(Figure 10.2). These exerted a pressure on the landscape, initially without having a direct effect, 
but over time they made the landscape more susceptible until a tipping point was reached. This is 
the moment that the landscape shifts into a different state (from state i to state i+1 - Figure 10.2). 
Such a characteristic change for this period was the transformation from peatlands into tidal areas 
in the coastal region, as a result of progressive lowering of the land surface due to artificial drainage. 
Such shifts occasionally were aided by triggers (storms or floods). After which a cascade of positive 
feedbacks caused the landscape to shift into a new state with a new arrangement of landscape 
elements and habitation. 

This section outlines the interplay between the antecedent conditions (geological and 
geomorphological setting), slow forcings, and triggers (Figure 10.2), comparing the examples 
from the three lowland areas treated in this thesis (Table 10.1; Figure 10.3). First, natural and 
anthropogenic causes (forcings and triggers) are discussed, next the focus is on geomorphological 
consequences and feedbacks, and finally the impact for people and the associated feedbacks are 
outlined. 

Coastal plain Delta plain Sand area

Most important 
antecedent condition

presence of peatlands 
(4, 5).

delta plain width, flood-
basin and alluvial-ridge 
configuration (6).

presence of dry sands (9).

Anthropogenic forcing reclamation induced land 
subsidence (4, 5).

deforestation, in delta and 
catchment area.

deforestation, intensive 
land use (e.g. ploughing) 
(9).

Natural trigger storm surge,
spring tide (4, 9).

discharge peak (5, 6, 7). storm (9).

Landscape change/ 
geomorphological 
response

loss of land to ingression 
by inundation or erosion 
(4, 5).

more frequent 
flooding, river network 
reorganisation due to 
avulsion, increase natural-
levee area (5, 6).

drift-sand dunes or dune 
fields (9).

Geomorphological 
feedbacks

(+)	 peat collapse 
surrounding areas, 

(+)	 subsidence by 
loading,

(-/+)	tidal channels allow 
sediment import for 
extra loading (+) and 
infilling (-),

(-)	 limited by peat 
thickness.

(+)	 more sediment 
trapping, faster 
subsidence, avulsion 
and sea ingression,

(-)	 reduction of flood 
intensity by diversion 
and spreading over 
new river branches.

(+)	 open landscape more 
susceptible to new 
sand drifting,

(-)	 aeolian denudation 
reaches groundwater 
table.

Impact large-scale abandonment 
of inhabited areas (4).

local shift of settlements, 
avulsion facilitates trade 
network (7,8).

local relocation of roads 
and settlements (9).

Anthropogenic feedbacks (+)	 shifting habitation to 
flanking peat,

(-)	 re-embankment 
decreases tidal area 
(4).

(+/-)	shifting zones 
of habitation, 
and location of 
deforestation,

(-)	 embankment.

(-)	 settlement shifts to 
less drift-sand prone 
areas,

(-)	 prevention measures.

Table 10.1 | Causes, consequences, and feedbacks of geomorphological changes studied in this thesis for 
the coastal plain, the delta plain and the sand area. The chapters in which these are discussed are indicated in 
parentheses.
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10.3.1	 Forcings, triggers, and landscape sensitivity
Slow forcings that act upon the antecedent landscape can either be naturally or anthropogenically 
induced (Figure 10.2). Once the slow forcing sets in, the landscape becomes more susceptible to 
triggers such as storms and floods (Figure 10.2). In the coastal plain, peatland reclamation and 
water-level lowering were slow anthropogenic forcings that caused subsidence of these areas (Figure 
10.3A). This process was locally initiated since Late Iron Age (250-12 BC), but the consequences 
started after AD 250 as soon as the first storm surge reached this lowered peatland, eventually 
leading to the large-scale development of new tidal systems (chapter 4) and river courses (chapter 
5). 

In the coastal dune and inland drift-sand areas, deforestation and intensive land use enhanced 
the susceptibility to aeolian erosion by storms (chapter 9). Under Holocene climatic conditions and 
natural vegetation development, a bare substrate required for sand drifting can hardly be formed. 
The local drift-sand occurrences during the first millennium AD, therefore, must have been mainly 
human induced (Figure 10.3A). In contrast to the human forcings in the coastal plain and the sand 
area, the human-induced slow forcings in the river area were not induced in the area itself, but 
occurred far more upstream (Figure 10.3A), where deforestation in the catchments caused increased 
sediment supply towards the delta since ca. 500 BC (Erkens et al., 2011). This caused accelerated 
overbank deposition and stimulated avulsion, a mainly natural process that was accelerated by the 
human-induced increase in sediment supply (chapters 5 and 6 - Figure 10.3A). 

Storms and floods regularly occur, their frequency and intensity can however change as a 
function of climate and catchment dynamics (natural slow forcing - Figure 10.2). Besides the 
human-induced changes in landscape sensitivity, more intense storms or floods may have affected 
geomorphological development as well. Storms were especially important for the coastal and sand 
areas. The stormy conditions during the Little Ice Age (LIA; AD 1570-1850) for example, probably 
helped to form marine incursions. The incursions, however, could only have happened because 
the land had already subsided and dikes were weak. Storms could also have increased drift-sand 
intensity, but this did not take place before the land was overexploited by humans. In the Rhine-
Meuse delta, the human-enhanced increased sediment supply combined with episodes of frequent 
high Rhine floods between ca. AD 250 and 850 are two slow forcings that enhanced overbank 
deposition (chapter 6). Similar to the effect of storms in the coastal and sand areas, individual floods 
can serve as triggers for avulsion in the fluvial area, forming breaches in natural levees. Once this 
tipping point was reached and a new channel had initiated, floods often played a role in channel 
maturation by enlarging the channel stimulating avulsion success (Makaske et al., 2012; Cohen et 
al., 2016). A large flood determining avulsion success may be a second tipping point in the avulsion. 
Whereas large Holocene floods had been identified in the upper and central delta (Toonen et al., 
2013; 2017), sedimentological records of individual floods in the lower delta and coastal plain are 
sparse. For tidal systems, reconstructing high water levels is especially complicated, since they 
strongly depend on tidal and storm dynamics. Additionally, tidal resonance effects determined by 
estuary and tidal-basin shape also affect flood levels. To incorporate the shape of these tidal systems, 
the palaeogeographical situation has to be known in a high detail. 

In the three study areas, geomorphological changes took place after a period during which 
human influence made the landscape more susceptible to triggers (e.g. by deforestation, soil 
subsidence). The tipping points were caused by one of these triggers, but these were generally not 
the primary causes of the observed landscape changes. Although a more frequent occurrence of 
triggers can accelerate such processes of change, the enhanced susceptibility of the landscape was 
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the primary cause to become more susceptible to these triggers. In the coastal plain and delta, the 
first millennium AD resembles a period in which human impact was clearly large, considering 
the period before the embankments took place. The landscape changes were the result of slow 
forcings driven by human impact that were occurring already for several centuries. The landscape 
in the coastal area became more susceptible when reclamation started, several centuries before the 
actual drowning took place. In the delta, avulsion took place once in every few centuries. Sediment 
load increase over the preceding centuries, however, resulted in more frequent avulsion during 
the first millennium AD. In contrast, drift-sand intensity in the sand area was rather comparable 
to the preceding centuries, it occurred rather locally and probably reacted shortly after the 
overexploitation that caused it.

10.3.2	 Geomorphological changes and feedbacks
Settlements were widely spread in the Netherlands throughout the first millennium AD, but 
only at distinct locations human land-use practices led to landscape change (Figure 10.3). 
Geomorphological change often occurred as a progressively large response to a relatively small 
trigger and forcing (Phillips, 2003; Verstraeten et al., 2017). Whether a change occurred and 
how non-linear the change was, largely depended on the geomorphological feedbacks that are 
characteristic for the substrate and the geomorphology of the area (Figure 10.2). 

In chapter 4 it was shown that the size of a coastal-plain peatland was a dominant precondition 
determining the extent of sea ingressions that invaded it. After 250 BC the areal planform of tidal 
areas increased from 30% to 75% of the coastal-plain area, making it the largest geomorphological 
change (considering areal extent) that occurred in the Netherlands in the first millennium AD. 
The tidal area even expanded beyond the extent of the initially reclaimed and subsided areas 
where the sea ingressions were provoked (compare red and blue areas in Figure 10.1). Three strong 
positive feedbacks - linked to the geological and geomorphological setting of the area - made this 
transformation irreversible (chapter 4): (i) tidal incursion in the peat area caused higher water-level 
differences, leading to stronger flow enlarging the tidal channels; (ii) the weight of the imported 
sediments caused additional subsidence by loading (peat compression is limited by the thickness 
of the peat); (iii) flanking peatlands could collapse by drainage when the reclaimed peatlands had 
subsided (limited by the areal peatland extent). Initially only very high water levels reached the 
back-barrier, but as the tidal channels became larger, regular high-water tides could also contribute 
to flooding the peatlands. Sediment import initially caused further peat subsidence (positive 
feedback) and compensated for this process only several centuries later (negative feedback), 
eventually transforming the area into a totally different landscape with tidal channels, levees, 
and tidal flats. Besides the type of substrate, also the geomorphological setting of the area was 
important. Sea-ingression formation in the coastal plain was hampered by protecting back barriers 
in the western parts of the Netherlands and by tidal levees in the western and northern Netherlands. 
This explains why large sea ingressions did not develop in all back-barrier areas with wide peatlands 
(chapter 4). 

Sea ingression occasionally caused short-cutting of drainage routes from the Pleistocene upland 
or hinterland rivers towards the sea. Expanding tidal channels could connect to existing streams 
and brooks in these areas. Examples of new tidal channels that functioned as new outlets for fluvial 
discharge are the Lauwers ingression in the northern coastal area (from ca. 500 AD onwards) and 
Honte-Westerschelde in the southwestern Netherlands (from ca. 1500 AD onwards). On a larger 
scale, the same happened within the Rhine-Meuse delta, where creeks of the Old Meuse estuary 
invaded the adjacent peatlands already in the Iron Age (800-12 BC; Vos, 2015a). The expansion of 
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the Old Meuse estuary, at least from late Iron Age onwards, is due to peatland reclamation, causing 
the success of the avulsions of the Hollandse IJssel (after AD 1), and the Lek (after AD 300) (chapter 
5). The positive feedbacks owing to peat substrate and tidal activity described above were similar 
to those occurring in other parts of the coastal plain. However, avulsion was further stimulated 
by the human-enhanced sediment supply from upstream, causing the crevasse splays to prograde 
faster and facilitating the sediment-loading feedback in the peat area. Additionally, deforestation 
in the lower delta reduced the hydraulic roughness and caused the tidal wave to propagate further 
inland. These human-influenced factors made that the new rivers gained energy advantage over the 
old courses, leading to avulsion success of these lower-delta rivers. In the central and upper delta, 
alluvial ridge and floodplain morphology determined the position of new river branches (chapter 
6). The Waal course in the central part was one of these that formed after AD 450 in a relatively low 
part of the delta (chapters 6 and 7). The development of the new river branches caused the Oude 
Rijn, which had been the main Rhine branch in the delta until the first millennium AD, to gradually 
silt up (Van Dinter et al., 2017). 

Unlike sea ingressions in the coastal plain, avulsions did not transform the delta into a totally 
different landscape (Figure 10.3B). Still, avulsions reorganised the delta network, for example by 
annexation of new areas and connecting these to the Rhine-Meuse delta (e.g. the Lek/Hollandse 
IJssel and Gelderse IJssel; Stouthamer & Berendsen, 2000; Cohen et al., 2009; chapter 5), thereby 
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peatlands into a tidal landscape.
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affecting the distribution of sediment through the delta. Along the new river branches, levees 
developed, and the total area of natural levees increased by ca. 5% during the first millennium 
AD (chapter 6). Especially these young levees built up relatively high, whereas the topographical 
expression of more distal-inherited natural levees gradually reduced. A distal downstream effect of 
the lower delta avulsions is that they routed more sediments towards the Meuse estuary and the 
southwestern coastal plain. The increased supply of sediments probably accelerated the infilling of 
the tidal systems to a supra-tidal level suited for habitation (chapter 4).

Geomorphological changes in the Pleistocene sand area (Figure 10.1) were small before human 
influence started. The sandy substrate, however, became susceptible to aeolian erosion when 
deforestation and overexploitation took place (chapter 9). In the first millennium AD, drift-sand 
activity mainly occurred locally and shortly (Figure 10.3B). As in the fluvial and coastal areas, 
positive feedbacks enhanced sand drifting in the Pleistocene sand area. Once a large storm had 
caused a part of the sands to be laid bare, these parts were more susceptible to the next storm, a 
process that finally resulted in the formation of large, active dune fields. This feedback was especially 
effective when the storm frequencies increased and vegetation was less well recovered. The drift-
sand activity became irreversible when the spatial extent of drift-sands after 1500 AD increased, 
reaching a climax in the 19th century (Koster, 2009). Compared to the surface affected by sea 
ingressions and new river branches, however, these dune fields were still relatively small (i.e. not 
larger than several square kilometres).

In summary, both substrate and surrounding geomorphology controlled the extent in which 
geomorphological feedbacks occurred in the coastal, fluvial, and sand areas. Anthropogenic slow 
forcings could start locally, as was the case with soil subsidence of peatlands after reclamation, 
and later spread regionally via non-linear response and feedback mechanisms. Sea ingressions in 
the coastal plain had the largest effect on the landscape during the studied period, avulsion had a 
moderate effect on delta evolution, and sand drifting occurred on a relatively small scale.

10.3.3	 Impact of landscape changes on inhabitants and anthropogenic feedbacks
When the impact of landscape changes on humans is expressed as settlement shifts, it becomes 
clear that the impact of landscape change on its inhabitants generally was proportional to the area 
over which the change took place. Some changes had a negative effect on habitation or on the 
accessibility of the landscape, whereas others had a positive effect (Figure 10.2). 

The formation of new tidal inlets and systems into a former freshwater peat swamp transformed 
this landscape into a brackish tidal area, which had major implications for the ecosystems and 
population in this area. In the southwestern coastal plain people lived on such drowning peatlands. 
Not only the former peat area was abandoned, but also the flanking coastal dune areas that probably 
became more isolated. Filling in the newly-formed tidal areas to a level suitable for habitation 
took several centuries depending on the surface size of the inundated area, sediment supply, and 
subsidence feedbacks (chapter 4). In the northern coastal plain large supratidal areas were situated, 
to which the human population was mainly confined (living on dwelling mounds). Therefore the 
direct impact of sea ingressions was much smaller in these areas. However, the drowning of the 
flanking peatlands may have hampered their accessibility, obstructing the connection between the 
northern coastal plain and the northern sand area. Avulsions in the delta redistributed flood water, 
directing larger water volumes to new river channels with less mature natural levees. This caused 
more frequent inundation of the surrounding fossil levees, a mechanism explaining the early-
medieval abandonment of settlements close to the young Waal (chapter 7). 



215

Landscape changes could have accelerated already ongoing cultural changes (political and 
economical factors). In the second half of the 3rd century depopulation in the Netherlands started, 
coeval with the abandonment of the Roman Rhine-based frontier, the limes. This was most likely 
strongly influenced by political developments, but it is clear that the impact of floods also changed 
the habitation conditions in the delta at that time. A period of intense floods occurred between 
AD 250 and 850, which must have influenced habitable areas and at least caused local-settlement 
shifts to somewhat higher parts of alluvial ridges in most parts of the delta. Evidence of settlement 
abandonment on entire alluvial ridges after the most severe of these floods, which occurred around 
AD 260/280, 680, and 780 (Cohen et al., 2016), is restricted to the inherited alluvial ridges near 
large rivers. Most alluvial ridges remained in use as route-network corridors throughout the first 
millennium AD (chapter 8), indicating that overall people seem to have been rather resilient to 
floods and changes in the landscape. 

A positive economic effect of the formation of new tidal and fluvial channels was the formation 
of potential trade routes over water (Figure 1.3B). From the southwestern part of the coastal plain 
towards the Meuse estuary new channels were formed. The Lek and Hollandse IJssel provided new 
route connections that later (after the 7th century) provided the early-medieval city of Dorestad 
in the central Netherlands with suitable (long-distance) transport options fundamental to its 
development. The expanding Vlie inlet and Almere lagoon and the formation of the Gelderse IJssel 
(since the 7th century) connected the upstream part of the delta to the northwestern and northern 
coastal plain. Along the new Gelderse IJssel after ca. AD 800 cities such as Zutphen and Deventer 
emerged (e.g. Groothedde, 2013).

Landscape impact in the sand area was relatively small; local communities seem to have easily 
dealt with drift sands by the local communities. This process did not clearly affect the landscape 
and its inhabitants before the Late Middle Ages (AD 1050-1500). In the sand areas, any changes in 
settlement patterns therefore most likely were mainly culturally induced. Only after ca. AD 1500 
onwards, drift-sand activity became a supra-local phenomenon since extensive drift-sand dune 
fields developed, making larger areas unsuitable for land use and transport. The way in which these 
landscape changes were managed by humans differs from other areas. In the sand areas, relatively 
small adaptations in land use could already prevent sand drifting (i.e. maintaining small hedges). 
Such mitigation was for example more difficult in the coastal plain peat areas, where subsidence 
generally occurred on a scale too large to perform effective measures. 

In short, the impact of landscape changes on people depended on the scale, irreversibility, and 
recovery time of the geomorphological system. Large-scale sea ingressions in the coastal plain 
caused large-scale abandonment of settlements. In the fluvial area, settlements modestly shifted 
after avulsions and changing flooding frequencies. In the sand area no settlement shifts can be 
linked to drift-sand activity.

10.4	 Applications and outlook

Human-affected landscape changes not only occurred in the past, they also take place today in 
many other lowland areas (e.g. Syvitski & Saito, 2007). Most currently-drowning coastal plains have 
in common that rapid human-induced transgression (Törnqvist et al., 2008; Syvitski et al., 2009) has 
resulted in sea ingressions with comparable feedback mechanisms to those presented here. In the 
landscape changes described in this study the system is pushed into a new state, causing effects that 
can be better mitigated or restored when the involved processes are well understood. 
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The conditions (e.g. climate, substrate, tidal regime, ecology), extent, and initiation of human 
impact may be different for these areas. But still the generic processes, mechanisms, and feedbacks 
inferred from this study can be used to better understand comparable non-linear geomorphological 
responses and their impact on humans in ancient, current, and future comparable lowland 
landscapes. To transfer the insights from the Netherlands to other areas, the roles of region-specific 
antecedent conditions, forcings, and cultural factors have to be identified, separated, and quantified 
as much as possible as demonstrated in this thesis. When the contributions and interactions of these 
components are better understood, the results from this region can be applied for realistic scenarios 
for other areas, as the nature laws that operate within these boundaries are universal. 

Besides generic knowledge, the new and more detailed reconstructions in this thesis can serve 
geological and geomorphological mapping projects within the Netherlands (e.g. Koomen & Maas, 
2004; Van der Meulen et al., 2013), geoarchaeological prospection maps (e.g. Cohen et al., 2017ab; 
Rensink et al., 2016), and vegetation reconstruction maps (Van Beek et al., 2015a). The planform 
geometry, stratigraphy, and age of the geomorphological elements stored in the reconstructions 
can refine these datasets. The results of this thesis can help answer questions on the surrounding 
environment of site-specific geoarchaeological studies, a topic that is not always directly studied in 
archaeology. This will help to solve research questions such as: Are land-use changes and settlement 
dynamics driven by external natural or cultural factors, or by internal factors? Why do similar land-
use practices lead to different geomorphological responses in other areas? Why are certain coastal 
and delta areas more affected by floods than others? How do delta-wide floods affect water-related 
infrastructural works such as harbours, quays, and revetments before river embankment? Such 
questions cannot be answered with local studies only, therefore comparative studies with a regional 
scope are necessary. 

To further refine the reconstructed human-landscape interactions and to better compare them 
to other areas in the world, the following topics deserve attention: (i) chronology of identified 
landscape changes and their forcings and triggers – The landscape reconstructions presented in 
this thesis will improve when new dates and site descriptions (e.g. on facies and stratigraphy) are 
incorporated. To achieve this, the reconstructions have to be continuously synchronised with newly-
available data from fragmented studies. In this manner, the reconstructions will remain ‘state of the 
art’ and therefore usable within applied and academic research. The processes driving landscape 
changes can be better understood when the timing, frequency, and magnitude of the forcings and 
triggers is further refined. Crucial information on storm and flood chronology can be inferred from 
sedimentological records of flood layers in residual channels, lagoons or on clay drapes covering 
well-dated settlements. Especially for the lower delta plain and many parts of the coastal plain this 
type of data is currently sparse. If suitable material for dating (organic materials or sand layers) is 
found in these records, flood and storm events can be dated absolutely. For the most recent 10 to 
12 centuries historical written sources are available, which supplement the geomorphological data 
allowing for better and chronologically more detailed inferences of landscape changes and their 
forcings (e.g. Toonen et al., 2015). Combining geomorphological and historical sources also is useful 
assessing storm events in time and space in the sand area, since independent sedimentological 
records on storms in this area are sparse. 

(ii) understanding geomorphological processes – For deepening our understanding of coastal 
evolution on a 1000-yr time scale, more in-depth studies are needed on the role of tidal activity, 
sediment supply, and climate change. This can be realised in several complementary ways: (a) 
performing detailed sedimentological studies of individual tidal systems and channel belts to 
refine the reconstruction of their evolution and to investigate the connection to identified forcings. 
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In this way, pulses of overbank and tidal deposition can be better linked to regional events (e.g. 
already identified floods) and local effects (e.g. proximity and geometry of a channel). The regional 
landscape reconstructions presented in this thesis will be useful to select suitable sites. They will 
also help to put the results from the local studies into a regional context. (b) When the regional 
reconstructions are spatially up-scaled to adjacent coastal plains in Germany and Belgium, more 
data on cases of tidal systems will become available. These can be used to better assess the role of 
human pressure, antecedent conditions, ecology, and varying strengths of forcings (e.g. more 
variation in tidal amplitudes) in landscape evolution. When a larger time span is studied, the effect 
of human activity on the landscape could be further explored. This can be done by comparing the 
results for the first millennium AD to earlier periods characterised by less human impact and to 
more recent historical periods with increased human impact. (c) The processes inferred from 
comparing observed landscape changes to natural and human forcings could be tested using 
numerical models. This approach allows for isolating individual forcings to further test their relative 
importance (e.g. Karssenberg & Bridge, 2008; Hajek & Wolinsky, 2012). Detailed geomorphological 
reconstructions of past tidal-basin morphology can serve as input for models that reconstruct water 
levels using tidal-wave propagation rules. From their output the implications of water-level changes 
for habitation as a function of tidal basin geometry can be assessed. A similar approach can be 
followed in the delta using flood modelling, where past morphology is much better known than in 
the coastal plain.

Iteratively combining local and more regional overview studies will allow for further assessment 
of geomorphological processes that interact between both scale levels. Besides integrating 
studies from different scales, further integration of geoscientific, archaeological, ecological, and 
historical data and approaches on landscape changes as performed in this thesis will improve the 
understanding of human-landscape interactions. Such integrated approaches will be key to better 
understand the role of humans in landscape changes and their adaptions to it. This is the case for 
human-landscape interactions in the past as well as in the future, for all areas where human pressure 
on the landscape is increasing. 
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Summary
Problem definition and aims
Lowland areas have been shaped by the interplay of fluvial, marine, biotic, and aeolian processes. 
Because many lowlands nowadays are densely populated, many people at present make use of their 
natural resources and depend on flooding safety. Already for millennia, humans have affected 
the landscape in such areas, among others through deforestation and reclamation for agricultural 
practices. In the Netherlands, the first millennium AD represents a transition period from a mainly 
natural prehistorical lowland landscape that was increasingly influenced by people towards a mainly 
human-dominated landscape from the High Middle Ages (ca. AD 1050) onwards.

This thesis focusses on the reconstruction of human-landscape interactions in the Netherlands 
during first millennium AD by performing the following steps: 1) identify the changes in 
natural landscape evolution; 2) unravel the natural and anthropogenic causal factors, and the 
geomorphological feedback mechanisms underlying these geomorphological changes; 3) evaluate 
the effect and impact of these changes on humans. 

Human-landscape interactions were studied for three research areas within the present-day 
Netherlands: the coastal area, the fluvial area, and the Pleistocene sand area. These areas have 
distinct physical characteristics and therefore the sensitivity of their landscapes to human influence 
varied, because they each were shaped and affected by different geomorphological processes (e.g. 
peat subsidence or aeolian sand erosion). An integrative approach was used in which data and 
methods from the disciplines of physical geography and archaeology were combined. To identify 
landscape changes, map datasets were integrated into geomorphological reconstruction maps 
of the physical landscape that show the former extent of mainly geomorphological elements 
(channels, supratidal ridges, alluvial ridges etc.). By spatially and temporally comparing observed 
geomorphological changes to varying forcings and the archaeological record, the causes and effects 
of these changes were assessed. The study was performed on a regional scale, to allow for the 
comparison of the geomorphological evolution of different rivers, sand areas, and tidal systems that 
resulted from varying human and natural induced forcings.

In the well-studied Netherlands’ coastal plain and Rhine-Meuse delta, many datasets on the 
extent, age, and sequential development of Holocene geological and geomorphological elements 
are available, including soil maps, geological, geomorphological maps, and many local studies. 
These were developed within various research traditions and were an important input for the new 
reconstructions, because they contain information on the spatial outline, age, and stratigraphy of 
landscape units. However, the overwhelming quantities and heterogeneous nature of these data 
have caused much information to remain inconsistent and fragmented. Combining information 
from digital maps using their full potential, requires awareness of the original focus, scale, surveying 
strategy, and state of knowledge at the time of the original research. To this end, chapter 2 reviews 
the range of mapping traditions behind the datasets that were combined into the geomorphological 
and palaeogeographical reconstructions presented in this thesis. 

Human-landscape interaction in the coastal plain
In chapter 3 a GIS is presented that incorporates the accumulated data of the Netherlands’ coastal 
plain reviewed in chapter 2. The GIS stores redigitised architectural elements (beach barriers, 
tidal channels, intertidal flats, supratidal flats, and coastal freshwater peat) from earlier mappings 
in separate map layers. A coupled catalogue-style database stores the dating information of these 
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elements. Using scripts, the system automatically generates palaeogeographical maps for any chosen 
past time slice, combining the earlier mapping and dating information. This enables a workflow 
in which the maker can regenerate maps iteratively, which speeds up the fine-tuning and thus the 
quality of palaeogeographical reconstruction. In chapter 4 this GIS is used to demonstrate the 
decisive role of antecedent conditions on the formation of large late-Holocene sea ingressions in the 
peaty coastal plain. These ingressions (expansion of new tidal systems) were mainly caused by land 
subsidence, which in the coastal plain occurred due to intensified agricultural use of artificially-
drained peatlands since the last centuries BC. As a result, the coastal plain became sensitive to 
storm-surge ingression through weak spots in the coastline, e.g. at the location of existing creeks. 
Using the Netherlands as a case study, we show that antecedent conditions (i.e. the geological 
setting at the time of ingression) played a key role in the pacing and extent of tidal-area expansion. 
Ingressive tidal systems eventually reached furthest inland in coastal segments with wide peaty 
back-barrier plains. In contrast, sea-ingression formation was hampered in coastal segments with 
well-developed natural ingression-protecting geomorphic features (e.g. beach-barriers, supratidal 
levees). These combined effects caused sea ingression over large areas that consequently became 
unsuitable for habitation for many centuries. Human-induced peat-land subsidence additionally 
caused a major reorganization of the river network of the lower Rhine-Meuse delta in the first 
millennium AD. The Hollandse IJssel and Lek river branches invaded extensive peatlands, thus 
rerouting a major part of the Rhine discharge and sediments towards the Meuse-estuary tidal 
inlet. Chapter 5 outlines the role of human activities in connecting marine ingressions and fluvial 
crevasse channels, through reclamation-induced peat-land subsidence and enhanced sediment load. 
Feedback mechanisms, such as additional peat subsidence by loading of sediment imported into 
the new tidal area, caused further tidal prism increase and created accommodation space for tidal 
deposits. 

Human-landscape interaction in the Rhine-Meuse delta
In chapter 6 the controls on natural levee development were identified in the Rhine-Meuse delta 
during the first millennium AD. From detailed levee reconstructions we quantified natural-
levee dimensions, and evaluated the temporal changes therein. These developments were then 
linked to external forcings (increasing suspended-sediment load, variable flooding intensity, 
riparian deforestation) and to inherited intrinsic geographical controls (delta-plain width, 
compartmentalization). These new detailed geomorphological reconstructions were based on the 
existing datasets presented in chapter 2, as well as on LiDAR data and large amounts of lithological 
borehole data. Natural levees in the upper delta were relatively high: 1–2 m above distal flood basin 
groundwater levels. This is due to the relatively confined floodplain width in this delta segment, 
which increased hydraulic resistance to floodwaters, causing them to be relatively raised. Natural 
levees in the central to lower delta parts showed a considerable decrease in width. This is explained 
by a downstream depletion of suspended load carried in the channel at flood stage, most likely 
aided by differences in riparian vegetation density and the presence of many enclosed flood basins 
upstream (i.e. abundant channel belts). The youngest natural levees, formed along new channels 
that matured during the first millennium AD, have local crest heights that are 0.5 to 1.0 m above 
their preceding levee generations. This is attributed to the more abundant suspended sediment 
supply and increased flooding intensity during their formation. Alluvial-ridge areas with older levee 
relief along abandoned channels clearly affected the paths of the new avulsed channels. Avulsions 
led to the formation of new levee complexes along the river over a considerable area in former flood 
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basins. Meanwhile, the topographical expression of inherited alluvial ridges gradually reduced due 
to widespread flood-basin trapping of overbank sediment, causing topographic levelling.

In chapter 7 the impact of the natural-landscape dynamics described in chapter 6 on the 
settlement distribution within the fluvial area is discussed. During this time interval, major 
landscape and cultural changes occurred in this area, with river avulsions and changes in 
flooding frequency coinciding with changing settlement patterns. In the delta plain, the relatively 
high and dry alluvial ridges of abandoned or active rivers were most favourable for habitation. 
Settlement location and elevation patterns were reconstructed in these landscape units using the 
high-resolution elevation map of the alluvial ridges introduced in chapter 6. By integrating high-
resolution palaeo-environmental and archaeological datasets for this period, we were able to 
spatially analyse the trends and to assess the effect of environmental changes on habitation. Results 
show that settlements progressively shifted towards higher areas between AD 250 and 750, on 
average by 20 cm over this period delta wide, which was coeval with an increased frequency of 
severe Rhine floods. The observed spatial differences demonstrate that this trend is most obvious 
in the least-elevated segments of the study area. In areas where new large river branches developed, 
settlements show a strong shift towards higher-elevated parts of the landscape or even became 
completely abandoned. Probably, flooding occurred more frequently and was more severe in these 
areas. Despite the clear link between changing settlement positions and floods during the studied 
time interval, floods do not seem to have caused long-term abandonment of major parts of the 
study area. In chapter 8 network-friction maps and route networks were modelled based on the 
geomorphological and archaeological datasets presented in chapters 6 and 7 respectively. Past route 
networks were influenced by both cultural and natural dynamics and are therefore a useful source of 
information to increase understanding of the complex interaction between these dynamics. Despite 
the dynamic nature of the research area, the reconstructed routes show clear signs of network 
stability. This demonstrates that large parts of the Rhine-Meuse delta were persistently occupied 
during the Roman period and Early Middle Ages despite local settlement dynamics and changing 
natural settings.

Human-landscape interaction in the Pleistocene sand area
In chapter 9 human-landscape interactions are discussed for the Pleistocene sand area. Here, drift-
sand occurrence was a significant geomorphological activity during the last millennia. This locally 
caused the formation of large active dune fields causing part of the land to become useless. In order 
to better asses the caused we compared the spatial and temporal patterns of drift-sand occurrence, 
we compiled a new supra-regional overview of dates related to drift-sand activity. These were 
compared to available information on soil properties, historical-route networks, vegetation, and 
past climate. Results indicate a constant but low aeolian activity between 1000 BC and AD 1000, 
interrupted by a remarkable decrease in aeolian activity around the BC/AD transition. It is evident 
that sand drifting was strongly related to human pressure on the landscape, since it occurred most 
frequently close to routes and increased uninterruptedly from AD 900 onwards, coeval with rising 
population density and large-scale deforestation. 

Concluding remarks
In all studied landscapes, human preconditioning of the landscape played an important role in its 
evolution. After a period during which human activities had made the landscape more vulnerable 
(e.g. through deforestation or soil subsidence) to natural geomorphological processes, unintended 
geomorphological changes took place, such as sea ingressions, avulsion, and sand drifting. The 



222

tipping points concurred with natural triggers, such as storms and floods, but these were not the 
primary causes behind the observed landscape changes. Although a more frequent occurrence 
of triggers could have accelerated the processes, the more sensitive state of the landscape was a 
prerequisite for these changes. 

Human impact on the landscape could start locally, such as the occurrence of soil subsidence 
of peatlands after reclamation, and later could spread regionally via non-linear response and 
feedback mechanisms. The scale on which geomorphological changes occurred was co-controlled 
by the substrate of the area and its surrounding geomorphology. This determined the sensitivity 
of the landscape to human influence and the strength of geomorphological feedbacks (e.g. peat 
subsidence feedbacks). Sea ingressions in the coastal plain had the largest effect in the studied 
period, transforming major peatlands into tidal areas. Avulsion had a moderate effect on delta 
evolution, rearranging the delta network and building new alluvial ridges. Sand drifting only 
occurred on a relatively small scale. The impact of landscape changes on people depended on the 
scale and irreversibility of the change, and on the recovery time of the landscape after the change. 
The sea ingressions in the coastal-plain peatlands caused large-scale abandonment. In the fluvial 
area modest settlement shifts were observed in reaction to wetter conditions. In the sand area in 
general no major shifts of settlements can be linked to changes in the landscape during this period. 

This study provides more insights in the circumstances under which impact of human action 
on the landscape was largest. Better understanding of human impact on the natural landscape in 
the past is especially relevant to better cope with threats from floods or sea-level rise, especially in  
densely populated and subsiding deltas. The regional, integrative approach on studying human-
landscape interaction performed in this thesis can be expanded by adding results from more 
detailed case studies and by extending the approach to adjacent areas in Belgium and Germany. 
Such studies can either involve further refining the timing of forcings (e.g. storms episodes, human 
land-use practices) and geomorphological responses, or testing the sensitivity of the landscape 
using processes-based models. Iterative integration between local and regional scale processes, 
while combining multiple disciplines, will further improve the understanding of human-landscape 
interaction. 
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Samenvatting
Probleemstelling en doel van het onderzoek
Laaglandgebieden worden gevormd door het samenspel tussen rivieren, zee, wind en 
biologische processen. Deze gebieden zijn veelal dichtbevolkt vanwege hun voedselrijkdom 
en transportmogelijkheden zowel over water als over land. Ze zijn echter ook gevoelig voor 
overstromingen, wat implicaties heeft voor de veiligheid van de bewoners. Al sinds duizenden jaren 
wonen mensen in dergelijke landschappen en beïnvloedden ze ook hun ontwikkeling, onder andere 
door ontbossing en ontginningen voor de landbouw. In Nederland is het eerste millennium na 
Christus (Romeinse tijd en Vroege Middeleeuwen) een overgangsperiode waarin een overwegend 
natuurlijk laaglandlandschap omvormde naar een steeds meer door mensen beïnvloed landschap. In 
de hierop volgende periode, de Hoge Middeleeuwen (vanaf ca. 1050 na Chr.), begon de mens steeds 
meer de dominante landschapsvormende factor te worden, vooral door grootschalige bedijkingen, 
inpolderingen en ontginningen. De impact en timing van de menselijke invloed verschilde echter 
sterk voor verschillende plekken in Nederland in het eerste millennium.

Dit proefschrift richt zich op de interactie tussen de mens en het landschap in Nederland 
tijdens het eerste millennium na Christus. Dit is een periode waaruit al veel bekend is over de 
ontwikkeling van het landschap en de mens, maar nog weinig over hun samenspel. Met andere 
woorden: hoe belangrijk was de mens in de ontwikkeling van het landschap en wat was de invloed 
van landschapsontwikkelingen op de mens? Om deze vragen te beantwoorden zijn de volgende 
stappen gevolgd: 1) het identificeren van de veranderingen in het natuurlijke landschap; 2) het 
ontrafelen van de natuurlijke en door de mens gestuurde oorzaken hierachter en het beschrijven 
van de natuurlijke terugkoppelingseffecten die hierop volgden; 3) het evalueren van de effecten van 
deze veranderingen op de mens.

De mens-landschapsinteracties zijn bestudeerd in drie onderzoeksgebieden in Nederland: 
de kustvlakte, de Rijn-Maas delta en het Pleistocene zandgebied. Deze gebieden hebben elk een 
typische ondergrond (bv. zand of veen) en verschillende landvormen (ruggen of vlaktes) waardoor 
hun gevoeligheid voor menselijk ingrijpen varieerde. Er is een geïntegreerde aanpak gevolgd waarbij 
gegevens en werkwijzen vanuit de fysische geografie en archeologie zijn gecombineerd. Om de 
landschapsveranderingen te identificeren zijn in dit proefschrift verschillende bestaande gegevens 
gecombineerd tot nieuwe landschapsreconstructies (paleogeografische kaarten) die de verbreiding 
en ontwikkeling van verschillende landschapseenheden (veengebieden, geulen, kwelders, ruggen, 
etc.) door de tijd weergeven. Door de landschapsveranderingen zowel in de tijd als in de ruimte 
te vergelijken met wisselende forceringen en archeologische vondsten, konden de oorzaken en 
gevolgen van de landschapsveranderingen worden afgeleid. Het onderzoek is op een regionale 
schaal verricht om de ontwikkelingen van verschillende rivieren, getijsystemen en zandgebieden 
onderling goed te kunnen vergelijken.

Nederland kent een rijke onderzoekstraditie van de bodem en ondergrond. De afgelopen 
decennia zijn er vele lokale studies en kaartseries verschenen waar nuttige informatie over 
de verbreiding, ouderdom en opeenvolging van diverse landschapseenheden in verwerkt zit. 
Deze studies zijn verricht vanuit onderzoekstradities waarbij op één of enkele aspecten van de 
ondergrond en het landschap de nadruk werd gelegd en een geïntegreerd overzicht vaak ontbreekt. 
De grote hoeveelheid kaarten, bijbehorende rapporten en achterliggende gegevens zijn ook niet 
altijd geheel consistent, vaak gefragmenteerd of alleen beschikbaar voor kleinere deelgebieden. 
Om deze gegevens goed te kunnen combineren is daarom bewustzijn nodig van de oorspronkelijke 
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focus, het doel, de onderzoeksstrategie en de staat van kennis op het moment van uitvoeren van het 
originele onderzoek. Daarom wordt eerst een overzicht gegeven van de onderzoekstradities achter 
de gebruikte gegevens in hoofdstuk 2, voordat deze tot de paleogeografische en geomorfologische 
kaarten in dit proefschrift gecombineerd zijn. 

Mens-landschapsinteractie in de kustvlakte
In hoofdstuk 3 wordt een nieuw Geografisch Informatie Systeem (GIS) gepresenteerd. Hierin 
zijn de kaartbeelden en de achterliggende kennis over landschapsontwikkeling in de Nederlandse 
kustvlakte uit hoofdstuk 2 voor het eerst consistent samengebracht. In het GIS zijn gedigitaliseerde 
landschapselementen in de kustvlakte (strandwallen, getijgeulen, wadden en kwelders) uit eerdere 
karteringen opgeslagen en voorzien van informatie over hun ouderdom en ontstaanswijze. Het GIS 
kan informatie over de ruimtelijke verspreiding en ouderdom van gekarteerde landschapselementen 
aan elkaar koppelen om zo automatisch gegenereerde paleogeografische kaarten voor 
iedere gewenste tijdsstap te produceren. Deze methode maakt de werkwijze transparant en 
reproduceerbaar en versnelt het proces van karteren. Dit maakt het mogelijk om snel afwijkingen in 
het kaartbeeld en in de brondata op te sporen en op te lossen. 

De gegenereerde kaarten zijn vervolgens gebruikt in hoofdstuk 4 om de geomorfologische 
ontwikkeling van de kustvlakte te bestuderen. In de bestudeerde periode vonden er grootschalige 
zee-inbraken plaats in uitgestrekte veengebieden door toedoen van de mens. Door ontginningen 
van het veengebied sinds de late IJzertijd (250-12 voor Chr.) vond grootschalige bodemdaling 
plaats. Hierdoor werden grote delen van het veengebied direct achter de kustlijn gevoelig voor 
zee-inbraken volgend op stormen, waardoor het getijgebied op sommige plekken aanzienlijk kon 
uitbreiden. Dit leidde tot verdrinking van grote delen in het kustgebied (met name in Zeeland, maar 
ook in noord Nederland) die hierdoor voor enkele eeuwen onbewoonbaar werden. In dit hoofdstuk 
wordt aangetoond dat de landschappelijke uitgangssituatie van doorslaggevend belang is voor de 
schaal waarop de zee-inbraken zich voordeden. De inbraken waren het meest verbreid waar de 
veengebieden groot waren en waar de strandwallen en kwelderwallen het zwakst waren of het minst 
ontwikkeld. 

In hoofdstuk 5 wordt aangetoond dat de door de mens veroorzaakte zee-inbraken ook voor 
rivierverleggingen in het benedenstroomse deel van de Rijn-Maas delta zorgden. De Rijntakken 
Hollandse IJssel en Lek doorbraken een groot veengebied waardoor vanuit de Rijn, afvoer richting 
het Maasestuarium geleid werd. Dit zorgde voor een veranderende afwatering in de gehele delta. 
Ontginningsactiviteiten in de benedenloop van deze rivieren speelden een doorslaggevende rol in 
deze rivierverleggingen, naast de toegenomen sedimentlast vanaf bovenstroomse gebieden. Overal 
waar zee-inbraken en nieuwe riviertakken in het veen ontstonden traden terugkoppelingen in 
werking die het proces versterkten. Een voorbeeld hiervan is de extra veendaling die optrad door 
het extra gewicht van riviersediment in het veengebied, naarmate de geulen groter werden en meer 
sediment konden aanvoeren. 

Mens-landschapsinteractie in de Rijn-Maas delta
In hoofdstuk 6 worden de factoren beschreven die de oeverwallen in de Rijn-Maasdelta hebben 
gevormd. Oeverwallen zijn hoger gelegen elementen in het landschap die tijdens overstromingen 
worden gevormd op de overgang van de rivier naar de lager gelegen komgebieden. Daarom zijn 
ze belangrijk voor zowel de ontwikkeling van het rivierengebied als voor de mensen die er wonen. 
Om de vormen en de ontwikkeling van deze oeverwallen te beschrijven is gebruik gemaakt van 
nieuw ontwikkelde gedetailleerde reconstructies van het landschap. Deze ontwikkelingen zijn 
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vervolgens gelinkt aan veranderende overstromingen en sedimentlast en aan verschillen in vegetatie 
en de overgeërfde landschappelijke situatie (geometrie van de delta, vorm van het reeds aanwezige 
oeverlandschap). De landschapsreconstructies ontwikkeld in dit hoofdstuk zijn grotendeels 
gebaseerd op een uitgebreide database met boorbeschrijvingen, gedetailleerde hoogtebeelden en 
bestaande datasets besproken in hoofdstuk 2. De reconstructies laten zien dat oeverwallen in het 
bovenstroomse deel van de delta relatief hoog zijn. Dit is het gevolg van het opgestuwde waterniveau 
door de vernauwing van de delta op deze plek, waardoor tijdens overstromingen de oevers hoger 
opgebouwd kunnen worden. In de nieuwe landschapsreconstructies is ook te zien dat de breedte 
van oeverwallen afneemt in benedenstroomse richting. Dit wordt toegeschreven aan de afname 
van fijn sediment (klei en silt) in het overstromingswater in benedenstroomse richting omdat dit 
bovenstrooms relatief efficiënt ingevangen wordt. Daarnaast spelen verschillen in vegetatiedichtheid 
en grootte van de komgebieden hierin vermoedelijk een rol. De jongste oevers (gevormd in het 1e 
millennium na Chr.) hebben relatief hoge delen omdat ze gevormd zijn in een periode met veel 
sedimentaanvoer en relatief veel grote overstromingen. Grote oeverwalcomplexen die al in het 
landschap aanwezig waren vormden een belangrijk obstakel en bepaalden zo de ligging van nieuwe 
rivierlopen, zoals bijvoorbeeld de Nederrijn vlak voor het begin van de jaartelling en de Waal 
rond 450 na Chr. Deze nieuwe rivierlopen zorgden op hun beurt weer voor de vorming van hoge 
oeverwallen op geheel nieuwe plekken in de delta. Ondertussen werd tijdens overstromingen vooral 
klei afgezet op de lage delen van de oude oeverwallen. Hierdoor werd het reliëf in deze verder van 
de actieve rivier afgelegen gebieden minder uitgesproken. 

In hoofdstuk 7 wordt ingegaan op de gevolgen van de landschapsveranderingen in het 
rivierengebied voor de mens. Tijdens de onderzochte periode vonden er naast rivierverleggingen 
en toegenomen overstromingen ook grote culturele veranderingen plaats. Dit had gevolgen voor de 
mensen die op de hoger gelegen oeverwallen woonden, dit is o.a. te zien in de verschuivingen van 
nederzettingen die optraden in het rivierengebied. In dit hoofdstuk worden archeologische gegevens 
gecombineerd met gegevens over landschapsontwikkeling, waarbij we focussen op het verschuiven 
van de nederzettingen in het landschap. Hierbij is gebruik gemaakt van de reliëfreconstructie 
van de bewoonde oeverwallen uit hoofdstuk 6. Het blijkt dat nederzettingen in de gehele delta 
langzaam verplaatsen naar hoger gelegen delen tussen 250 na Chr en 750 na Chr., tegelijk met 
een geregistreerde toename in de intensiteit van overstromingen. Deze trend is het sterkst te zien 
in de lagere delen van de delta. Ook in de directe nabijheid van plekken waar nieuwe riviertakken 
ontwikkelden (met name de Waal) is duidelijk te zien dat nederzettingen verplaatsen en dat er 
zones geheel verlaten raakten. Zeer waarschijnlijk zorgden deze nieuwe riviertakken voor het vaker 
overstromen van gebieden die eerst verder van de hoofdtakken af lagen. 

In hoofdstuk 8 worden routenetwerken en verplaatsingscorridors gereconstrueerd in de 
delta gebaseerd op de geomorfologie en de nederzettingslocaties uit hoofdstuk 6 en 7. Omdat 
deze verbindingszones afhangen van zowel het landschap als culturele factoren vormen ze een 
interessante schakel om de mens-landschapsinteractie te onderzoeken. Ondanks de in hoofdstuk 7 
aangetoonde link tussen nederzettingsverplaatsing en overstromingen lijkt het er niet op dat grote 
delen echt verlaten zijn geraakt en bleven de grootschalige verbindingszones vrijwel allemaal intact. 
Dit toont aan dat de meeste plekken in de delta bewoond bleven tijdens de Romeinse tijd en de 
Vroege Middeleeuwen en suggereert dat er hooguit aanpassingen hebben plaatsgevonden om de 
veranderingen het hoofd te bieden.
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Mens-landschapsinteractie in het Pleistocene zandgebied
In hoofdstuk 9 wordt de mens-landschapsinteractie in het zandgebied besproken, waar met 
name het optreden van stuifzand een belangrijke landschapsontwikkeling was. Op bepaalde 
plekken in het landschap konden er zelfs grote aaneengesloten duingebieden ontstaan die ervoor 
zorgden dat delen van het landschap onbruikbaar werden. Om de oorzaken achter het stuiven 
beter te kunnen achterhalen is een nieuw overzicht gemaakt van alle bekende aanwijzingen van 
stuifzandactiviteit op nationale schaal uit overzichtsstudies en vele lokale studies. Op basis hiervan 
zijn vervolgens de patronen in ruimte en tijd met menselijke activiteit vergeleken, waarbij gebruik 
is gemaakt van schattingen over bevolkingsdichtheid uit de archeologie en historische bronnen 
en locaties van routes in het landschap. Daarnaast is er ook gekeken naar ontbossing en klimaat 
als mogelijke factoren. Uit de analyse blijkt dat er tussen 1000 voor Chr. en 1000 na Chr. een 
constante hoeveelheid stuifzandactiviteit plaatsvond, die veelal lokaal en kleinschalig van aard 
was. Dit patroon werd onderbroken in de Romeinse tijd (12 voor Chr. tot 450 na Chr.), waar een 
opvallend lage hoeveelheid stuifzandactiviteit geconstateerd is. Mogelijk speelt de verplaatsing van 
nederzettingen naar minder stuifgevoelige delen in het landschap tijdens de voorafgaande periode 
hierin een rol. Er komt verder naar voren dat stuifzandactiviteit gedurende de laatste twee millennia 
duidelijk gelinkt is aan de plekken waar mensen het landschap het meest intensief gebruikten. Ook 
de ononderbroken toename in stuifzandactiviteit na ongeveer 1000 na Chr. valt duidelijk samen met 
een stijgende bevolkingsaantallen en hogere mate van ontbossing. 

Conclusie
In alle bestudeerde deelgebieden in Nederland vonden grote landschapsveranderingen plaats, 
waarbij de mens vooral vooraf een grote rol speelde door het landschap gevoeliger te maken. 
Dit gebeurde bijvoorbeeld door ontbossing van zandgronden zodat ze gevoeliger werden voor 
verstuiving, of door het ontwateren van veengebieden waardoor deze inklonken en de bodem 
hier daalde. Dit bracht onbedoelde landschapsveranderingen teweeg zoals zee-inbraken, 
rivierverleggingen en zandverstuivingen. Een grote storm of een overstroming zorgde vaak 
voor het laatste zetje in een gevoeliger geworden landschap. Hoewel het vaker voorkomen van 
stormen of overstromingen het proces kon versnellen, waren deze gebeurtenissen meestal niet van 
doorslaggevend belang voor de landschapsveranderingen. Stormen of overstromingen zorgden voor 
het omslagpunt waarna de landschapsverandering daadwerkelijk ingezet kon worden, maar dat was 
niet mogelijk voordat het landschap vatbaarder was geworden voor deze regelmatig voorkomende 
stormen en overstromingen. 

De invloed van de mens op het landschap begon in sommige gevallen lokaal en kon zich 
verder verspreiden door allerlei versterkingsmechanismen. De aard van het landschap en de 
ondergrond speelde hierbij een grote rol. Zo konden zee-inbraken in gevoelige veengebieden het 
landschap volledig veranderen in grote getijgebieden. Rivierverleggingen, die deels door de mens 
zijn veroorzaakt, zorgden voor een belangrijke verandering van het riviertakkenpatroon in de 
delta, maar zorgden in mindere mate voor een totale transformatie van het landschap, zoals in het 
kustgebied. Zandverstuivingen vonden in de onderzochte periode slechts lokaal plaats. De gevolgen 
van de landschapsveranderingen voor de mens waren afhankelijk van de schaal waarop deze 
plaatsvonden en de onomkeerbaarheid ervan. De zee-inbraken in het kustgebied zorgden voor het 
grootschalig verlaten raken van de eerdere veengebieden. In het rivierengebied is de verplaatsing 
van nederzettingen in reactie op nattere condities waarneembaar, maar geen grote gebieden raakten 
verlaten. In het zandgebied zijn vooralsnog geen verschuivingen in nederzettingspatronen te linken 
aan stuifzandactiviteit voor de onderzochte periode. 
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Deze kennis uit het verleden geeft ons meer inzicht in de omstandigheden waaronder de impact 
van de mens op het landschap het grootst is en wanneer mensen zich daaraan moeten aanpassen. 
Ook in deze tijd is dit samenspel tussen de mens het het landschap nog belangrijk, bijvoorbeeld 
in dichtbevolkte delta ’s die te maken hebben met grootschalige bodemdaling, zeespiegelstijging en 
toenemende overstromingen.

De regionale, geïntegreerde aanpak bij het bestuderen van de interactie tussen de mens en het 
landschap kan in de toekomst verder worden uitgebreid door meer resultaten van detailstudies toe 
te voegen of juist het onderzoek op te schalen naar aanliggende gebieden in België of Duitsland. 
Dit kan gaan om studies die de timing van menselijk handelen of stormen verfijnen en gevolgen 
hiervan voor het landschap bestuderen. Maar ook kunnen modelstudies gebruikt worden om de 
gevoeligheid van het landschap voor menselijke handelen of het vaker voorkomen van grote 
stormen te testen. Het blijven combineren van verschillende typen data vanuit meerdere disciplines 
voor zowel grote als kleine schaal zal zorgen voor een beter beeld van het samenspel tussen de mens 
en het landschap. 
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Appendix A
Supplement to chapters 2, 3, and 6: input materials to the reconstructions

Available on the Utrecht University Repository via:
http://dspace.library.uu.nl/handle/1874/354561
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Appendix B: Supplement to chapter 5 
This Appendix contains data and processing details belonging to the chapter 5. The first section 
provides details regarding the radiocarbon dating strategy for the course of events of the 
Hollandse IJssel (HIJ) and Lek avulsions. The second section treats the use of archaeological data. 
The last section provides details regarding the land-surface reconstruction at the time of the 
initiation of the avulsions, for the research sites in nowadays subsided polder land. 

B1	 Radiocarbon dating

In the main text the formation of the Lek and Hollandse IJssel and the abandonment of pre-existent 
river branches between 500 BC and AD 1000 are discussed. The ages of these events followed from 
combined direct dating (of 14C dated samples from relevant stratigraphical positions) and relative 
dating (i.e. by tracing sedimentary layers and applying cross-cutting relationships). The Rhine-
Meuse delta has a long research history in mapping and dating of the river network, for overview 
compilations we refer to Berendsen & Stouthamer (2000), Stouthamer & Berendsen (2000) and 
Cohen et al. (2012) (ca. 1500 14C dates related to ca. 200 river branches). Dates collected in the 
1970s to early 1990s were usually performed on larger volume bulk samples using conventional 14C 
dating (e.g. Berendsen, 1982; Törnqvist & Van Dijk, 1993), whereas smaller volume AMS 14C-dating 
of selected terrestrial botanical macrofossils has been common since the 1990s. 

We collected multiple new Terminus Post Quem (TPQ) AMS 14C-dates for the Hollandse IJssel 
and Lek branches at various positions along the channel belt (Figure B1). The fieldwork sites were 
located as close as possible to the channel belt, where a gradual, i.e. a non-erosive stratigraphic 
boundary was observed. Prior to picking the interval to select and date macrofossils from, Loss-On-
Ignition (LOI; e.g. Teunissen, 1990; Heiri et al., 2001) was measured over consecutive 1-cm intervals 
on subsamples, to measure mass percentage organic contents (insets in Figure B1). Those intervals 
that record increasing clastic input were selected for terrestrial macrofossils sampling. Dates were 
calibrated using the IntCal13 curve of Reimer et al. (2013) in OxCal (Bronk-Ramsey & Lee, 2013). 
All dates are reported in standard calibrated form in yrs BC/AD with a 1σ range. 

The main calibrated radiocarbon dates used for the phases of avulsion in this study are 
visualised chronologically in Figure B2, together with their interpreted phases of avulsion related 
to the phases in Figure 5.1. Table B1 lists all dates regarded relevant for the dating of the Hollandse 
IJssel and Lek branches, taken from past research, from our own fieldwork, and from previous 
archaeological investigations. It includes dates directly relating to the onset of deposition (avulsion), 
as well as supporting dates that relate to older or younger stratigraphic levels, serving verification 
and support of the newly obtained dates. Where we rejected earlier collected dates as TPQ ages, our 
argumentation for this is reported. Several conventional 14C bulk dates were rejected where newer 
obtained AMS dates indicate them to suffer from ageing effects. Rejected usage also applies to some 
AMS dates, where they were collected from peat beds that suffered from recent oxidation. At such 
locations, we still used the LOI and age results to perform peat-surface reconstructions (see section 
on former peat surface reconstruction). 
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B2	 Archaeological reclamation evidence

We use archaeological artefacts to indicate zones of human activities in the landscape and link 
these to the timing of avulsion (Table B2). Evidence of habitation directly on the peat is known 
from multiple sites in the study area (labelled A, B, D, E, F, J in Figure B1), and humans were also 
abundantly present on tidal levee ridges bordering and penetrating the peatland (sites C, I, K in 
Figure B1). Along the Rotte tidal creek (M2; sites A, B, I-K), for example, habitation existed since 
the Iron Age (800–12 BC) on the tidal levees, and expanded into more distal positions on the peat 
during the Roman Age (12 BC–AD 450), after which local clay deposition occurred (Carmiggelt 
& Guiran, 1997). The expansions of habitation and clay cover took place into eutrophic wood peat 
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Figure B1 | Location of the radiocarbon sample sites. For the newly sampled sites the vertical position and 
calibrated age AD are indicated in a borehole log and LOI curve. White dashed rectangles indicate the extent 
of Figure B3. Numbers refer to radiocarbon dates in Table B1, letters to archaeological dates in Table B2, Roman 
numbers to locations of surface elevation in Tables B3 and B4. 
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areas close to the alluvial ridges (formed under high nutrient influxes supplied by tidal and fluvial 
floods), with mesotrophic to oligotrophic peat areas at a greater distance from the channels as 
nutrient sources (Markus, 1984). Fourteen culverts next to the creeks (#9 in Figure B1, of which site 
D is located directly along the Hollandse IJssel) date from this time of expansion (Ter Brugge, 2002). 
These water management works were used to drain the water from the reclaimed lands during 
low tide and to prevent water flowing in during high tide. They testify that shortly after peatland 
reclamation, people were forced to cope with a progressively lowering land surface. Human impact 
on the peatlands during Roman Age was not restricted to the areas that were cultivated by digging 
ditches: swamp forest clearing to collect wood as building material may have affected additional 
areas of peatland (Van Dinter et al., 2014, Kooistra et al., 2013). 

Regularly spaced, rectangular patterns observed in LiDAR and soil mapping of the study area, 
bear further indication for human activity in the peatland. These are clay infilled dendritic creek-
ridge networks connected to the main channels of the Meuse estuary (Figure B3). A prime example 
is the occurrence of creek ridges along the Alblas tidal channel (M5; Figure B3C), that nowadays 
lie somewhat higher than the surrounding land. This is due to relief-inversion that had taken place 
because, compared to the silted up creeks, the surrounding peat soils were more prone to land 
subsidence (see also last section). Their presence is an indication that the tidal creeks developed 
as local ingressions during the Roman Age and Early Middle Ages, following pre-existent regular 
ditch networks dug in the Late Iron Age to Roman Age. Human presence in this area is supported 
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Figure B2 | Calibrated radiocarbon dates 
and the inferred phases of activity (red 
bars) of the Meuse sea ingressions (M), 
Hollandse IJssel (HIJ) and Lek, also shown 
in Figure 5.1. HIJ and Lek shortcuts indicate 
two local avulsions that occurred after the 
first connection. Numbers of the dates 
correspond to Table B4.
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Site Site name X/Y1) Lat./Long. Material Age2) Meaning Reference

A Kralingen 95412
438195

N 51° 55’ 44.5”
E 4° 31’ 15.1”

Pottery on top of 
the peat

3rd-1st C BC (i) Proof of habitation 
on top of the peat (on 
thin clay layer), (ii) TAQ 
Rotte (M2)

Guiran (1996); 
Carmiggelt & 
Guiran (1997)

B Terbregge 95533
441782

N 51° 57’ 40.6”
E 4° 31’ 19.1”

Pottery on top of 
the peat

3rd-1st C BC (i) Proof of habitation 
on top of the peat (on 
thin clay layer), (ii) TAQ 
Rotte (M2)

Moree & Van 
Trierum (1992); 
Carmiggelt & 
Guiran (1997)

C Alblasserdam 105927

429558

N 51° 51’ 8.8”
E 4° 40’ 29.8”

Pottery on top of 
a channel belt

ROM (12 BC-
AD 450) most 
likely before 
AD 2701)

(i) Proof of habitation 
on a channel belt 
adjacent to the peat 
area (M5)

Hallewas (1986 
p305)

D Capelle 
Middelwatering 
West

99550
437410

N 51° 55’ 20.6”
E 4° 34’ 52.1”

Dam with 3 
culverts

Begin 2nd 
century-begin 
3rd century

(i) Proof of 
habitation and water 
management on top 
of the peat, (ii) TAQ 
Hollandse IJssel (M3)

Jacobs et al. (2001); 
Moree et al. (2002 
p133); Moree et al. 
(2010 p127)

E Capelle ’s 
Gravenland

98450
436900

N 51° 55’ 3.8”
E 4° 33’ 54.8”

Pottery (no 
context) 

ROM (12 BC-
AD 450) most 
likely before 
AD 2701)

(i) Indication of 
habitation on top 
of the peat, (ii) TAQ 
Hollandse IJssel (M3)

Moree et al. (2002 
p133)

F Gouderaksedijk 108750
446500

N 52° 0’ 17.8”
E 4° 42’ 49.1”

Pottery charcoal 
and wood on top 
of the peat

ROM (12 BC-
AD 450) most 
likely before 
AD 2701)

(i) Indication of 
habitation on top 
of the peat, (ii) TAQ 
Hollandse IJssel (M3)

Van Dasselaar 
(2006); Eimermann 
et al. (2009)

G Over Oudland 132740
447000

N 52° 0’ 39.3”
E 5° 3’ 46.7”

Pottery under 
clay cover 

1st to 3rd 
century

TPQ Lek/Hollandse 
IJssel

Bouman et al. 
(2012)

H Ridderkerk-
Slikkeveer

101550
432630

N 51° 52’ 46.7”
E 4° 36’ 39.4”

ROM (12 BC-
AD 450) most 
likely before 
AD 2701)

(i) Proof of habitation 
on a channel belt 
adjacent to the peat 
area (M5)

Moree et al. (2002)

I Rotterdam 
Wijnhaven

93290
437075

N 51° 55’ 7.4”
E 4° 29’ 24.7”

Pottery (no 
context) 

ROM (12 BC-
AD 450) most 
likely before 
AD 2701)

(i) Indication of 
habitation on top 
of the peat, (ii) TAQ 
Hollandse IJssel (M1/
M2)

J Rotterdam 
Hoogstraat

93080
437400

N 51° 55’ 17.9”
E 4° 29’ 13.5”

Settlement on 
top of the peat

Middle of the 
2nd century

(i) Proof of habitation 
on top of the peat 
(on thin clay layer), (ii) 
TAQ Hollandse IJssel 
(M1/M2)

Carmiggelt & 
Guiran (1997); 
Moree et al. (2002 
p133)
Moree et al. (2010 
p132)

K Rotterdam 
Spoortunnel

92570
437870

N 51° 55’ 32.9”
E 4° 28’ 46.5”

Pottery (no 
context) 
reworked by the 
Rotte

ROM (12 BC-
AD 450) most 
likely before 
AD 2701)

(i) Indication of 
habitation on top 
of the peat, (ii) TAQ 
Hollandse IJssel (M1/
M2)

Carmiggelt & 
Guiran 1997; Moree 
et al. (2002 p108)

1)X/Y are given in the Dutch coordinate system (Rijksdriehoekstelsel), position in meters.2)The bulk of roman finds in the Rhine-
Meuse delta dates from early and middle Roman period (12 BC-AD 270).

Table B2 | Archaeological dates and indication of habitation.
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by Roman archaeological sites on and along the Alblas main alluvial ridge (Louwe Kooijmans, 1974; 
Figure 5.3C). Similar such networks associated with Roman archaeological finds have been found in 
the southwestern Netherlands in the peatlands (Bennema et al., 1952; Vos & Van Heeringen, 1997; 
Pierik et al., 2017a). Similar regularly spaced, rectangular patterns of tidal creeks into peatland are 
also observed on either side of the downstream reaches of the Hollandse IJssel and Lek tidal-river 
avulsed channels (M3 and M4; Figure B3). However, a more natural development of these creek 
ridges cannot be fully ruled out, since modern natural tidal environments may exhibit a similar a 
rectangular planform arrangement of tidal creeks.

 
B3	 Former peat-surface reconstruction

This section presents calculations to derive reconstructions of the original peatland surface 
elevation at the time of initiation of the rivers Hollandse IJssel and Lek. This was performed to 
assess the longitudinal gradient advantage of the pre-avulsion peat landscape relative to the active 
river-bed gradient of the Oude Rijn from which the Hollandse IJssel and Lek took over the largest 
portion of discharge.

Coastal plain peatlands in the study area were reclaimed locally in the Iron Age and Roman 
period – before the avulsions took place (see section above). Systematic reclamation of the 
entire area followed about 1000 years later – after the avulsions, from ca. AD 1100 onwards (e.g. 
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Figure B3 | LiDAR images of the tidal creek patterns in the downstream part of the Hollandse IJssel (M3; A), Lek 
(M4; B), and Alblas (M5; C). Archaeological finds indicate Roman habitation on the creek ridges or directly next to 
them on the peat. Red arrows indicate remarkable straight ridges spaced on a regular distance pointing towards 
former reclamation ditches. Locations are indicated in Figures 5.1C and B1.
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Borger, 1992; De Bont, 2008; Erkens et al., 2016). These two phases of reclamation combined with 
sedimentation from the avulsion described in this chapter, have resulted in considerable land-
surface lowering. This makes that the depths of dated clay-on-peat contacts at sample locations need 
to be corrected before they can be used as indicators for former land-surface elevation.

To this end, we used geomechanical insights on peat consolidation that led to surface lowering 
in response to water-table lowering (Schothorst, 1977; Erkens et al., 2016). Peat consolidation 
(volume loss caused by compression) takes place when sediments are deposited on top of the peat 
(e.g. clays) or when the peat is drained. The calculations that reconstruct the state of the peat before 
consolidation took place, use the following properties from our sampled field sites as input: current 
vertical position of the clay-on-peat contacts, age and type of the buried peat, and thickness of the 
overburden. 

Besides consolidation, oxidation above the phreatic groundwater level is an important 
component in peat loss. This process will persist as long as organic matter is available above the 
water level, and as subsidence in cultivated peatlands will provoke more drainage, it becomes a 
self-perpetuating process (Erkens et al., 2016). This component cannot be directly quantified, and 
it causes a hiatus in the top of the peat leading to too old TPQ dates in Table B1. Field descriptions 
and LOI measurements on peat (Figure B1) already indicate whether the peat is encountered in a 
compressed state and whether (prehistoric) oxidation has affected the top of the peat below clastic 
overburden. The peat appears black and the organic content is relatively low (relative enrichment in 
clays after oxidation).

Besides reconstructing the original surface height, the calculations in this section serve to 
estimate how much peat had disappeared due to oxidation. And to verify that too old dates were 
indeed caused by oxidation, rather by diachronic clay deposition in a lateral direction from the 
river channel or in a longitudinal direction relative to the avulsion point. Where the reconstructed 
elevation of these samples plots well below the reconstructed elevation based on the non-oxidized 
samples that retrieved younger TPQ ages, this age can indeed be attributed to a hiatus resulting 
from oxidation. 

B3.1	 Role of vegetation composition
The vegetation composition of peat determines at what accuracy it can be related to an original 
groundwater level at the time the peat formed. The study area is dominated by woody peat types 
(Alnus and Salix) that indicate former presence of swamps fed by eutrophic Rhine floodwaters. 
These peat types generally form around multi-year-averaged, mean annual lowest groundwater 
level (Den Held et al., 1992). At the time of formation, the Rhine-Meuse delta swamp peat surfaces 
are regarded to have followed a very gentle regional elevation gradient from central delta towards 
the coast (estimated at 2 to 5 cm/km; Van Dijk et al., 1991; Cohen, 2005; Koster et al., 2016a), 
around the same elevation as the mean-water surface in open river channels connecting the inland 
delta to the estuaries and sea. Other types of peat (e.g. mesotrophic and oligotrophic mossy peat) 
are known to have formed bog domes in distal sectors of the Rhine-Meuse delta plain along the 
edges of the study area (Pons, 1992; Figure B1). These bogs stored rainwater and held up local peat 
surface and groundwater tables at higher elevation than the surrounding swamps. Their elevation 
during the first millennium AD is estimated to have been 2-3 meter above that of the surrounding, 
irregularly flooded swamp peatland (Pons, 1992). Past occurrence of oligotrophic vegetation is a 
clear indication that in natural conditions such areas were not flooded by river or tidal waters. 
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B3.2	 Calculation procedure
The past surface-level elevation was reconstructed by calculating the thickness of the pristine wood 
peat Tp (i.e. before the avulsions took place). This was done using the current peat thickness Tc, 
the loss of peat thickness due to mechanical properties ∆Tmech, and the loss of peat thickness due 
to oxidation between the moment the sample was taken and the moment just before the avulsion 
∆Tox (Eq. 1; Figure B4). This latter component could not be directly calculated; the oxidized samples 
(i.e. samples with a clear black appearance in their top) were used as a minimum surface level 
estimate. Tc was derived from borehole data on the site. ∆Tmech was calculated using empirically 
derived relations between thickness of the current peat Tc and its geomechanical properties (Koster 
et al., 2016b; in prep; Eqs. B2-4). This was done using the void ratio (i.e. ratio between non-solid 
and solid components) of the current ec and pristine peat ep (Eq. B2). For ep a vertical stress of 3.7 
kPa was taken as a typical value in fresh peat (Koster et al., 2016b). The current, compressed state 
void ratio ec of the peat was determined by its current vertical effective stress (σ’) exerted on the peat 
after its burial (Eq. B3: Koster et al., 2017). σ’ was quantified in Eq. B4 by multiplying the combined 
thickness of overburden and the peat with standard values of lithology specific total stress per meter 
thickness (see below). Because groundwater in the pores counteracts the effective stress, the water 
pressure was subtracted for the saturated parts of the overburden. Overburden thickness (Toverburden) 
was derived from borehole data on the site. Thickness of the saturated overburden (Tsaturated) was 
derived from the groundwater level measured during coring or alternatively from the groundwater 
level indications on the soil map (Markus, 1984). Table B4 shows the calculation results.
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with 
		  Tc = 	 thickness of peat in compressed state 			  [m]
		  ec =	 void ratio in compressed state 			   [-]
		  ep =	 void ratio in pristine state 				    [-]
		  σ’v = 	 vertical effective stress 				    [103 kg m-2]
		  Toverburden = thickness of overburden 				   [m]
		  Sσ’ = 	 standard value total vertical stress per 		  [103 kg m-3]
		          	 meter thickness, taken as 11 for peat, 15.1 for clay,
 		          	 and 10 for water, as in Kruiver et al. (2017)

The peat-surface reconstruction calculated using Tc and ∆Tmech yields some errors regarding 
determining the surface level (E1), and sampling error of the depth of the top of the peat (E2). 
Both are assessed to be < 0.1 m. Additional error (E3) estimated at 0.6 m comes from errors in 
determining the current groundwater level and the base of the peat. The total maximal error of the 
reconstructed peat surface level due to compression is estimated at	 		       = 0.53 m, 
and this value is indicated as the vertical range in Figures 5.2C, B4, and B5.

The surface-level reconstructions of the two peat samples without oxidation (∆Tox = 0 for XI and 
XV), were used for the gradient lines. This was supported by the sea level downstream and the top of 
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tidal creek ingressive progradation from 200 BC to AD 200 (Vos, 2015a). Projected Old Rhine gradient after Cohen 
et al. (2012).



241

the levees adjacent to the peat area upstream (Table B3). The disappeared thickness of the oxidized 
peat could not be calculated, but it could be roughly estimated by comparing the age and position 
of the oxidized and the reconstructed non-oxidized surface level and the ground-water level rise at 
time of the peat formation. The time-equivalent of the disappeared peat could be determined when 
comparing the dates inferred from the oxidized peat to dates without oxidation. For example when 
the top of the peat under flood-basin clay of the Lek was oxidized and dated at 200 BC, while from 
other locations along the Lek non-oxidized peat yielded a date of AD 300. This means that a hiatus 
of 500 years occurs in the oxidized sample. When plotted in Figure 5.2C it appears that this time 
hiatus corresponds to approximately 0.5 meter (see also Table B4), which roughly corresponds to 
groundwater-level rise of ca. 0.6-0.3m/kyr during the period when the peat formed between 3000 
and 2000 BP (Cohen, 2005; Koster et al., 2016a). 

Site name Code1) X/Y2) Lat./Long. Age3) Z surface (msl) Levee elevation4) 

Wijk bij Duurstede I 150250
444066

N 51° 59’ 5.9”
E 5° 19’ 5.0”

800 BC 4 3.9

Beusichem II 148610
440028

N 51° 56’ 55.2”
E 5° 17’ 39.4”

AD 570 4 3.8

De Molenkampen III 147535
438800

N 51° 56’ 15.4”
E 5° 16’ 43.1”

1343 BC 2.8 2.5

Culemborg IV 145175
441775

N 51° 57’ 51.5”
E 5° 14’ 39.3”

2600 BC 2.9 2.7

Schalkwijk V 141300
442690

N 51° 58’ 20.8”
E 5° 11’ 16.2”

2600 BC 2.2 2

Molenbuurt VI 139620
445380

N 51° 59’ 47.8”
E 5° 9’ 47.8”

2250 BC 1.78 1.51

Hagestein VII 135900
443493

N 51° 58’ 46.3”
E 5° 6’ 33.1”

AD 10 1.78 2.5

1)Roman numbers can be found in Figure B1. 2)X/Y are given in the Dutch coordinate system (Rijksdriehoekstelsel), position in 
meters. 3)ages from Cohen et al. (2012). 4)Levee elevation after chapter 6 and Pierik et al. (2017b).

Table B3 | Reconstructed alluvial ridge surface levels before the avulsion of the alluvial ridges flanking the peatland 
on the upstream side.

Site name Code1) X/Y2) Lat./Long. Z surface 
(msl)

Ground-
water level

Clay 
thickness

Current 
peat 
thickness

Reconstructed 
peat thickness

Z surface 
past

Years 
of peat 
oxidized3)

Jaarsveld IX 127420
443380

N 51° 58’ 41.3”
E 4° 59’ 8.8”

0,45 0,8 1,3 2 2,9 0,05 500

Ameide 1 X 127453
441165

N 51° 57’ 29.6”
E 4° 59’ 11.2”

0,02 0,5 0,5 2,5 3,2 0,22 500

Schoonhoven XI 120993
439622

N 51° 56’ 38.5”
E 4° 53’ 33.4”

-0,6 0,6 0,8 4,5 6,08 0,18 none

Streefkerk XII 112608
436097

N 51° 54’ 42.3”
E 4° 46’ 16.0”

-1,7 0,6 0,65 5 7,53 0,18 550

Gouderak XII 107948
445419

N 51° 59’ 42.6”
E 4° 42’ 7.6”

-1,7 0,9 1 5 7,2 -0,5 none

Nw. Lekkerland XIV 107533
433761

N 51° 53 25.3
E 4° 41 51.6

-1,55 0,4 0,6 3 3,73 -1,42 600

Oudekerk XV 103618
439348

N 51° 56’ 24.8”
E 4° 38’ 23.9”

-1,7 0,5 0,55 2,5 3,7 -1,05 750

1)Roman numbers can be found in Figure B1. 2)X/Y are given in the Dutch coordinate system (Rijksdriehoekstelsel), position 
in meters. 3)Difference between the inferred river age (from unoxidized top peat samples along the same river) and the age 
of the d top peat sample.

Table B4 | Reconstructing peat surface level before the Hollandse IJssel and Lek avulsions. 
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Appendix C: Supplement to chapter 6
C1	 Methods

This chapter presents two types of geomorphological reconstruction for the Rhine-Meuse delta: (i) 
three palaeogeogeographical maps (geomorphological reconstruction maps), for the time slices: 
AD 100, 500, and 900; and (ii) two palaeo-DEMs, for AD 100 and 900. The method in compiling 
these maps is given in section 6.3. Several technical detailed aspects that go beyond the scope of the 
main text are further outlined in this sections. Section C1.1 gives further details on the lithological 
criteria used of levee mapping, section C1.2 considers the integration of diachronously inherited, 
younger landscape elements into the reconstructions. Lastly, section C1.3 deals with technical 
details on corrections on the palaeo-DEM. 

C1.1	 Lithological criteria for mapping levee extent
To map levee extent, the borehole data was queried for two criteria: (i) presence silty clay, clay loam, 
or loam (textures LK, ZZL, and MZL; De Bakker & Schelling, 1989; Berendsen & Stouthamer, 2001) 
over a minimal combined thickness of 40 cm; that (ii) occur at shallow depth below present surface, 
2 meters below the current surface at max. 

We used 40 cm as a minimal thickness separating the natural levee area from its gradual 
transition into the flood basin. This meant that boreholes with clay loam intervals thinner than 
40 cm alternating with ‘heavy’ clay (textures MK and ZK) were not considered part of the levees. 
Experiments querying for smaller thickness criteria resulted in test maps with very irregular levee- 
flood basin boundaries. The 2 meters maximum depth criterion was taken to include all levees that 
would have had surface expression at the time of the first time slice (AD 100), based on the depth of 
the 2000-BP isochron in levee areas in the cross-sections of Gouw & Erkens (2007). In a later stage 
of the research the vertical position of the top of the mapped levee was verified by calculating the 
palaeo-topography and matching with archaeological settlements (section 3.3.2; 5.2).

C1.2	 Older feature inheritance and younger element masking

Inheritance of geomorphological elements
Inherited features are present in landscape reconstructions for AD 100, 500, and 900. These 
include: (i) buried natural levees and (ii) residual channels of channel belts, both from systems that 
had functioned in the 2500 years before (based on ages of parent channel belts, section A1.4, (iii) 
outcropping tops of buried inland-dune topography (‘donken’), and (iv) flood basin peats. 
Ad (i): 	 For these older natural levees, we initially assumed that river systems actively forming 

since roughly 2500 BC had surface expression in the earliest periods interest. The actual 
burial depth and degree of surface expression of these levees were evaluated in section 
3.3.2 of the main text.

Ad (ii):	 After a river channel was abandoned, its residual channels can contain water for many 
centuries before entirely silting up (e.g. Stouthamer, 2001; Toonen et al., 2012). Even 
when they have silted up (with clay or peat - for sedimentological criteria see Toonen et 
al., 2012) they remain in the landscape as elongated depressions for a considerable time. 
These geomorphological elements were stored in a separate digital layer and used to cut the 
surrounding natural levee landscape. Similar to the levees, we mapped these elements from 
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LiDAR datasets (A1.3), local soil maps (A1.7), and UU boreholes (A1.1) that contain the 
probable presence of residual channel fills (for > 1 m thick clays and peat occurrence on 
mapped sand belts).

Ad (iii): These sandy dune complexes formed in the Late Glacial along Rhine and Meuse channels 
in the floodplain of that time (e.g. Bennema & Pons, 1951; Kasse, 1995; Berendsen et al., 
1995) and were buried by deltaic deposits since. Their long-lived sandy outcrops have been 
mapped separately before in soil maps, geological maps, and geomorphological maps. We 

Figure C1 | Administrative solutions for mapping-reconstruction issues. Upper panel: earlier stages of channel 
belts were reconstructed using conceptual knowledge on the development of meandering rivers and dates. 
Lower panel: younger generations of channel belts partly cover and erode older phases. The extent of the covered 
phases can be derived from borehole data and cross-sections. 
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used a recently created compilation (Cohen et al., 2017ab) that assembled the outcrops 
from these earlier mappings. 

Ad (iv):	 Peat occurrence was directly taken from the national soil maps and Van Dinter (2013). 

Diachroneity of geomorphological elements
The natural levee polygons in the base map relate to their final preserved extent, by administering 
a Begin and an End age in two separate attribute fields the timespan of sedimentary activity of the 
features is stored. The values for Begin and End age were in turn based on correlation to the channel 
belt base map (section A1.4) and its documentation (Berendsen & Stouthamer, 2001; Cohen et al., 
2012; further updates). Levees are not only vertically but also laterally diachronous (Figure C1): in 
the initial phase of natural levee sedimentary activity its extent was smaller than in the mature stage 
(i.e. preserved and thus mapped stage). Similar to levees, the gradual lateral growth applies to the 
channel belt too as meanders also increase in size over time. Lacking explicit storage of this lateral 
diachronous development generates limitations when time-sliced palaeogeographical maps are 
created as direct queries from these base maps. These limitations were circumvented in three ways: 
(i) by using relative late estimates for the begin ages of the levees and allowing to treat natural levees 
as multiple-generation stacked levees (Figure 6.2), (ii) by coding complex long-lived, presumably 
laterally expanding levee complexes as multiple polygons (spatially differentiated begin ages, mixing 
interpretative with strictly observational aspects of mapping in the base map), and (iii) by applying 
masking techniques in later stages of the reconstruction process. 

Younger burial or erosion
Natural levees present in the past often have been subject to either burial or erosion in younger 
times. Younger mainly non-erosive elements include levees, crevasse splay or dike-beach deposits 
from rivers active after the time step of reconstruction. Because the younger levee were stored in 
the same base map (Figure C1), the levee base map was queried for levees younger than the time 
step under consideration, indicating areas where burial is to be expected. Areas next to these 
youngest channel belts developed relatively thick overbank deposits, raising the elevation of the old 
levee. This also applies to dike-breach splays, which formed after embankment covering the levee 
landscape (Pons, 1953; Hesselink et al., 2003). Their delineation was taken from detailed soil maps, 
geological maps, and borehole descriptions in which the top layer has been labelled as ‘dike-breach 
deposit’ during the process of borehole logging in the field. 

A similar procedure was performed for the channel belts bearing in mind that younger channel 
belts erode older features. In our case, former levee areas occupied by channel belt polygons in 
younger times (queried from the channel belt base map, section A1.4), are considered to have 
been eroded (Figure C1). We used existing cross-sections, surrounding geomorphology and 
borehole information to reconstruct the situation before the activity of the younger elements in the 
geomorphological maps, in the Palaeo-DEMs these areas were masked.

 
C1.3		  Palaeo-topography correction for sedimentation 
To compile the palaeo-DEMs we used data combination processes described in the main text and 
sections of the appendix above. This concerns the following steps: (i) the depth of encountering the 
top of levee deposits (see C1.1) was queried (for borehole locations), (ii) the age of these levees was 
assigned (by architecturally correlating the levee to a parent channel belt system with a documented 
age of abandonment; see C1.2), and (iii) the encountered top of the levee was converted to a surface 
level at AD 100 and 900. This last step is explained in this section.
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The present elevation is known (from LiDAR data) and in most of the study area representative 
for the elevation at ca. 850 BP (= AD 1100, just centuries after AD 900). To minimise the error 
in estimated surface elevation, we updated all values with values from LiDAR data, except for the 
localities on artificially elevated structures (e.g. cities, dikes, and roads ca. 10% of the input points). 
Here, we adapted the originally assigned surface elevation. 

For levees known to be older than AD 100 - or any arbitrary moment in time (t) - a last step 
before interpolation of the reconstruction DEM was to pinpoint the surface level of that time within 
the burying deposits Z(t) (Figure C2). This was performed by a calculation, that assumes a linear 
sedimentation rate between the end of levee sedimentation (AgeLev) and embankment (TEmbankment). 
The equation below was then used to correct the levee elevation (ZLev; in m OD) from the raw 
borehole query, with a proportion burial thickness (DLev; in m) to give an elevation at the moment t 
(i.e. AD 100 = 1850 BP): 

									       
									         Eq. C1

After applying this correction, most levees were elevated several centimetres, the surface of the 
oldest levees is several dms higher than the raw query (occasionally up to 90 cm). 

Sampling error per grid cell dx is calculated to be 0.17 m by combining the following 
components of error. E1 LiDAR error (0.1 m), E2 field sampling error (0.05 m) and E3 groundwater 
level error (0.13 m).

									         Eq. C2

When sampling multiple grid cells (N) for analysing larger areas, the error range dx̄ strongly reduces 
by the following relation:
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Figure C2 | Calculating palaeo topography from borehole data using levee age, vertical position of the levees’ top, 
and pre-embankment surface level and age.
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									         Eq. C3

A methodological bias was encountered in a small part of segment D between (130,000 < X < 
140,000; 435,000 < Y < 445,000). Here the relative elevation of old channel belts shows up as too 
high (Figure 6.7). This bias originates from the groundwater-level plane, which estimates in the 
eastern flank of the peat area too low because control points (i.e. basal peat or old surfaces) are 
missing here. This part was therefore not considered in the analyses. 

C2	 Maps

Geomorphological reconstructions of AD 100, AD 500, and AD 900.
Palaeo-DEMs of AD 100 and 900.

Available on the Utrecht University Repository via:
http://dspace.library.uu.nl/handle/1874/354561
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
  Eq. (C.1) 

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  �𝐸𝐸𝐸𝐸12 + 𝐸𝐸𝐸𝐸22 + 𝐸𝐸𝐸𝐸32    Eq. (C.2) 

 

𝑑𝑑𝑑𝑑𝑑̅𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜
√𝑁𝑁𝑁𝑁

      

Table C1 | Characteristic levee properties for the defined segments in the delta. Negative values: most alluvial 
ridge surfaces are positioned relatively close to or slightly below GW level, in accordance with sparse archaeology. 
Relative portion of levee and flood-basin area increase is mainly due to the formation of new channels in the 
former flood basins.

Segment 
code

Geographical name Relative 
elevation 
first 
millennium 
AD

AD 100 
Levee 
area1) 
(%)

AD 100
Flood 
basin
area2)

(%)

AD 900
Levee 
area1) 
(%)

AD 900
Flood 
basin
area2)

(%)

AD 100 
Levee 
elevation4)

(cm to 2000 
BP GW 
level) 

AD 900 
Inherited 
levee 
elevation5)

(cm to 1000 
BP GW level) 

AD 900 Total 
delta levee 
elevation6)

(cm to 1000 
BP GW level) 

Upper (~10 km wide)
U1 Overbetuwe High 67 16 79 18 43 ± 50 50 ± 46 105 ± 88
U2 Nederbetuwe (east) Low 70 24 68 24 -25 ± 39 -11 ± 23 -2 ± 34
U3 Southern bank Waal Average 56 38 58 36 33 ± 90 37 ± 80 51 ± 93
U4 Upper Meuse Average 61 30 61 30 -3 ± 52 7 ± 27 14 ± 37

Central (10 – 40 km wide)
C1 Utrecht Average 45 53 45 52 27 ± 62 54 ± 47 60 ± 55
C2 Kromme Rijn Average 52 31 60 35 6 ± 52 17 ± 41 25 ± 55
C3 Nederbetuwe west/

Tielerwaard east
Average 75 22 82 15 5 ± 51 8 ± 43 15 ± 48

C4 Bommelerwaard Low 44 55 64 34 -32 ± 48 -17 ± 26 -9 ± 48
C5 Land van Heusden 

Altena
Low 34 65 44 55 -23 ± 53 -14 ± 39 -2 ± 46

Lower (> 40 km wide)
D Alblasserwaard, 

Krimpenerwaard
Low 12 88 14 86 3) 3) 3)

1)levee area includes crevasse splays and levees on channel belts in Figures 6.6 and 6.8; 2)flood basin area includes clayey and 
peaty flood basins in Figures 6.6 and 6.8. 3)Levee-properties and subdivisions have not been studied in detail for this area; 4)mean 
and 1σ of the relative elevation of the inherited levee landscape AD 100 (i.e. the levees formed before AD 100 – for mask see 
Figure 6.7C). The delta-wide mean and spatial difference is 11 ± 63 cm; 5)relative elevation of AD 900, the delta-wide mean and 
spatial difference of only the inherited levee landscape is 20 ± 53 cm; 6)the delta-wide mean and spatial difference of the total 
levee landscape (inherited and actively forming) at AD 900 is 28 ± 65 cm. 
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Appendix D: Supplement to chapter 9
D1	 Reconstruction population density
Estimates of population density (PD in p/km2) are shown in Table D1 and Figures 9.3-9.6. These 
were based on (i) published population numbers and densities inferred from archaeological 
settlement data. Benchmark for pre-AD 1000 periods were the Roman period (AD 200) population 
reconstructions based on detailed micro-regional studies (Van Beek & Groenewoudt, 2011). (ii) 
Published population numbers and densities based on written sources (only after AD 1500). 

For the less-known periods: 1000 BC, 100 BC, AD 500 and AD 800, population density 
estimates (PD) were based on the number of known archaeological settlements (Zoetbrood et al., 
2006), relative to the number of Roman-period settlements. We corrected for differences in the 
duration of the different archaeological periods and took the period-specific differences in discovery 
potential of settlements (Groenewoudt, 1994; Deeben et al., 2005) into account.

Estimated numbers were validated and (if necessary) adjusted by comparing them to long-term 
demographic trends published by Roymans & Gerritsen (2002), Louwe Kooijmans et al. (2011) 
and Van Munster (2012), and for the Late and post-Medieval periods Faber (1965); McEvedy and 
Jones (1978); Paping (2009). In the case of (published) settlement density ranges, we choose the 
mean value, unless long-term demographic trends (Louwe Kooijmans et al., 2011; Van Munster, 
2012) make higher or lower numbers more likely. This reconstruction gives a relative trend of PD 
trough time, more detailed micro-regional studies that estimate the number of people from the 
archaeological record would further improve these reconstructions. Below the estimates are further 
outlined per period:

Early Iron Age (ca. 800 BC) 
Population density for the Early Iron Age was estimated to be 50% of the Late Iron Age population 
on a national level based on (Louwe Kooijmans et al., 2011). 

Late Iron Age (ca. 200 BC)
The number of Iron Age settlements is 37% less relative to the number of Roman settlements (341 
Iron Age and 452 in the Roman age on a national scale) (Zoetbrood et al., 2006), because Iron Age 
sites are less well recognisable, which negatively influences the discovery rate (Groenewoudt, 1994; 
Deeben et al., 2005; Verhagen & Borsboom, 2009) we estimate PD to be 50% relative to the Roman 
Age. 

Roman Period (ca. AD 200)
During this period population density (PD) was relatively high, especially in the river area. In 
the sandy area, population numbers were lower but also increased. For these areas Van Beek & 
Groenewoudt (2011) reconstructed a mean PD of 4.9 p/km2.

Early Post-Roman period (ca. AD 500)
After the Roman period a strong depopulation occurred, however some major differences can be 
seen between the study regions (Van Munster, 2012). Based on the number of settlements from 
the Early Post-Roman period relative to the number of settlements known from Roman period 
(Zoetbrood et al., 2006; Van Munster, 2012) we reconstructed a population decline of around 90% 
in the southern and middle sand areas and of 50 % in northern and eastern sand areas.
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Early Middle Ages: Carolingian period (ca. AD 800)
After the population decline around AD 500, population numbers increased towards AD 800, 
but did not reach the level of the Roman period. The strongest increase is found in the southern 
and middle sand areas. Based on the number of settlements (Zoetbrood et al., 2006) (corrected 
for differential settlement discovery rate) it was estimated that – on a national scale - 80% of the 
Roman-period population is present around AD 800. Assuming an equal distribution over the 
different sand areas, we projected this percentage on the population in the sand area as well. 

Early Middle Ages: Ottonian period (ca. AD 1000)
Numbers based on interpolation between numbers AD 500 and 1500, taking into account the long-
term demographic trend (Louwe Kooijmans et al., 2011; Van Munster, 2012).

Late Middle Ages AD (AD 1500)
Numbers AD 1600, minus 10% (see below). Strong population growth from AD 1500 to 1600 of ca. 
50 % has been reported for mainly for the large towns in the Netherlands (Faber, 1965; McEvedy & 
Jones, 1978). These towns are however not situated in sandy areas, therefore the AD 1500 to 1600 
population growth much lower here, estimated at 10%. The sharp rise in population numbers in the 
southern sand area can be explained by the rise of nearby Flemish towns (Theuws, 1989; Spek, 2004: 
981-983; Vangheluwe & Spek, 2008; Van Bavel, 1999).

Late Middle Ages AD (AD 1600)
Population densities mentioned by Spek (2004: p966) derived from historical sources (Slicher van 
Bath, 1957; Bielemans, 1987; Arts, 1993; 1999; Kossmann, 1986). Ranges from these sources and 
their best guesses are indicated in Table D1. 

D2	 Drift-sand dates

Available on the Utrecht University Repository via:
http://dspace.library.uu.nl/handle/1874/354561

800 BC 125 BC AD 200 AD 500 AD 800 AD 1000 AD 1500 AD 1600

Northern sand area 1.2 2.4 4.9 2.4 3.9 4.6 6.3 6.0-8.0 (7.0)
eastern sand area 1.2 2.5 4.9 2.5 3.9 5.9 10.8 12.0
Middle sand area 1.2 2.4 4.9 0.5 3.9 7.6 17.0 15-25 

(17.0)
Southern sand area 1.2 2.5 4.9 0.5 3.9 12.3 33.3 25-50 

(37.0)
All sand areas 1.2 2.5 4.9 1.3 3.9 7.2 15.3 19.6

Table D1 | Reconstructed population density in people per km2. For explanation, see text.
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