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Chapter 12
Palaeogeographic-Analysis Approaches 
to Transport and Settlement in the Dutch 
Part of the Roman Limes

Mark R. Groenhuijzen

Abstract The aim of the PhD research on which this chapter is based is to recon-
struct and analyse the cultural landscape of the Dutch limes area using computa-
tional approaches, specifically to model and analyse transport networks, settlement 
patterns and their relationship with the natural environment, to better understand the 
interactions between the Roman military population and the local population that 
lived in this frontier region. The goal of this chapter is to present the general results 
of this study and showcase the technical, methodological and interpretative aspects 
that it has contributed to the research field of computational archaeology and to the 
archaeological understanding of the Dutch part of the Roman limes.

Keywords LCP analysis · Network science · Network analysis · Palaeogeography 
· Transport networks

12.1  Introduction

12.1.1  General Introduction

The main aim of the ‘Finding the limits of the limes’ project is to reconstruct and 
understand the cultural landscape of the Dutch part of the Roman limes, specifically 
looking at the spatial and economic interactions between the Roman military popu-
lation and the local population. The spatial component is evidently an important part 
of the research project, and the palaeogeographic analysis of the Dutch limes area 
thus became the main focus of the PhD thesis on which this chapter is based 
(Groenhuijzen 2018). The general aim of this PhD study was to reconstruct and 
analyse the cultural landscape of the Dutch limes area using computational 
approaches; more specifically, it models and analyses transport networks and settle-
ment patterns and includes their relationship with the natural environment.
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This chapter will present the general results of the aforementioned PhD study 
and place it in the wider research context. It aims to showcase some of the innova-
tive aspects of the study, either from technical, methodological or interpretative 
viewpoints. To do this, case studies from this PhD study in the realm of transport 
networks and settlement location in the Dutch part of the Roman limes are utilised. 
The questions that form the basis of these case studies are: how were goods trans-
ported from the local population to the military population, and what is the role of 
stone-built rural settlements in these transport networks; can location preferences 
shed light on the interaction between the local population and the military 
population?

Formulated in a more general question, the goal of this chapter is as follows: 
what has this spatial analytical study of the cultural landscape of the Dutch limes 
area contributed to the research field of computational archaeology and related 
fields, and what has it contributed to the archaeological understanding of the Dutch 
part of the Roman limes? Furthermore, what are the prospects for future research?

12.1.2  Palaeogeographic Analysis of the Dutch Limes Area

The palaeogeographic analysis of the Dutch part of the Roman limes that is per-
formed as a PhD study within the ‘Finding the limits of the limes’ project can be 
subdivided into three parts: firstly, a reconstruction of the natural palaeogeography 
of the Rhine-Meuse delta in the Roman period; secondly, a reconstruction and anal-
ysis of local transport networks; and thirdly, an analysis of settlement location in the 
landscape. This section provides a summary of these three branches of the study, 
with more elaboration on the analyses and results and their place in the wider 
research context presented in the following sections.

In order to understand spatial developments and patterns in the cultural land-
scape in relation to the natural landscape, the natural landscape must be accurately 
known first. There is a strong tradition of reconstructing the natural environment in 
the Netherlands (e.g. Cohen et al. 2012; Vos 2015), and for the Roman period a great 
advance was made following the study of Van Dinter (2013) on the Old Rhine area 
between Utrecht and Katwijk. Using a similar methodology, this study has extended 
the 1:50,000 reconstruction of Van Dinter to cover the entire Rhine-Meuse delta, the 
geographic area roughly equal to what is considered the Dutch part of the Roman 
limes.

Transport as part of the cultural landscape is often understudied in archaeology, 
both due to the focus on settlements in archaeology and due to the immaterial nature 
of transport, particularly that of transport on the local scale. However, when we are 
interested in the interaction between the local and the Roman military population, 
most transport occurs on the local scale. In this research, computational modelling 
approaches are used to study local transport networks. A least-cost path (LCP) 
approach is applied to reconstruct local transport connections (e.g. Groenhuijzen 
and Verhagen 2015), and concepts of network science and formal network analysis 
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are applied to reconstruct and analyse local transport networks (e.g. Groenhuijzen 
and Verhagen 2016, 2017). The resulting networks are used to study archaeological 
questions such as the provisioning of the Roman military population from the local 
population and the potential role of intermediary sites in such provisioning net-
works. A significant part of the PhD study was focussed on local transport networks, 
and this aspect thus serves as the largest contribution to this chapter.

The study on the location of settlements in the landscape has had a traditional 
following in processual archaeology and predictive modelling (e.g. Brandt et  al. 
1992; Verhagen 2007). Most focus has traditionally been on site location in the 
natural landscape, but other aspects may also have played a role, among them (dis-
tance to) forts, transport networks and the influence of the historical landscape (e.g. 
Nuninger et al. 2016). This study has used a multivariate approach (e.g. Stančič and 
Veljanovski 2000; Fernandes et al. 2011; Chap. 9, Weaverdyck) to find how these 
various factors determined the location of rural settlements.

12.2  Natural Palaeogeography

The Rhine-Meuse delta in the Netherlands is a highly dynamic region, and the mod-
ern landscape is hardly a representative of the Roman landscape. To reconstruct the 
natural palaeogeography of the Dutch part of the Roman limes, a methodology was 
adopted from Van Dinter (2013). For the central part of the Dutch limes area this 
involves the manual combination of various source datasets in a GIS, ranging from 
geomorphological maps, soil maps, elevation maps, earlier palaeogeographic recon-
structions and data from archaeological research. For the eastern part of the study 
area, this methodology is less applicable because the corridor through which the 
Rhine and Meuse move is narrower here, resulting in more erosion and burial of 
older channel belts. Therefore, a simple overlay of the existing geomorphological 
and palaeogeographic maps was used. The reconstructed natural palaeogeography 
represents the landscape roughly around CE 100 (Fig. 12.1a).

From a technical and methodological point of view, the reconstruction of the 
natural landscape for archaeological analysis is not innovative. A number of palaeo-
geographic datasets were already developed in the Netherlands, but they are often 
either on a coarse (1:500,000) national scale (e.g. Vos and De Vries 2013) or on a 
local scale (e.g. Vos and Gerrets 2005; Cohen et al. 2009), sometimes focussed on 
particular geomorphological elements rather than the landscape as a whole. Van 
Dinter (2013) provided a reconstruction that is suitable for the required level of 
analysis at the local and regional level, which is why this methodology was also 
used for extending the reconstruction to encompass the entire Dutch limes area.

Large yet detailed palaeogeographic reconstruction allows for analyses of 
archaeological phenomena on an unprecedented scale. Examples include the recon-
struction of transport connections (Sect. 12.3; Groenhuijzen and Verhagen 2015; 
Van Lanen et al. 2016), the modelling of agricultural production (Van Dinter et al. 
2014; Chap. 7, Joyce) and site location analysis (Sect. 12.4; Verhagen et al. 2016). 
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Fig. 12.1 (a) Natural palaeogeographic reconstruction (simplified) with diachronic overview of 
Roman fort locations. (b) Cumulative uncertainty map associated with the natural palaeogeo-
graphic reconstruction

The value of such reconstructions for archaeological research has become more 
prominent in the Netherlands in recent years, also outside the ‘Finding the limits of 
the limes’ project (e.g. Pierik 2017; Van Lanen 2017; De Kleijn et al. 2018).

An additional advantage to performing the detailed palaeogeographic recon-
struction in a GIS is the ability to incorporate other information alongside the recon-
struction. One important factor which is often overlooked in analyses using 
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reconstructed landscapes is the uncertainty of the reconstruction itself. For the 
Rhine-Meuse delta, such uncertainty can come from post-Roman fluvial erosion, 
drift sand activity, peat reclamation or excavation and anthropogenic developments. 
By mapping the sources of uncertainty, a cumulative uncertainty map can be gener-
ated that can be used in further analyses (Fig. 12.1b), for example to filter the site 
dataset to only include those for which the palaeogeographic information is rela-
tively certain, as has been done for the settlement location analysis (Sect. 12.4).

12.3  Transport Networks

12.3.1  Introduction

The study of mobility and transport in the Roman period has traditionally been 
focussed on the regional to empire-wide scale and particularly on shipping in the 
Mediterranean and on the military road networks, including that in the Netherlands 
(e.g. Scheidel 2014; Van der Heijden 2016). In comparison, fairly little research has 
been done on transport on the local to intraregional scales, mainly due to the lack of 
archaeologically visible local road systems.

In order to bridge this gap of knowledge, computational approaches have become 
increasingly popular, and the basic parameters of movement are rather well under-
stood (Murrieta-Flores 2010; Polla and Verhagen 2014). Most computational 
approaches apply least-cost path (LCP) modelling, since this method allows for the 
incorporation of various cost components, for example regarding ancient topogra-
phy. However, until recently, most applications of LCP modelling in the study of 
movement have been done to reconstruct single routes or small sets of routes or to 
identify the factors involved in establishing routes (e.g. Bell and Lock 2000; Llobera 
2000; Zakšek et al. (2008); Verhagen 2013). The majority of LCP studies utilises 
elevation/slope as the main component and only models walking (Herzog 2014), 
and there are many functions available to do this analysis (Herzog 2013a). 
Applications that use other cost components are sparse, however (e.g. Livingood 
2012; Verhagen 2013), as is the application of LCP modelling on other modes of 
transport (e.g. Wheatley and Gillings 2002; Verhagen et al. 2014).

Networks have become a common concept in archaeology, and over the last 
decade the use of network science in computational archaeology has grown in popu-
larity (Brughmans 2013a). The formal study of sets of LCPs as networks however 
has thus far only been explored in a limited way, even though the application of 
formal network analysis techniques has shown to offer additional information that 
cannot be deduced from LCP maps qualitatively (e.g. Verhagen et al. 2013).

12 Palaeogeographic-Analysis Approaches to Transport and Settlement in the Dutch…
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12.3.2  Modelling Transport

In order to study transport in the Dutch limes area, transport connections between 
all settlements were modelled in Python using a LCP approach. Since the Rhine- 
Meuse delta has fairly little topographical relief, the impact of terrain conditions on 
movement is more important than that of slope. The formula (Eq. 12.1) provided by 
Pandolf et al. (1977) allows for the calculation of walking speed (V in m/s) while 
incorporating the walker’s weight (W in kg), carried load (L in kg), standard meta-
bolic rate (M in W) and the natural terrain through a terrain coefficient (η), with the 
coefficients provided by Soule and Goldman (1972). LCPs could thus be modelled 
using the reconstructed natural palaeogeography, resulting in a more accurate rep-
resentation of local transport in the Dutch limes area (Groenhuijzen and Verhagen 
2015).
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Furthermore, the Pandolf et al. (1977) formula allows for the incorporation of vary-
ing weights of the carried load. It was found that this has a significant impact on 
how people could move through the landscape and particularly the time it takes to 
move. In general, movement with animal-drawn carts is slower and less forgiving 
for difficult terrains, which results in different properties of the transport networks 
that were constructed afterwards (Groenhuijzen and Verhagen 2015).

Besides walking, other modes of transport must also have played a role in the 
local transport system of the Dutch limes area. Animal-drawn carts were modelled 
using LCPs, with the costs based on functions provided by Raepsaet (2002). The 
modelled routes tend to avoid the wetter parts of the landscape, with most move-
ment occurring on the higher and drier levees.

Little is known about local-scale transport infrastructure, likely largely due to the 
immaterial nature of the routes (Willems 1986). However, a comparison with the 
known infrastructure, namely the military road along the Rhine, is possible. 
Interestingly enough, a comparison of the modelled routes with an archaeological 
reconstruction of the road and potential secondary routes in the direct hinterland 
(Vos 2009) shows that the modelled routes largely concentrate outside the military 
road, and actually quite closely align with the assumed secondary routes (Fig. 12.2). 
Based on the LCP analysis performed in this study, the conclusion can be drawn that 
the military road thus seems to be largely peripheral to the majority of local-scale 
interactions (Groenhuijzen and Verhagen 2015).

In addition to land-based transport modes, the local and military population also 
made use of water-based transport options, as has been attested by a number of 
dugouts and larger river ships that have been found in the research area (e.g. Jansma 
and Morel 2007). This study has modelled dugouts as the main representative of 
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Fig. 12.2 Comparison of ox-cart-based transport connections modelled through LCP analysis 
(white lines) with the archaeological reconstruction of the military road and possible secondary 
routes (Vos 2009)

water-based transport on the local scale using experimental data (Gregory 1997). 
One of the problems when modelling water-based transport using a LCP approach 
is that in reality it is not possible to easily transfer between land- and water-based 
modes, and it is probably not possible at every location along a waterway. It is 
largely unknown where potential transfer places in the Rhine-Meuse delta would 
be, which means that the routes modelled through LCP analysis may not be the most 
realistic.

Through modelling multimodal routes between settlements in the research area 
(combining land- and water-based transport) it was found that some routes preferred 
waterways over land-based routes, but the majority of movement still followed the 
levees rather than water. This is likely due to the location of rivers: they are largely 
peripheral to local scale transport, and flow in an east-west direction, whereas a fair 
share of movement is south-north directed (or vice versa), particularly when moving 
from settlements in the hinterland towards the forts along the Rhine.

In general, the modelling of local transport connections through a LCP approach 
in this PhD study was successful in terms of understanding the interaction between 
movement and the natural environment. However, the modelling of movement on 
foot remains more reliable than those of animal-based or water-based transport 
modes. The former has a stronger tradition in physiological and archaeological 
research, whereas animal- and water-based transport models have to rely on fewer 
and less compatible sources to the situation of the Dutch Rhine-Meuse delta (e.g. in 
terms of terrain factors for carts or the influence of rivers on dugouts). The  modelling 
of alternative means of transport thus remains a valuable avenue for future research.
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258

12.3.3  Constructing Networks

Modelled local transport connections do not readily tell anything about the func-
tioning of transport in the Roman period, for example regarding questions such as 
the movement of surplus production from the rural settlements to the Roman mili-
tary population. In order to address such questions, an additional step has to be 
undertaken to convert the dataset of transport connections modelled through LCP 
analysis into local transport networks.

However, earlier LCP network studies have given little thought to the choice of 
network structure (Herzog 2013b, c). Rivers et al. (2013) argue this choice must be 
based on the suitability for the archaeological record that the network structure aims 
to represent. To address this, a comparison was made between network construction 
techniques with the aim to find the best representation of a local provisioning sys-
tem that connects the rural settlements to the Roman military population in the forts 
(Groenhuijzen and Verhagen 2017).

The network construction techniques compared were maximum distance net-
works, proximal point networks, a Delaunay triangulation, a Gabriel graph (Gabriel 
and Sokal 1969) and efficiency networks (Fulminante et al. 2017). The networks 
were evaluated on the criteria that all forts have a sufficient amount of settlements 
connected to it (either directly or indirectly), that the network does not contain too 
many connections, and that the forts are relatively easily accessible so that provi-
sioning could be carried out relatively efficiently. The latter was measured through 
‘local’ average path length, which is the average path length calculated from a lim-
ited number of nearest settlements to each fort. It was found that the Gabriel graph 
was the best representation of a local transport network functioning as a provision-
ing system connecting the rural settlements to the forts (Fig. 12.3 and Table 12.1). 
It had a relatively low ‘local’ average path length without creating too many connec-
tions. It was matched by some proximal point networks, but only for those that had 
an unrealistically high number of neighbours, and the Delaunay triangulation, 
which was disregarded on the basis of the inclusion of a number of unrealistic long- 
distance connections (Groenhuijzen and Verhagen 2017).

Besides finding a network structure that best represents a local transport network 
for the Dutch limes area, this study has confirmed the position of Rivers et  al. 
(2013) that the choice of network construction technique is important and must be 
consciously based on the archaeological case it aims to represent, and it has pre-
sented a strategy through which such a decision can be made (Groenhuijzen and 
Verhagen 2017).

Additionally, this study has found that the application of LCPs instead of regular 
geodesic connections to construct networks has a significant impact on the resulting 
networks and the conclusions that can be drawn from them, for instance with the 
maximum distance network replacing the proximal point network as the most effi-
cient one in terms of ‘local’ average path length (Table 12.1). This shows that incor-
porating the natural terrain, in this case through a LCP approach, can be important 
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Fig. 12.3 Gabriel graph network of transport connections modelled through LCP analysis (white 
lines), based on walking while carrying a load of 20 kg in the Middle Roman Period A

Table 12.1 Average of the ‘local’ average path lengths (in minutes) to the forts from the nearest 
25 settlements, shown in a comparison between temporal distances derived from LCPs and 
geodesic distances

Temporal distances (derived 
from LCP)

Geodesic 
distances Difference

Max. distance (90 min.) 85.4
Max. distance (120 min.) 124.5 84.2 +44.0% 

±12.4%
Proximal point (3 
neighbours)
Proximal point (5 
neighbours)

127.6 92.8 +36.9% 
±13.9%

Proximal point (7 
neighbours)

120.7 87.0 +37.5% ±6.2%

Delaunay triangulation 121.2 86.7 +39.0% ±6.4%
Gabriel graph 130.0 94.1 +37.6% ±7.3%
Minimum spanning tree 170.1 123.5 +36.6% ±5.4%
Efficiency (10% size 
increase)

143.5 107.6 +33.4% ±6.1%

Efficiency (25% size 
increase)

139.7 101.9 +38.1% ±7.1%

Efficiency (50% size 
increase)

134.0 97.1 +38.1% ±5.7%

LCPs are based on walking while carrying a load of 20 kg. Missing values are the result of forts 
not being reachable by at least 25 settlements. (Groenhuijzen and Verhagen 2017)
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for better understanding how transport worked or, more generally, how space was 
utilised in the past (Groenhuijzen and Verhagen 2017).

Using the LCP-based networks, archaeological questions can be addressed 
through formal network approaches. However, the various uncertainties involved in 
even reaching this step are often overlooked. These uncertainties, for example, may 
be the result of the chosen software (Gietl et al. 2008), the methods for calculating 
the costs of movement (Herzog 2013a) or the sources on which these costs are based 
(Herzog and Posluschny 2011) which have been treated to some extent in the given 
references. Since the current approach constructs networks on the basis of LCPs 
between settlements, the settlement dataset itself is another important source of 
uncertainty. In general, past studies in network analysis of transport in archaeology 
have paid little attention to the validation of results, even though network measures 
can become less stable when the data is imperfect (Borgatti et al. 2006) or when 
sampling the network dataset (Costenbader and Valente 2003). To address this 
potential problem, a robustness analysis was applied on local network metrics in the 
constructed network (Groenhuijzen and Verhagen 2016).

The robustness analysis was carried out in a model written in NetLogo (Wilensky 
1999), a software package not commonly used for network analysis but useful 
through its easy accessibility and parallel processing capabilities. In the model, a 
single network was repeatedly constructed from scratch by iteratively adding sites 
to the network, and recalculating the local network measure of betweenness central-
ity. By tracking the development of this measure throughout the iterative construc-
tion of the network, a stabilisation point can be established, i.e. the point at which 
the measure has reached the value it retains until the network is fully constructed. If 
this happens well before the network is complete, the network measure on this site 
could thus be considered relatively robust (Groenhuijzen and Verhagen 2016).

The study found that 64% of all sites in the network have a betweenness central-
ity measure that is relatively robust. This rises to 81% when only considering sites 
that have a high betweenness centrality, which from an archaeological point of view 
are often considered to be important sites in the network, as a high betweenness 
centrality indicates a high amount of control over the network. These results have 
implications for the application of network analysis on archaeological networks; 
while a majority of sites is relatively robust (i.e. not susceptible to slight changes in 
the site dataset) and thus is trustworthy enough to warrant an archaeological inter-
pretation regarding roles in the network, this is not the case for a considerable 
amount of other sites (Groenhuijzen and Verhagen 2016).

12.3.4  Applications

After the construction of a network, the dataset of settlements and modelled trans-
port connections becomes accessible to a more quantitative study in the form of 
network analysis. In this research, two studies have been carried out in the context 
of the Dutch limes area. Firstly, how were goods moved from the local population 
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to the military population? Secondly, what is the role of stone-built rural settle-
ments, a small subset of the rural settlement dataset, in transport networks? Since 
the Gabriel graph was found to be the best representation of a local transport net-
work (Groenhuijzen and Verhagen 2017), this network structure was used to model 
local transport networks from the LCP dataset. The rural settlement dataset was 
filtered for chronological reliability using the methodology described by Verhagen 
et al. (2016), resulting in a diachronic dataset of 636 sites (58% of the original size). 
Per time period, the number of rural settlements ranges between 284 (Late Iron 
Age) and 587 (Middle Roman Period B).

Regarding the first question, two contrasting hypotheses were posed: one in 
which all goods flowed from each rural settlement directly to the nearest fort, and 
an alternative one in which goods were gathered at an intermediary site before mov-
ing in bulk to the fort (a dendritic hierarchic system, cf. Willems 1986; Vos 2009). 
The premise of the latter hypothesis is that the most ideal gathering point is on aver-
age ‘closer’ to the rural settlements than the forts themselves. As potential interme-
diary sites, a selection was made of towns, vici, stone-built rural settlements, large 
rural settlements and settlements containing horrea (warehouses, often granaries, 
but could also be used for other goods). The hypotheses were tested using the net-
work measure of path length, expressed in minutes of travel time over the links in 
the network (derived from the LCPs). For the alternative hypothesis to be valid, the 
sum of the path lengths (L) to reach the intermediary site (i) from a number of settle-
ments (s) in addition to the path length of the intermediary site to the fort (f) should 
be lower than the sum of the path lengths to reach the fort directly (Eq. 12.2). Since 
provisioning is more likely to occur from the settlements that are near than ones that 
are further away, the total path length was calculated for the 25 nearest 
settlements.

 
TPL TPL whereintermediary fort< , :

 
(12.2)

 
TPL ,fort = ( )∑

s

L s f
 

 
TPL , ,intermediary = ( ) + ( )∑L i f L s i

s  

The results (Fig. 12.4) shed light on how the provisioning of the Roman army may 
have worked. Fairly little can be said about the western part of the Dutch limes area 
(corresponding to Katwijk-Brittenburg until Utrecht), since very few sites have 
been identified as potential intermediary sites. The few ones that are are so distant 
from the forts that they may have functioned as an intermediary site for more than 
one fort. In terms of total path length they are more efficient than the forts them-
selves as gathering sites, making the alternative hypothesis more likely. Additionally, 
it is possible that the forts themselves functioned as gathering places for their local 
area. In contrast, a large number of intermediary sites are available in the central 
part of the Dutch limes area (Vechten and Rijswijk). A number of these were found 
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Fig. 12.4 Comparison of the total path length to reach forts against total path length to reach forts 
via the selected intermediary sites (alternative hypothesis), measured from the 25 nearest settle-
ments in the network of walking while carrying a load of 20 kg. The intermediary sites (light grey 
colours) are grouped by the nearest fort (dark grey colours), with ‘large’ rural settlements in the 
Kromme Rijn region shown through hatching. For locations see Fig. 12.1a

to have a lower total path length than the forts, although this is not true for all sites. 
Interestingly enough, almost all sites that have been identified as ‘large’ rural settle-
ments (Vos 2009) have a lower total path length than the forts, whereas vici and 
some stone-built rural settlements do not. In the eastern part of the Dutch limes area 
(from Maurik to Herwen-De Bijland) almost all intermediary sites have a lower 
total path length than the forts, indicating that the alternative hypothesis is more 
likely in this area. The difference between the central and eastern parts may be 
caused by a more diffuse settlement pattern in the eastern part of the Dutch limes 
area; on an average, settlements in the central part are closer to the forts than in the 
eastern part. This could have resulted in an increased need for intermediary sites in 
a provisioning system in the eastern part of the Dutch limes area.

The second study revolved around the role of stone-built rural settlements in 
transport networks, more particularly, if the position of these settlements in trans-
port networks may have led them to grow in importance and become stone-built. 
This was approached using the network measure of betweenness centrality, which 
represents the amount of control a site has over movement in the network. More 
explicitly, the question is thus if at any point in time (but especially before becoming 
stone-built) there is a notable/significant difference in betweenness centrality for the 
stone-built rural settlements compared to other settlements?

For this analysis, the stone-built settlements were compared to their ten nearest 
neighbours, since betweenness centrality is also dependent on the location of sites 
in the network as a whole, and it is more interesting to compare stone-built settle-
ments to their nearest neighbours to see if they hold some remarkable position in the 
network. If the betweenness centrality was more than one standard deviation away 
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from the mean betweenness centrality of its ten nearest neighbours, it was deemed 
to have occupied such a notable position in the network (Table 12.2).

For the Late Iron Age-Middle Roman Period B interval, roughly a third of stone- 
built rural settlements exceed the mean betweenness centrality of the ten nearest 
settlements by more than one standard deviation. This is more than would be 
expected, since at any time only 5–7% of all rural settlements are (or would later 
become) stone-built. A total of 17 out of 33 stone-built rural settlements exceeded 
the mean by more than one standard deviation at any point in time, and only three 
did so in the Middle Roman Period at the latest. The other 14 settlements did so 
already in the Late Iron Age-Early Roman Period B interval. It can thus be inter-
preted that one of the reasons why these sites became stone-built in the Middle 
Roman Period is the potential for control that these sites have over movement in 
transport networks in the preceding time periods. This cannot be the only reason 
however, since there are 16 stone-built rural settlements that do not stand out from 
their neighbours, and likewise there are rural settlements that do stand out yet have 
never become stone-built.

Comparing the results of the second case study to the first one presented in this 
section, it was found that some stone-built settlements that do not stand out in terms 
of betweenness centrality were able to potentially fulfil their role as intermediary 
site in provisioning systems. This shows that a settlement may have become stone- 
built for more than one reason related to centrality in  local transport networks: 
because it can be easily reached by other settlements, or because it needs to be tra-
versed to reach other settlements.

12.4  Settlement Location Analysis

The location of settlements in the landscape has long been of interest to archaeolo-
gists, but many studies do not go much further than incorporating the natural terrain. 
Less frequently, other components are included, such as social, cultural or historical 
influences. This study has studied the location of settlements through a multivariate 

Table 12.2 Total number of stone-built rural settlements per time period (n), and the numbers and 
percentage that have a betweenness centrality (CB) that is more than one standard deviation above 
the mean betweenness centrality of the ten nearest settlements

LIA ERP A ERP B MRP A MRP B LRP A LRP B

n 18a 20a 21a 27 32 23 23

n with C CB B≥ +10 10nn nnσ
7 5 8 8 8 5 3

% with C CB B≥ +10 10nn nnσ
38.9 25 38.1 29.6 25 21.7 13.0

LIA Late Iron Age, ERP Early Roman Period (A/B), MRP Middle Roman Period (A/B), LRP Late 
Roman Period (A/B)
aSites in the LIA-ERP B interval were regular post-built rural settlements, and only become stone- 
built in the MRP A
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approach, taking into account the natural palaeogeography, (distance to) rivers and 
streams, forts, transport networks (using the Gabriel graph constructed from the 
LCP dataset), potential intermediary sites in transport networks and the influence of 
the historical landscape (previously existing settlements). The question that is stud-
ied can be put quite simply as: what governed the location settlements in the Dutch 
Rhine-Meuse delta? However, since the primary interest of this research lies on the 
relation between the military and the rural population, the question can also be 
specified as: can the location preferences of rural settlements shed light on the inter-
action between the local population and the military population?

A binomial logistic regression was applied to investigate the relations between 
and the individual importance of the aforementioned variables for rural settlement 
location in the Dutch limes area. The dependent variable of the regression model is 
binary: a rural settlement is either present or absent. For this reason, 10,000 non-site 
locations were modelled to include in the dataset alongside the settlement locations. 
The rural settlement dataset itself was filtered for chronological reliability following 
the methodology outlined by Verhagen et  al. (2016) and for spatial uncertainty 
(Sect. 12.2). This resulted in a diachronic dataset of 450 sites (41% of the original 
size), mostly focussed on the Central and Eastern River Area.

Most parameters are relatively straightforward to implement, the exceptions 
being the natural palaeogeography and the historical landscape. A settlement loca-
tion in the natural landscape is not just decided by the point location but also by 
what kind of landscape elements are available in its vicinity. To solve this, the natu-
ral palaeogeographic composition of each site’s vicinity was calculated within a 
500 m range, and cluster analysis was applied to create ‘landscape types’ (Verhagen 
et  al. 2016). For the historical landscape, ‘heritage maps’ were created using an 
incremental kernel density approach following the methodology of Nuninger et al. 
(2016).

The logistic regression was applied with a Monte Carlo method approach for 
each time period, where in each of the simulation runs, half of the rural settlements 
during that time period were randomly selected as training dataset to fit the regres-
sion model, along with a set of non-sites of equal size. The other half of the rural 
settlements served as part of the testing dataset, again with an equal-sized set of 
non-sites. The testing dataset was used to assess the predictive capability of the 
model.

The logistic regression found that the historical landscape and distance to the 
transport networks were important factors for settlement location. The former indi-
cates that sites are more likely to appear in areas where other sites are already pres-
ent. Of course, the distance to transport networks goes hand in hand with the 
historical landscape; the transport networks are modelled on the basis of the settle-
ments and thus tend to have a higher density in areas where site density is also 
higher, and thus the heritage factor is stronger. Furthermore, both the settlements 
and the transport network tend to concentrate on the levees. These variables thus 
strongly interact with each other and with the natural landscape (specifically the 
‘levees’ category), which is evident also in this analysis. The other considered fac-
tors, namely, the distance to rivers and streams, forts and intermediary sites in 
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 transport networks, are not found to be important for the location of rural settle-
ments in the Dutch limes area. An interpretation that can be attached to this is that 
the location of rural settlements is governed by landscape suitability and the poten-
tial to interact with other rural settlements, but not particularly to interact with the 
military population or with sites that may have accommodated interaction with the 
military population.

Furthermore, some interesting shifts were found in settlement location prefer-
ences through time. During two intervals within the Early Roman Period and Middle 
Roman Period there was a shift towards more ‘marginal’ areas, both in terms of the 
natural environment as well as the settlement landscape. This may be explained as 
a result of changing modes of production or as a result of increasing pressure in the 
core habitation area on the levees. The opposite trend is seen in the Late Roman 
Period, where new settlements tend to appear within the core habitation area rather 
than along the margins, perhaps because the lower population density did not neces-
sitate such a move.

12.5  Conclusions

The LCP modelling, network studies and settlement location analysis presented 
above have provided some new and valuable insights into the properties of move-
ment on the local scale in the Dutch Rhine-Meuse delta, the potential functioning of 
the Roman military provisioning system, the role of individual sites within these 
local transport networks and the relation between settlements and their natural and 
social environment. For example, the case studies applied on the modelled transport 
networks have found that at least for the eastern and central parts of the study area 
it is more likely that transport from the local to the military population was carried 
out through intermediary sites rather than through the forts, supporting the archaeo-
logical hypothesis of a dendritic hierarchic settlement system. Furthermore, the role 
that individual settlements have in these networks of transport could have given rise 
to the higher-status stone-built settlements, as some of these have been shown to be 
valuable as potential intermediary sites and/or to be centrally located on routes 
between other settlements. The settlement location analysis has found that settle-
ments tend to concentrate on the levees in areas where settlements already existed 
previously and close proximity to transport networks. Other factors were less 
important, showing that the location of new settlements is mostly governed by land-
scape suitability and the potential to interact with other rural settlements and not 
particularly to interact with the military population. The findings stated above are 
valuable for archaeologists to further their thought on interactions between the local 
and military population of the Dutch limes area.

Of similar importance are the methods through which these results are achieved. 
By formulating the archaeological questions in such a way that they can be addressed 
by the computational approaches, these studies can provide new insights that were 
not readily extractable from the archaeological data beforehand. In contrast to 
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 tailoring an archaeological problem to the computational approach, which is some-
times offered as a criticism in some computational studies (e.g. Brughmans 2013b; 
Herzog 2014), formulating a question- or hypothesis-based approach and tailoring 
the computational approaches to that topic can add value to the application of com-
putational approaches in archaeology.

More specifically tailored to the approaches applied in this research, the applica-
tion of LCP analysis to model local transport connections has proven valuable, as it 
allows for the inclusion of the natural terrain, and this was found to have significant 
impacts on the following analyses. The application of network analysis on problems 
that are specifically suitable to be addressed as networks (such as questions on the 
Roman provisioning system) has proven to be valuable and lead to interesting 
archaeological conclusions, and the results of this research thus encourages similar 
future problems around transport to be addressed as networks as well.

Important in the application of computational approaches is the need to account 
for uncertainty in the data and methods and for the validation of the results. Wherever 
possible, in this research, it was attempted to take uncertainty into account, such as 
the spatial uncertainty of the natural palaeogeographic reconstruction (Sect. 12.2) 
and the chronological uncertainty in the site dataset (Verhagen et  al. 2016). The 
results of the network analysis were subjected to a robustness analysis (Sect. 12.3.3; 
Groenhuijzen and Verhagen 2016), in order to make the interpretations drawn from 
these results more reliable. However, there is still more work to do in this area. 
Archaeological data is inherently uncertain and incomplete, and quantitative 
approaches thus remain susceptible to such data problems; this research only shows 
some ways in which these uncertainties can be incorporated into the research to 
strengthen the output.
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