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Mark R. Groenhuijzen — Philip Verhagen

Exploring the dynamics of transport in the
Dutch limes

Very little is known about local scale transport in the Roman period in the Netherlands,
and therefore this paper aims to reconstruct and examine local transport networks through
an integrative approach, using data and research from palacogeography, physiology, ar-
chaeology and computational archaeological approaches. This study particularly focusses
on the role of different modes of transport and the role of the natural environment. Firstly,
a palacogeographic reconstruction is presented encompassing both the natural and the
cultural landscape. Transport networks for several modes are then reconstructed by cal-
culating least cost paths that incorporate functions from physiological research. These
networks are analysed using standard network analytical procedures. Interesting interpre-
tations can be inferred from the results of these procedures, including some relating to the
different characteristics of the transport modes but notably also the relative important role
of stone-built settlements in the networks and the relative lack of control that the Roman
forts have over the transport network.

Least cost analysis; network analysis; palacogeography; Roman /imes; transport reconstruc-
tion.

1 Introduction

The archaeological study of Roman transport systems in the Netherlands has traditionally
focussed mainly on transport of regional to imperial scales. Examples of well-studied
subjects are the Roman /zmes road,' Roman shipping on the Rhine and Meuse? including
interregional transports,® canal construction,* Roman harbours® and other waterfront
installations.® Comparatively little research has been done on transport that occurred on
local to intraregional scales. Thus little is known about how transport on these scales was
organised and carried out, particularly for a ‘peripheral’ region such as the Dutch river
area, which outside the main roads and rivers offered major environmental constraints for
the type of transport that is known from Roman Italy and Gaul.” This lack of knowledge
is further increased by the limited nature of the archaeological evidence for transport,
including the likelihood that most local land-based transport connections are mere routes
with very low archaeological visibility, rather than constructed roads.?

This research was performed within the framework of the ‘Finding the limits of the /imes project, funded
by the Netherlands Organisation for Scientific Research (NWO, project nr. 276-61-005) through the VIDI
Innovational Research Incentives Scheme. We would like to thank two anonymous reviewers for their
constructive suggestions on improving this paper.

E.g. Modderman [1952; Luksen-IJtsma 2010,

E. g. Eckoldt|1980; de Weerd |1988; Jansma and Morel |2007}

E. g. Pals and Hakbijl|1992} 293-294; Dominguez-Delmas et al. 2014

E. g. Hazenberg|2000,

E. g. Morel |1988; Polak and Wynia|1991; Driessen and Besselsen 2013|

E. g. Van Dinter 2013| 20, citing other sources; Seinen and Van den Besselaar 2014,
E.g. Chevallier|1988;

Willems|1986, 63-64.
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Fig. 1 | Palacogeographic map of the Dutch river area around AD 1oo with the case study area indicated.
Physical palacogeography is taken from P. Vos and de Vries|2o13}

Given the limited nature of the archaeological evidence, computational approaches
have become increasingly popular to study movement in archaeology,” with its basic com-
ponents rather well understood.!® This paper aims to reconstruct and examine Roman
local transport networks using a conceptual model for transport and the application of
cumulative cost paths'! and network analysis.'? To achieve this, an integrative approach
was applied using datasets and research from palaecogeography, physiology, archacology
and computational archaeological approaches.

This paper will present part of a project’® that focusses on the cultural landscape of
the Dutch part of the Roman /limes encompassing the Batavian and Cananefatian civitates
(Fig.[1), and in particular the spatial and economic relations between the local population
and the Roman military population that inhabited the area starting from around 15 BC
(Fig. [2). The paper will focus on the Kromme Rijn-Hollandse IJssel region within this
area (Fig. [1), located immediately to the south of the Rhine which formed the northern
border of the Roman Empire. The limes was dotted with military forts (castella) during
the Roman occupation, including four forts within the current study area. This region is
considered an ideal testing ground for reconstructing and examining Roman local trans-

9  E.g. Bell and Lock 2000 Llobera [2000} Bell, Wilson, and Wickham [2002; Fébrega-Alvarez and Parcero-
Qubifiaj2007; Zaksek et al. |2008; Murrieta-Flores|2014}

10 See e. g. Murrieta-Flores 2010/ for an overview of influences on prehistoric movement.

11 Verhagen 2013,

12 Verhagen etal.|2014}

13 “Finding the limits of the /imes’, http://www.limeslimits.wordpress.com/| (visited on 06/05/2015).
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12 BC - Drusus campaigns
AD 47 - Border established
AD 88 - Batavian revolt

~AD 235 - Increasing raids
~AD 270 - Border collapse

Early Roman : : Late Roman
Earnod Middle Roman Period Period

~15BC | ~AD 70 | | ~AD 270
AD1 AD 100 AD 200

Late Iron Age

Fig. 2 | Timeline considered in this study, with the relevant archaeological periods and some notable events
indicated.

port networks owing to the extensive archaeological studies'* and other sources available
for palacogeographical research.'

2 Methods

2.1 Transport modelling

Modelling transport networks is not straightforward; there are many influencing factors
that change the way a transport network materialises. Murrieta-Flores names a number
of factors that influence movement on foot, which can generally be subdivided in in-
dependent factors (topography, terrain, time, human physical properties, carried loads
and access to resources) and social factors (social conceptions or ideas regarding places,
geographical knowledge, social networks, territoriality and visibility).!® For our study,
a conceptual model for transport decisions was created (Fig. [3). Important factors that
determine the nature of transport and thus transport variability are the agents that are
involved, the purpose for which the transport is undertaken and the mode of transport
that is used. Besides these inherent elements of transport, external influences play a role
as well. They can range from abstract factors such as (imperial) political pressures to very
concrete features such as the natural environment. For the purpose of this paper, the
dynamics of transport will be examined through two elements of this transport model,
namely the mode of transport that is applied and the role of the natural environment.

2.2 Palaeogeography

In order to fully grasp the role of the natural environment on local transport networks,
a detailed palacogeographic map of the study area is required. One of the major diff-
culties in the study area and in the delta landscape of the Netherlands in general is the
vast amount of landscape change that has occurred since the Roman period, primarily
through river channel migration and avulsion and to some extent also peat extraction
and driftsand activity. Exemplary detailed palacogeographic work has been performed
for the western river area in the Netherlands,'” which also covers the northern edge of
the current study area. We reused the methodology applied by Van Dinter to extend this

14 Particular for the Kromme Rijn region is W. Vos|2009; for the larger Batavian civitas also Willems|1986;
Roymans|2004; Heeren 2009,

15 Listed in 3.2.

16 Murrieta-Flores|2010]

17 Van Dinter 2013,
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Fig. 3 | The conceptual
transport model.

palacogeographic reconstruction to the whole study area. It involves the combination
of existing datasets including geomorphological,'® pedological,’” palacogeographical®
and historical maps, LIDAR elevation data*' and local information from archaeological
research? to construct a palacogeographical map on a scale of 1:50,000 (Fig. ). This
map represents the landscape in the Middle Roman Period, although the only significant
landscape change in this area in comparison with the earlier periods is the river avulsion
at Wijk bij Duurstede which marks the onset of the Lek river. Due to its position on the
southern edge of the research area this has little influence on the following spatial analysis.

During the reconstruction areas of uncertainty were identified, which can be attributed
to the presence of urban development, sand or clay extraction sites or areas of natural
post-Roman erosion, primarily through river activity. For the purpose of this study the
most likely palacogeographical unit was assigned to each uncertain area based on expert
judgement, but through the explicit recognition of uncertainty further studies can also
include more elaborate testing of the influence of the natural landscape by applying
variation in the interpretation of the uncertain areas.

Fig. 4 | Reconstruction of the
landscape around a typical rural
settlement (Tiel-Passewaaijse
Hogeweg) in the Dutch river
area, situated on the levee of an
abandoned stream bordering on
marshy floodplains. Drawing by
Mikko Kriek (VUhbs).

18 Berendsen , Alterra
19 Alterra

20 Especially important is the research on the palacogeographical development of the Rhine-Meuse delta

by Cohen et al. .
21 Rijkswaterstaat-AGI2013|
22 E.g. Van Es[1994; W. Vos 2000,
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Map unit
Water
High leves I
Moderately high levee Il
Low levee I
Residual gully
High floadgiain
Low floadplain
Fen woodlands I
Reed and sedge fields BE
Cover sand S
High Pieistocene sands I

Fig. 5 | Simplified
palacogeographical map of the
research area during the Middle
Roman Period with modern
place and river names shown as
reference.

Another important aspect of palacogeography is the cultural landscape, or the land-
scape created by man, in this study consisting of the settlements and the connections
between peoples. The study area has a rich archaeological research tradition, which allows
for a detailed reconstruction of the cultural palacogeography. This is achieved through a
reinterpretation of the existing archaeological evidence, which largely consists of entries
in the Dutch national archaeological database?® supplemented with data from other sur-
veys.* The reinterpretation is done by following a standardised set of rules for assign-
ing an interpretation to archaeological finds. For example, through a minimum number
of sherds within a radius of a specific distance, along with characteristic evidence for a
certain archaeological activity, a find spot can be interpreted e.g. as a settlement, burial
place or military site. The reinterpreted settlements are stored in an archaeological site
database that also includes information on chronology, uncertainty of interpretation and
references. Such a methodology has been applied in previous research,” and was updated
and extended to the current study area (Fig. E[) It must be noted that stone-built settle-
ments only appear in the Middle Roman Period, although they may exist as post-built
settlements in earlier periods.

2.3 Network reconstruction

A frequently used approach to study movement in archaeology is least cost path (LCP)
modelling.? One of the most important aspects of LCP modelling that makes it useful
for this kind of research is the ability to incorporate information about the natural en-
vironment to model routes of movement between places. The cost surfaces required for
LCP modelling can be calculated using different approaches,” often using functions from
physiological research on energy expenditure of movement on foot that take into account
the effects of slope, and for that reason result in directional LCPs?® that may follow differ-
ent routes depending on whether movement is uphill or downhill. However, since we

23 Archis, |https://archis.cultureelerfgoed.nl/,

24 In particular W. Vos[2009} including datasets from Roymans Nicolay 2007/and unpublished work
by Ivo Vossen and Linda Verniers.

25 W. Vos Van Dinter et al.

26 E.g. Bell, Wilson, and Wickham

27 See Herzog for a discussion.

28 I.e. LCPs whichare only valid for one-way movement, since the costs are dependent on the direction in
which one is moving.
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Site typo Map unit
Post-built settlement O Water
Stene-built setiernent @ High levee I
Walchiower A Moderately high levee I
Watchtower + post-bult setl A Low levee I
B Civil settizment Residual gully
castelur @ High floodplain B

Low flocdplain
Fen woodiands NIl
Reed and sedge fields BEN
Cover sand [l
High Pleistocene sands I8

Fig. 6 | Simplified
palaecogeographical map
including a diachronic overview
of the archaeological site
database. Note that the sites
identified as stone-built
settlements in the database may
appear in all archaeological
periods, but prior to the Middle
_ Roman Period are actually

=] regular post-built settlements.

10,000 matras
L ]

only find very small elevation differences in the study area” the main cost component
that we need to take into account is the terrain surface. In the 1970s an American research
group did extensive testing on the role of terrain surface on energy expenditure during
movement while carrying varying loads,® making it the most useful method to apply
given our research focus on transport across a differentiated landscape. The cost function
from this research is adapted to calculate velocity (V in m/s) over a terrain surface with a
certain cost coefficient () by a subject of a certain weight (W in kg) carrying a load (L in
kg) while maintaining a constant metabolic rate (M in W) suited to travel large distances:

v \/M —1LEW =2 (W+L) (&)
B 1.5n(W+1L)

Terrain coefficients were taken from Soule and Goldman?®' and adapted to fit the
environmental units identified in the research area (Table[1). For this study, a constant
subject weight of 60 kg and a constant metabolic rate of 340 W3* were used. The effects
of load and terrain surface on the velocity are given in Figs.|7|and

It is more difficult to model movement of vehicles such as mule carts. Research on the
movement of vehicles has so far only considered the effects of slope,®* or has only been
performed for hand carts** and thus does not include animal traction. Estimates of average
mule cart speed over long distances®® have therefore been used to set the travelling time
on paved roads. Furthermore, the terrain coefficients were modified (Table 1) to reflect
the greater effort required to move a wheeled vehicle through difficult terrain compared
to walking, because of rolling resistance, momentum loss due to terrain undulations and
efficiency loss due to the movement of the centre of gravity on uneven terrain.>® Another
uncertain factor which is difficult to account for is the effect of the terrain surface on the
locomotion of traction animals.

29 The research area is generally flat and gradually sloping westward, covering an elevation difference of
approximately three metres.

30 Soule and Goldman 1972} Pandolf, Givoni, and Goldman

31 Soule and Goldman 1972} 708.

32 The average metabolic rate that a person of 6o kg maintains while walking normally; Pandolf, Givoni,
and Goldman

33 Herzog|2013} 377-378.

34 Haisman and Goldman

35 Roth 211, who sets it at 30 km/day, which excluding breaks is approximately 6 km/h.

36 Haisman and Goldman|1974, 547.
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versus velocity with load set at o. Atan cocmeient

Using the aforementioned cost function and variables and after introducing a random
noise factor to promote concentration of paths and avoid countless parallel paths,?” cost
surfaces were created for the following scenarios: walking without load (Wo); walking
with a load of 20 kg (W20); walking with a load of 40 kg (W40), which is meant to
represent the maximum that an average person can achieve when absolutely necessary;
and mule cart transport (MC). LCPs were then calculated between all possible sources
and destinations in the archaeological site database of the research area, to arrive at a
cumulative cost path map of the region (Fig. [8).>* Simultaneously, every route that was

37 See Verhagen|2013} 385-386.
38 Costsurfaces and LCPs were created using the Cost Distance and Cost Path tools in the ArcGIS 10.2 package.



32 Mark R. Groenhuijzen — Philip Verhagen

Surface terrain Walking Mule cart
coefficient coeflicient

Water 20 134

Military road I I

High levee I.1 1.7

Moderately high levee I.1 1.7

Low levee I.I 1.7

Residual gully 1.§ 4.5

High floodplain 1.5 4.5

Low floodplain 1.8 6.6

Fen woodlands 1.8 6.6

Reed and sedge fields 1.8 6.6

Cover sands 1.2 4.5

High pleistocene sands 1.5 2.4 Tab. 1 | Terrain coefficients.

created during the LCP modelling was saved to a database storing its source, destination,
length and travel time, in order to be used for network analysis.

2.4 Network analysis

The use of network analysis techniques in LCP modelling has only recently been ex-
plored.?” Since there is no directionality in this case study and other possibly important
factors such as population size and production/consumption in settlements are not yet in-
corporated, the route network could be analysed using techniques for simple node-based
networks with unweighted and undirected edges. Among the measurements investigated
are global network measurements such as number of connected components, clustering
coeflicient, network centralisation, characteristic path length, average degree, network
density and network heterogeneity, and the local measurements of closeness centrality,
betweenness centrality and neighbourhood connectivity.*°

An analysis of a completely connected network is pointless, as there would be no
difference between the different networks. Therefore, the amount of edges, 1. e. the routes
between sites, was reduced to include only those that can be travelled within 20 minutes.
This critical point was chosen as most networks in this study show major fracturing
at lower cut-off points. Although choosing a critical point is arbitrary, it can be partly
justified by studies on human navigation and wayfinding which argue that a route towards
adestination often consists of a number of smaller routes between known landmarks that
the traveller is familiar with and that are part of his so-called cognitive map.*! Given the
low relief and assumed significant amount of deforestation in the Roman Period, other
settlements may have functioned as important landmarks while travelling. One aspect
that is not taken into account but should be explored in further studies is a similar role
for burial sites in the cognitive map, as archaeological research has shown that cemeteries
dating to the Roman period are often situated alongside prehistoric burial sites, indicating
that prehistoric and contemporary burial sites were recognised and consciously incorpo-
rated in the Roman cultural landscape.*?

39 Verhagen etal.|2o14.

40 All network analyses were performed using the Network Analyzer plugin in Cytoscape 3.1.0.
41 Murrieta-Flores 2010, 260-261.

42 Roymans|1995} 5.
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We analysed a number of different networks derived from the LCP modelling. The
networks were based on the different modes of transport (walking with loads of o, 20 or
40 kg and mule cart transport) and were filtered for three different time slices, namely the
Late Iron Age,* the Early Roman Period and the Middle Roman Period (Fig. , based
on the chronological information in the archaeological site database.

3 Results

Through the combination of LCPs between all sites in the archaeological database, a
cumulative cost path map was created (Fig. [9), which gives some indications of the main
transport corridors. As can be expected from the cost map inputs, most transport move-
ments occur on the high levees that are positioned centrally in the study area. The shape
of the different networks based on the mode of transportation can be compared visually.
However, through the application of network analysis additional information on the
structures of the various networks can be obtained.

o Number of paths Map unit
1-2 . Water

250 High levee I

s-10] Moderately high leves Il

10-3 Low leves I

Residual gully
High fleodpiain I
Low floadpiain
Fen woodiands I
Reed and sedge fislds HE
Cover sand B

Fig. 9 | Cumulative cost path
map of mule cart transport
between all sites in the
archaeological site database.

A number of global network measurements were calculated for the twelve networks,
representing four different modes across three different time slices (Table [2). The termi-
nology used will be shortly explained here:*

e Firstly, the number of nodes represents the number of unique sources and destina-
tions of routes in the network, which equals the number of sites known from that
period in the archaeological site database.

* The number of connected components is the number of groups of nodes (i. e. con-
taining at least two nodes) which are not connected to other groups of nodes. A
completely connected network would thus have only one connected component.
The networks analysed in this study often consist of one very large component and
a number of minor components located around the edges of the research area. In
addition, a number of isolated nodes can exist, which are not connected to any other
node and are therefore not counted as part of the number of connected components.

43 It must be noted that the dataset on Late Iron Age sites is incomplete, as it only includes sites that were
also continuous into at least the Early Roman Period. Any comparison between Late Iron Age networks
and other networks must therefore be made with caution.

44 Based on the documentation accompanying Cytoscape 3.1.0.
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The average clustering coefficient is an average of the measurements of the extent to
which the neighbours of a node in the network are also neighbours themselves.

Network centralisation is a measurement of how central its most central node is in
comparison to all other nodes. A decentralised network will therefore have a low
network centralisation.

The characteristic path length, also known as the average shortest path length, is the
average of all path lengths (number of edges) between any two connected nodes.

The average degree is the average of the number of neighbours each node has.

The network density is a normalised version of the average degree, so that network
density is highest (equal to 1) when the network is completely connected and lowest
(equal to o) when all nodes are isolated.

Network heterogeneity represents the tendency of a network to contain a few highly
connected (hub) nodes, while the majority of nodes have very few connections. A
more inhomogeneous network thus contains fewer hub nodes and more nodes with
a relatively equal amount of connections.

Besides the global network measurements, network analysis also encompasses local

network measurements on nodes. One interesting measurement is the betweenness cen-
trality (Figs.[1oH1 5). For each node this equals the ratio of shortest paths between any other
pair of nodes that pass through this node against the total number of node pairs excluding
this node. It is often interpreted as reflecting the amount of control that this node has
over the interactions within the network. Another local measurement is neighbourhood
connectivity, which for each node is the average number of neighbours of its neighbours
(Fig. . Other local network measurements, such as closeness centrality, did not yield as
striking results.
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Site typo Map unit
Post-built setdement O Water

Stone-buill setilement @ High levee Il

Watchtower A Moderately high levee NIl

Watchtower + post-built setl A Low levee I

Civil settlement ] Residual gully 1

Castellum @ High flecdpiain B

Low fiaodplain B

Fen woodiands NI

Reed and sedge fields IS

Fig. 10 | Betweenness
centrality measurements of all
sites in the Late Iron Age mule
cart network.

Site type Map unit

Post-built settlement O Water
Stone-built setilement @ High levee Il
Moderately high levee Il
Low leves BN

Residual gully 19

High floodplain B

Low flaadplain 10

Fen woodlands Nl

Reed and sedge fields BEE
Cover sand EEl

High Pleistocene sands BIE

castellur @

Fig. 11 | Betweenness
centrality measurements of all
sites in the Early Roman mule
cart network.

Site type Map unit

Post-built setdement O Water
Stone-built setilement @ High levee Il
Moderately high levee I
Low levee I
Residual gully I
High floodptain I8
Low floodplain B
Fen woodlands [Nl
Reed and sedge fields S8

Castellur @

Fig. 12 | Betweenness
centrality measurements of all
sites in the Middle Roman mule
cart network.
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Sito typo Map unit
Post-built settement O Water
Stone-bulll settlerment @ High levee B

Watchiower & Moderately high levee I

Watchtewer + post-buill setl A Low

Civil settiement ]
Castellum @

Fen woodlands
Reed and sedge fields B

Fig. 13 | Betweenness centrality
measurements of all sites in the
Middle Roman network of
walking without a load.

Sito type Map unit
Post-built settlement O Water
Stone-built settiement @
Moderately high levee
Low

Fig. 14 | Betweenness centrality
measurements of all sites in the
Middle Roman network of
walking with a load of 20 kg.

Sito typo Map unit

Post-built settement O Water
Stone-built setlerment @ High levee Il
Moderately high levee I

Fig. 15 | Betweenness
centrality measurements of all
sites in the Middle Roman
network of walking with a load
of 40 kg. Larger icons represent
a higher betweenness centrality.
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[ Site typo Map unit
1 Post-built setdement O Water
Stone-built setlerent @ High levee I
Watchiower A Moderately high levee I
fehtower + post-Duil setl A Low levee I
Civil settizment Residual gully
Castelurn @ High flecdplain B

Low flocdplain
Fen woodiands NI
Reed and sedge fields
Cover sand il
High Pleistocene sands I8

Fig. 16 | Neighbourhood
connectivity measurements of
all sites in the Middle Roman

10,000 metres
- mule cart network.

4 Discussion

4.1 Global network measurements

Some interesting patterns can be inferred from the comparison of global network mea-
surements (Table |2)) of the transport networks based on modes (shortened here to Wo,
W20, W40 and MC) and time periods. Such patterns can perhaps be attributed to different
inherent properties of the transport mode involved, which could have played a role in the
decision-making process of transport agents in the past. Chronological trends can also
be attributed to developments in the transport systems, societal structure or other factors
that might influence the transport network from the Late Iron Age through the Early
and Middle Roman Period. However, such archaeological interpretations must be treated
with caution, as there will almost inevitably be other factors influencing the results, such
as incomplete datasets, uncertain interpretations and dating of archaeological sites or
uncertainties in the palacogeographical mapping.

In general, it can be stated that the Wo- and the MC-networks are most connected.
This can be observed in the network centralisation, characteristic path length, average
degree and network density, which are all generally highest in the Wo- and MC-networks.
High network centralisation can be attributed to the fact that Wo- and MC-networks
connect to components that are disconnected in the W2o- and W4o-networks. The con-
nection to more distant components also increases characteristic path lengths. The higher
amount of interconnections within the main component increases the average degree and
network density for these networks. For the MC-network this also shows in the average
clustering coefficient. The W2o-network also has a large average clustering coefficient,
but this is likely due to the fact that this network does not connect to some more distant
components while at the same time it retains a large number of interconnections within
the main component. The results for network centralisation, characteristic path length,
average degree and network density can probably be attributed to the increased difficulty
for travel in the W20- and W4o-networks, which removes a part of the interconnections.
The breakdown of internal connections, leaving only the more straightforward connec-
tions, might be interpreted as an indication of the unattractiveness of carrying such heavy
loads, especially when easier methods such as boat, mule (both not studied here) or mule
cart transport are available. The higher average clustering coefficient for the W2o-network
despite the disconnection to distant components might mean that this network is still
viable for the densely inhabited areas such as the central levee, but is not attractive for
long-range transport to more remote areas.
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When we look at the networks chronologically, the appearance and disappearance of
sites over the different time periods have some interesting effects. From the Late Iron Age
through the Early Roman Period, more sites in the networks seem to appear around the
edges of the research area, rather than on the central levee. This results in few changes
in average degree and only minor changes in the average clustering coefficient when
comparing Late Iron Age to Early Roman Period networks, regardless of transport mode
used. At the same time, the declines in network centralisation and network density and
the increase in characteristic path length are steepest over this transition. From the Early
Roman Period through the Middle Roman Period, new sites appear primarily within the
existing network, thereby increasing interconnectedness. This is reflected in the sharp
increase in the average degree and slight increase in the average clustering coefficient,
while the characteristic path length with the exception of the W4o-networks declines
slightly. This may be interpreted archaeologically as the result of population growth and
increased settlement density, which allow for more complex and more extensive social
interactions.

4.2 Local network measurements

The networks can also be compared in some more detail. One interesting local network
measurement is betweenness centrality, which is plotted in Figs.[toH1 5} In all networks an
elongated group of sites forms a dense and often interconnected network on the central
levee in the study area. A significant northern group is connected to the main compo-
nent over a small crevasse splay that acts as a slightly elevated and traversable levee in
a floodplain that is otherwise less attractive to transport. The sites directly on the edges
of this corridor have a high betweenness centrality as long as this connection is intact.
This northern group however disconnects in the W2o- and W4o-networks. This creates
an isolated component with a number of sites of very high betweenness centrality within
their own component that are otherwise not important as part of the larger network.
More interestingly, no connection is made in any of the networks between this northern
group and the sites towards the east across the levees of the Rhine.

A small number of sites with high betweenness centrality can be observed in the
heart of the research area, connecting the western and northern groups of sites with the
large concentration of sites in the eastern half of the research area. The high betweenness
centrality of these central sites indicate that they likely controlled much of the east-west
directed transport movements in the study area.

Several sites with high betweenness centrality are identified as stone-built in the ar-
chaeological site database, which is generally thought to represent higher status or wealth.
All these sites occur in the central and eastern part of the research area. Eight out of 180
sites in the Middle Roman Period are identified as stone-built, and out of these stone-
built sites seven are in the top third of highest betweenness centrality in the Wo- and MC-
networks and five are in the top third in the W20- and W4o-networks. The importance of
these sites in transport networks, as well as their possible control over transport, may have
allowed them to grow in status and wealth. From this point of view it is also interesting to
look at the developments through time. In the Late Iron Age and Early Roman Period all
settlements were still post-built. However, for example in the MC-network (Figs.
it is clear that the sites that in the Middle Roman Period would become stone-built set-
tlements are consistently central in transport networks in the eastern part of the research
area. This does not explain however why stone-built settlements only occur in the eastern
part of the research area, while at the same time we also find post-built sites with high
betweenness centrality and thus assumed importance for transport networks in the central
and western part of the research area.
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A further interesting observation is the low betweenness centrality of the four forts
and the civil settlements associated with these military sites, which may indicate that these
sites were not important in local transport networks. This can partly be attributed to edge
effects, as one of these sites is located in the south-eastern extremity of the study area and
all are bordering the Rhine, which is a relative extremity since very few sites are known
from the northern bank. However, the network reconstructions show that transport is
most likely to have occurred on the central levee crossing the research area, rather than
on the levees of the Rhine itself, and thus local transport does not appear to need the
constructed military road which runs roughly parallel to the Rhine. It must be noted that
these reconstructions as of yet do not include weighting of the transport connections,
as the greater population size and consumption will certainly have intensified transport
from and to these sites.

To further clarify the relation between the archaeological evidence of roads, which
primarily concentrates around the military /imes road, and the transport network recon-
structions, a comparison with the archaeological evidence can be made. Based on ar-
chaeological evidence and interpretations a number of road reconstructions have been
published,* which have been combined and overlain on the Middle Roman MC-network
reconstruction (Fig.[17). Itis again evident that most local transport connections are found
on the central levee rather than on the levees of the Rhine, where the military /imes road is
located. It can therefore be argued that this road has little importance for local land-based
transport connections, but will have primarily been used for transport between the forts,
the guarding of river transport and quick (inter)regional information transfer along the
limes.
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Fig. 17 | Roman road
reconstruction based on
archaeological evidence,
overlain on the Middle Roman
mule cart network.

5 Conclusion

This paper aimed to reconstruct and examine Roman local transport networks using a
multidisciplinary approach, drawing on methods and data from palacogeography, phys-
iology, archaeology and computational archaeological approaches. A palaecogeographical
map with an archaeological site database was constructed and LCP networks were cal-
culated for various transport modes. These were subsequently analysed using network

45 Jansen and de Kort|2004; W. Vos 2009} Van Dinter 2013}
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analysis, leading to some interesting observations. The global network measurements
clearly showed some different characteristics of the networks, such as the breakdown of
connections related to the difficulty of travel with increasing loads, while at the same time
the W2o-network showed that a substantial number of connections was still maintained
in more densely inhabited areas. We also analysed chronological developments and ob-
served a site-dependent pattern of transport networks, which was characterised in the
Early Roman Period by the appearance of new sites around the edges of the research area,
followed by an increased site density in the Middle Roman Period, allowing for more
extensive social interactions.

Looking at the transport networks in more detail, we can observe disproportionally
high betweenness centrality measurements for stone-built settlements. One interpreta-
tion might be that their importance for transport networks created more wealth and
status for these sites. At the other end of the spectrum, the Roman military forts and civil
settlements have very low betweenness centrality measurements, indicating that they only
played a minor role in the local transport movements of the research area. A comparison
with a road reconstruction based on archaeological evidence also shows that the Roman
military /imes road does not play a major role in the local transport networks, as local
transport is mostly concentrated on the central levee rather than on the levees of the
Rhine.

In conclusion, the multidisciplinary methods demonstrated here provide a research
approach to Roman local transport networks that cannot be achieved on the basis of
traditional archaeological research alone. Although the results and conclusions drawn
from the analysis are not set in stone and require additional archaeological interpretation
and investigation, this approach provides researchers with new insights and possibly new
research questions, for example concerning the absence of stone-built settlements in the
western part of the research area in spite of the apparent importance of the transport
corridor there, or the apparent lack of control of the Roman forts over local transport
connections, despite the substantial provisioning needs of the military population.
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