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Abstract
Quantitative, digital statistics, and spatial analysis have proven to be useful tools in landscape archeological research. Herein,
GIS-based data storage, manipulation, and visualization of environmental attributes and archeological records are among the
most intensely applied methods to evaluate human-landscape interaction, movement patterns, and spatial behavior of past
societies. Recent land use management and land cover change, however, have largely altered and modified present-day land-
scapes, which decreases the potential replicability of modern surface conditions to past ecosystem functionalities and the
individual human landscape affordances. This article presents a comprehensive multivariate environmental analysis from a
regional case study in the Upper Rhine Valley and exemplifies the bias of the archeological record based on modern land use,
built-up, and surface change. Two major conclusions can be drawn: modern surfaces are the result of long-term past human
landscape development, and the archeological data inherent in the landscape is strongly biased by modern human activity ranges,
urban, agricultural and infrastructural development, and the configuration and perception of recent surface management.
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Introduction

In recent years, the application of GIS-based spatial analysis
and remote sensing techniques in landscape archeology has
proven to be a useful tool to further elucidate human-
environmental interaction, past land cover transformations,
and activity ranges of prehistoric populations (Cao et al.
2019; Dabrowska-Zielinska et al. 2016; Landuyt et al. 2019;
Lasaponara and Masini 2011, 2012; Mleczko and Mróz
2018). Particularly open-source medium resolution data like
satellite imagery from the Landsat-8 or Sentinel missions
allowed for a great variety of low-cost digital and quantitative
analyses of ecosystem functionalities and the impact of human
and environmental stressors on different spatio-temporal

scales (Abate et al. 2020; Agapiou et al. 2014; Kempf 2019;
Malenovský et al. 2012). In addition, current environmental
and sociocultural developments have clearly pointed out that
there is an increasing need to intensify supra-regional land
cover monitoring and to understand the link between natural
ecosystem feedbacks and (past) societal transformations
(Buras et al. 2020; Erfurt et al. 2019; Rick and Sandweiss
2020). Climatic impacts, land use change, and demographic
development have continuously altered the ecological bal-
ances and modified the demands, requirements, and move-
ment patterns of groups and individuals in their environmental
settings. Consequently, isolating the methodological and
physical parameters that enable the development of land-
scapes and human movement and activity ranges among eco-
system resource patches is one of the most important tasks in
landscape archeology (Butzer 1982; Kempf submitted).

To address these challenges, this paper is positioned at the
interface of monitoring surface dynamics and land use strate-
gies in a geoarchaeological analysis in the Upper RhineValley
(Alsace, eastern France). Recent and past surface transforma-
tions are considered in detail to set up a comprehensive clas-
sification of past and present environmental conditions in the
study area (Kempf 2019, 2020). The model further considers
the land cover’s vulnerability to short-term extreme climatic
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events and the long-term process of landscape development.
This consideration is very important because today’s intensive
land use increases susceptibility to catastrophic flooding and
droughts (Himmelsbach et al. 2015; Martin et al. 2010). That,
in turn, demonstrates how natural spatial parameters are fun-
damental preconditions for the classification of locations as
potential settlement sites or arable land. The strong connection
of land-use vulnerability, modern climate variability, and the
perception of the landscape affects our understanding of pre-
modern human-landscape interaction. Consequently, the fol-
lowing questions are of central importance: What controls the
spatial and temporal resolution of ecosystem functionalities in
the study area? How is our modern understanding and percep-
tion of an archeological landscape biased by modern land-use
concepts and the recent built-up change? And how can GIS-
supported environmental data attributes and remote sensing
applications foster the concept of a comprehensive or even
holistic land cover reconstruction?

In combination with a methodological approach that con-
textualizes the concepts of landscape affordances and func-
tional ecosystem connectivity (Kempf submitted), this article
provides a comprehensive overview of current digital methods
in landscape archeology and critically discusses the anthropo-
genic impact on terrestrial and hydrologic ecosystems over the
past decades.

Material and methods

In this research, two approaches towards socioenvironmental
modeling have been applied—each dependent on the respec-
tive research question, the geographical extent, and the topo-
graphical conditions in the study area. Among other formal
approaches of statistic applications in (geo)archeology
(Carlson 2017; Conolly and Lake 2006; Nakoinz and Knitter
2016; Verhagen et al. 2010), multicriteria decision analysis
(MCDA) and multivariate modeling (MM) have proven to
be useful tools for the integration of human behavior in
geospatial quantitative research (Groenhuijzen 2019; van
Lanen et al. 2015aBesides the premise of multiple criteria,
MCDA incorporates decisions made by individuals who have
very specific views, demands, and goals on how their interests
could be realized (Mendoza and Martins 2006). Technically,
both methods are based on the integration of various GIS-
attributed datasets that contain environmental data and surface
classifications (Groenhuijzen 2019; Howey 2011; Howey and
Brouwer Burg 2017; van Dinter 2013). In some cases, MCDA
is used to study movement corridors or model least-cost paths
(LCP) based on so-called accumulative cost surfaces (van
Lanen et al. 2015b; van Lanen et al. 2015a). It is part of the
conception of these models to predict communication net-
works and short-distance travel options. MCDA identifies
the locations that best fulfill the preexisting theory of how

individuals would behave in specific environments. This is a
deductive approach that strongly depends on a theory of how
certain contexts are embedded in their standardized settings
(Kamermans 2000). Multivariate modeling (and particularly
multivariate site location analysis) rather follows an inductive
approach that evaluates the specific site conditions in a partic-
ular region to detect preferences of human patterns in the
landscape (Güimil-Fariña and Parcero-Oubiña 2015;
Weaverdyck 2019). Accumulative surfaces deriving from en-
vironmental data analyses thus enable the inductive evaluation
of physical parameters without excluding human interactions.
The division between MCDA and MM is not clear cut, but in
principle, the inductive approach tries to build up a model
from the evidence, while a deductive approach builds a model
from theory (Nakoinz and Knitter 2016; Verhagen 2018) and
then tries to see if the evidence fits. In reality, theory always
lies behind the inductive process of building a model from
evidence, and evidence always lies behind the theory that
you try to fit the model to.

Regional settings and landscape history

The Alsace is located in the eastern rain shadow of the Vosges
mountain range and stretches towards the Upper Rhine Valley
(Fig. 1). The particular location leads to dry conditions and
low annual mean precipitation values (Minářová et al. 2017a,
2018). The Alsace is characterized by steep slopes and forest-
ed mountainous zones over 1000 m a.s.l., extensive foothills
that mostly consist of high-quality vineyards, and the flood-
plains of the river Rhine and the various tributaries. The low-
lands are covered by thick Quaternary alluvial deposits that
originate from various anastomozing and meandering se-
quences of the river Rhine (Carbiener and Schnitzler 1990;
Przyrowski and Schäfer 2015; Schmitt et al. 2007).
Consequently, soil formation is mostly tied to the grain size
and the chemical and physical fractionation of the Late
Pleistocene and Holocene fluvial and eolian (loess) deposits
(Dambeck and Thiemeyer 2002; Tricca et al. 1999). Locally,
the sedimentation of fine-grained clayey material in depres-
sions and cut-of palaeochannels produced soil conditions that
are prone to waterlogging, flooding events, and upwelling
groundwater. The high groundwater table increases the vul-
nerability to broad extensive flooding during heavy precipita-
tion events and increased groundwater upwelling through the
alpine aquifer (Kempf 2018, 2019; Pfister et al. 2006; Wetter
et al. 2011).

Land use activities have been impacting the Upper Rhine
Valley since the Neolithic (Faustmann 2007; Mischka 2007).
In particular, the lower parts of the floodplain, the intensely
used forelands, and the valleys of the mountain ranges have
experienced increased surface transformation, soil erosion,
and groundwater lowering due to the massive demand for
water by monoculture irrigation. But human impact is not
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the only cause of surface transformation. Extreme events such
as droughts and floods have been documented frequently dur-
ing the past centuries (Giacona et al. 2018; Glaser et al. 2010;
Glaser et al. 2012; Himmelsbach et al. 2015; Pfister et al.
2006). Particularly, the lowlands suffer from rising annual
average temperatures and groundwater (Duchne and
Schneider 2005; Muthers et al. 2017). The comparison of a
historical topographic map from 1866 with images from two
satellite missions (Landsat-1, sensing date 9 October 1972;
Landsat-OLI8, sensing date 24 September 2018) reveals sig-
nificant changes in total surface vegetation cover. The forest-
covered areas in the Alsace show severe modifications and
anthropogenic interventions to gain settlement space and ara-
ble land within the last 46 and 150 years (Fig. 2, Fig. 3).

To understand the dynamic character of the Upper Rhine
Valley, a combination of historical maps and recent satellite

images (Landsat-1, sensing date 9 October. 1972; Landsat-
OLI8, 30 m spatial resolution, sensing date 24 September
2018) were digitally analyzed and modeled in a GIS. For this
research the stable versions of the open source software QGIS
2.18.6 and QGIS 3.6.0 (Open Source Geospatial Foundation
Project, http://qgis.osgeo.org) which include GRASSGIS 7.2.
0 and GRASS GIS 7.6.0 (Geographic Resources Analysis
Support System, http://grass.osgeo.org) were used.

Environmental datasets

A variety of environmental datasets were accessed to set up
the multivariate model. The following part briefly summarizes
the data processing and the evaluation of the environmental
characterization of each landscape component of the Upper
Rhine ecosystem.

Fig. 2 Forest cover change in the Alsace between 1972 and 2018 based on Landsat-1 and Landsat-OLI8 multispectral satellite imagery analysis. a Forest
coverage 1972 (Landsat-1). b Forest coverage 2018 (Landsat-OLI8). c Land cover transformation 1972–2018

Fig. 1 Digital elevation model of
the study area. The Alsace is
situated east of the Vosges
mountain range and stretches
towards the river Rhine
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Groundwater interpolation

The groundwater level plays a major role in the determina-
tion of flooding events in the Alsatian part of the Upper
Rhine Valley. Local variations of the groundwater table
were calculated using the mean and maximum values of
327 piezometer stations in the Alsace. The data was proc-
essed from Aprona 2019via https://www.aprona.net/ (last
accessed 21 April 2019). The corresponding elevation data
of the soil surface served as a reference grid for the
interpolation of a local digital elevation model. Finally, the
difference of the groundwater maximum values from the
absolute height of the soil surface generates a grid that
represents the susceptibility to groundwater pressure
through the aquifer (Fig. 6b).

Soil data

Soil data from the ARAA (Association pour la Relance
Agronomique en Alsace 2019e, http://www.araa-agronomie.
org/, last accessed 19 January 2019) and the API-AGRO 2019
(Paris, https://api-agro.eu/, last accessed 19 April 2019) were
evaluated to identify waterlogged soil conditions. Periodic
waterlogging and continuous sedimentation of fine-grained
material during flooding events result in the development of
saturated soils. Since saturated soils are no longer able to drain
properly, a far-reaching wetland developed above areas with
high aquifer. These soils are considered of low quality and are
primarily used as forest or grassland (Fig. 6a).

Climate data

Daily precipitation and wind-speed records from January
2018 in the Alsace were derived from www.historique-
meteo.fr, 2019 (last accessed 18 May 2019). The raw data
was spatially interpolated in QGIS to visualize precipitation
patterns during a severe flooding event on 23 January 2018. In
this context, radar imagery analyses were applied to estimate
the flooding extent. Wind-speed in this period has been cross-
checked to estimate the impact on the data (Kempf, 2019).
Due to the polarization of the active radar sensors, high
wind-speed can have an effect on the backscattering behavior
of water surfaces through increased surface roughening.

Hydrologic system

The modern and historical hydrologic conditions in the re-
search area were assessed through Corine Landcover data
(Corine, 2018, https://land.copernicus.eu/pan-european/
corine-land-cover, last accessed 10 January 2020), Open
Street Map (OSM) plugins in QGIS, and georeferenced his-
torical maps that date prior to the massive river channelization
processes in the nineteenth century AD (www.mapire.eu, last
accessed 10 January 2020).

Vegetation cover and land use

Vegetation coverage can easily be assessed via CLC to distin-
guish forest stands, agriculturally utilized areas and artificial built-

Fig. 3 Built-up change in the Alsace between 1866 and 2018 based on historical maps, GIS attributes and satellite images. aBuilt-up in 1866. bBuffered
built up in 2018 buffer = 100 m). c Built-up change to detect infrastructural agglomerations
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up infrastructure. However, the spatial resolution does not always
meet the scientific requirements—especially for small-scale case
studies that demand a high temporal resolution of changing land
cover scenes at different stages of the year. For this reason, the
vegetation composition was estimated from remotely sensed
multispectral satellite data that derived from medium resolution
optical sensors of the Sentinel-2 (Copernicus Open Access Hub,
2019, https://scihub.copernicus.eu, last accessed 20 April 2020)
and the Landsat-OLI8 missions (USGS (2019), https://
earthexplorer.usgs.gov/, last accessed 13 May 2019).

Infrastructure, built-up, and land cover change

Roads, railways, and residential and industrial buildings form
large parts of the artificial land cover of modern surfaces.
These structures were considered of twofold significance:
modern settlement patterns and infrastructural utilization in
favorable parts of the landscape created our perception of
the environment. However, these location factors were not
necessarily the same in premodern societies.

Modern change in land cover was modeled from historical
maps (1866) and satellite imagery from 1972 and 2018 to
detect differences in built-up areas, infrastructure, forest ex-
pansion, agricultural utilization, and surface conversion. In
comparison with CLC and OSM data for roads, railways,
and houses (https://download.geofabrik.de/index.html, last
accessed 10 January 2020), a very clear picture of the land
cover change within the past 150 years has been worked out.
In combination with geostatistical methods and GIS-based
spatial analyses, the interrelationship between the modern ag-
glomerations and the archeological record is of significant
importance to understand human-landscape interaction.

Multispectral satellite data

The archeological research benefitted greatly from remote sens-
ing applications that have largely entered the discipline during
the past few years (Doneus, 2013; Lasaponara andMasini, 2011,
2012; Masini and Soldovieri, 2017). Landsat and Sentinel-2 im-
ages were processed in this research project (Barsi et al., 2014;
Sadeghi et al., 2017; Wulder et al., 2019). The multispectral
signals of the surface conditions were evaluated to distinguish
agricultural exploitation, sealed urban fabric, and forest covered
areas (Montandon and Small, 2008; Pettorelli et al., 2005;
Wadge et al., 2011). Multispectral analyses also allow for the
monitoring of spatial-temporal variations in the physical growth
behavior of plants, underlying soil properties, and superimposed
artificial infrastructure (Araya et al., 2016; Carlson et al., 1994;
Tapete et al., 2013; Tapete and Donoghue, 2014). Vegetation
indices are particularly suitable for this purpose. A useful algo-
rithm to evaluate plant species behavior is the so-called
Normalized Difference Vegetation Index (NDVI)—a method
for measuring vegetation performance and activity in satellite

imagery (Parcak, 2009; Verhulst et al., 2009; Wang et al.,
2011). Vegetation indices basically distinguish photosynthetical-
ly active vegetation from bare soils or sealed areas using the
reflection characteristics of near infrared (NIR) and red light
(Barlindhaug et al., 2007; Sarris et al., 2013). The band combi-
nation is described as follows (Jakubauskas et al., 2002;
Lasaponara and Masini, 2006; Lasaponara and Masini, 2007):

NDVI ¼ NIR−Red=NIRþ Red

The higher the values of the ratio, the more active the veg-
etation coverage at a specific time (Barlindhaug et al., 2007;
Parcak, 2009; Zheng et al., 2015).

The algorithm can be combined with the short-wave infrared
(SWIR) to distinguish other surface reflection characteristics
such as soil moisture (Normalized Difference Water Index)

NDWI ¼ NIR−SWIR=NIRþ SWIR

or permanent water surfaces (Paloscia et al., 2013; Xu, 2006).

mNDWI ¼ Green−SWIR=Greenþ SWIR:

SAR

The Sentinel-1A satellite was launched on 3 April 2014, hav-
ing on board a Synthetic aperture radar (SAR) C-band sensor
with the frequency of 5.405 GHz (Geudtner et al., 2014; Potin
et al., 2016; Torres et al., 2012). One of the advantages of
SAR imagery lies in the possibility to obtain high-temporal
resolution datasets that are not affected by cloud-coverage
(Cazals et al., 2016; Chan and Koo, 2008). However, process-
ing SAR imagery demands additional filter methods that re-
duce noise in the datasets. The Sentinel-1A images that were
applied in this research area have been preprocessed using the
Lee speckle filter. The data were then reprojected to WGS84
in the SNAP software that is provided by the ESA toolbox
(Sentinel Application Platform) (Kumar et al., 2018). A
Sentinel-1A SAR composite was processed for January
2018 to provide a flood risk map for the Alsace. The imagery
of 11th, 18th, 23rd, 27th, and 30th of January 2018 illustrate
the beginning, the maximum spread and the weakening of the
flooding event. The observed areas were finally compared
with the next available cloud-free multispectral images (14
February 2018) to determine permanent water areas that were
masked during the flooding (Fig. 4).

The archeological record

The distribution of archeological sites in the Alsace was used
as the basis for the quantitative assessment of land use and the
calculation of the bias caused by modern construction
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activities. Based on the archeological database ArkeoGIS,
2019 (www.arkeogis.org), all archeological records in the
Alsace (n = 10,726) were mapped and analyzed for their
spatial behavior using a kernel density estimation and
distance matrix (Conolly and Lake, 2006; Nakoinz and
Knitter, 2016).

The database contains a mixture of structured and unstruc-
tured data sets that require filtering in an information system
(Gattiglia, 2015). The fact that the database consists of both
archeological excavation data and archeological survey data
(including scattered and stray finds) poses a particular challenge
for the interpretation of the spatial context of the data distribu-
tion. In particular, survey data are characterized by the specific
teleological research foci, the individual interest of the research-
er, technical standards, and the site-specific conditions of the
selected study area (Cowley, 2016; van Leusen, 1996).
However, the major bias is the proximity to modern buildings.
This is particularly significant for the intensive built-up activity
in the peripheral zones of urban agglomerations and the asso-
ciated infrastructural development. Figure 5 demonstrates the
spatial relationship between archeological sites and large urban
agglomerations in the study area. The pull-factor of the larger
historical central places (first peak) triggers an increased built-
up change in the periphery (secondary peak).

Results

The following chapter describes the results obtained from the
short-term flood event monitoring compared to the long-term

environmental conditions in the study area. The link between
process-oriented geological, hydrogeological, geomorpholog-
ical conditions, and the short-term extreme events plays a
major role in the decision-making of agricultural strategies,
settlement dispersal, and the perception of the landscape.
This is particularly visible in the distribution of the
archeological record that is plotted on two different land cover
models: a modern bias surface and a suitability surface that
based on a variety of geospatial attributes and environmental
datasets. Both surface models highlight the strong relationship
between site location strategies and environmental conditions
from prehistory onwards (Figs. 6, 7, 8).

Flood monitoring

Severe flooding caused by persistent heavy precipitation oc-
curred in parts of the Alsace in January 2018 (Fig. 9).
Particularly two spatial concentrations are visible in the radar
images: the region around Sélestat along the south-north
draining river L’Ill and the valley of the river La Zorn north-
west of Strasbourg—both important tributaries to the river
Rhine. The onset of extensive flooding can be dated prior to
the 11th of January when long-term precipitation took place
that had a strong influence on the local soil conditions
(Fig. 10). Dry conditions in the second week of January were
followed by a period of continuous rainfall with the highest
daily precipitation record of the whole year on the 22nd to
23rd of January (Sélestat). The precipitation maximum oc-
curred in the region between Sélestat, Obernai, and
Strasbourg. Prevailing wet conditions can be detected after

Fig. 4 Methodical overlay of SAR-derived flooding area (Sentinel-1A;
VV-polarized; 23 January 2018) and permanent water surfaces frommul-
tispectral channel recalculation (Sentinel-2; mNDWI =Green − SWIR /

Green + SWIR; 14 February 2018). The modern built-up illustrates the
high amount of sealed area in the Upper Rhine Valley and in the adjacent
valleys
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the heavy rainfall event in the region. Reaching the maximum
storage capacity of the soil, the overstrained system reacted
rapidly to a short but intensive water input. The low drainage
potential of the soil could not discharge the water surplus (Fig.
6a, b). Furthermore, the very low slope gradient and river flow
velocity of the small tributaries caused extensive backwater.

Sediment influx and soil development

The floodplain of the river L’Ill is characterized by the sedi-
mentation of fine-grained clayey material with a high
waterlogging susceptibility. Former alluvial fans and terraces
are widely covered with loess that can be reactivated and
relocated through erosion processes (Froehlicher et al.,
2016). The sediment influx and transportation rate of the
reactivated loess deposits of the upper slopes depend on ex-
treme weather events, plant species diversity, and broad open
soil patches produced by prehistoric land-use activity, forest
pasture, and particularly modern monoculture management
(Berendse et al., 2015; Burt et al., 2016; Zolitschka et al.,
2003). Although the Alsace does not show high slope gradi-
ents in the floodplain of the river L’Ill and the river Rhine, a
specific sediment transportation regime has been established.

The sediment input can be traced back to the small rivulets
draining the Vosges mountain range. They lose large parts of
their erosive power and take on an accumulative character
after entering the Vosges foreland and finally the Upper
Rhine lowlands. In combination with heavy rainfall and sig-
nificant flooding events, reactivated sediments (mostly from
vineyards) reach the course of the larger river Rhine tributaries
via small channels (Hagedorn and Boenigk, 2008; Thiemayer
et al., 2005).

Vegetation density, soil composition modifications, and the
availability of transportable material affect erosion processes,
sediment transport, and an increased wash load of fine-grained
material in overland flow regimes (Asselman et al., 2003).
Prehistoric land use and deforestation processes caused signif-
icant surface erosion (Mäckel et al., 2003). However, the local
sediment load was mostly trapped in colluvial deposits along
the upstream hillslopes. An increase in alluvial and colluvial
deposits since the Iron Age has been recognized, and from the
Roman period onward, a massive increase in material deposi-
tion occurred (Frings et al., 2014; Lang et al., 2003; Mäckel
et al., 2003). Colluvial deposits not only point towards the
human impact on soil consolidation, vegetation coverage, and
deforestation but also towards increased surface water runoff,

Fig. 5 Archeological site
distribution and the bias of
modern urban agglomerations.
The spatial distribution of the
archeological sites in the Alsace is
strongly biased by the pull-factor
of modern urban agglomerations
and an increased built-up change
in the periphery of the historical
city centers. The chart shows the
distance relation between the sites
and the larger city centers
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destabilized upper slopes, and consequently intensified material
removal (Zolitschka et al., 2003). The increased wash load and
slow sedimentation rate strongly affected the soil composition
with layered silty and clayey depositions along the river l’Ill and
the several tributaries (Fig. 6a).

Surface transformation

The surface cover model calculated from the satellite imagery
analysis reveals a considerable amount of vegetation change
between 1972 and 2018. Significant deforestation took place
that enabled crop cultivation, construction and infrastructure
development. Large-scale surface modification is particularly
prevalent in the lower floodplain and the lower parts of the
valleys of the Vosges Mountain range. The intense impact on
the landscape biases our understanding of past land-use and
prehistoric landscape perceptions (van Leusen, 1996; van
Leusen et al., 2005). The comparison of the dense
archeological record of the Alsace with recent land cover
changes illustrates the strong interdependencies between sur-
face remodeling and archeological surveys, stray finds, and
excavations. Out of 10,726 archeological records, 4337 were

covered with forest in 1972 (40.44%). In 2018, however, only
2104 archeological sites were covered with forest (19.62%).
That means about 80% of the archeological record derives
from non-forested areas. Compared to the rather short-term
forest transformation between 1972 and 2018 a total of 2438
sites were discovered that are linked to deforestation, agricul-
tural conversion and increased built-up change (22.73%). The
fact that a considerable portion of the archeological record
known today was covered with forest in 1972 points towards
the strong correlation between surface coverage and transfor-
mation processes. The distance matrix of the site locations that
are not affected by transformation (e.g., deforestation) and the
nearest transformed surface reveals a significant spatial inter-
dependency between the two data variables. Of the 8288 re-
cords, 3353 (40.46%) lie within a distance of 100 m, 5082
records (61.32%) within 200 m, and 6995 sites (84.4%) are
located within 500 m of the areas that experienced significant
surface transformation. In combination with the archeological
record that is directly affected by deforestation processes,
more than half of the total records (53.99%) can be found in
deforested areas and within a 100 m buffer range (Fig. 11).
The land cover change further transforms the landscape

Fig. 6 a Sedimentological conditions and drainage potential in the
Alsace. The fine-grained alluvial deposits along the river Rhine tributaries
produce clayey soils with low water permeability and low drainage po-
tential. b Interpolated groundwater grid below the soil surface. The light

blue signature demonstrates the very high water table in the Alsatian
floodplain. The local aquifer reaches up to the soil surface, which leads
to the development of waterlogged soils
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through enhanced terrain accessibility and surface permeabil-
ity caused by smaller coherent forest stands. That allows for
expanded landscape penetration and hence greater findability
of archeological material.

The impact of increased landscape visibility and accessibility
on the archeological distribution was measured in fixed distance
buffers. The distance model between the sites covered by forest
in 2018 and the closest non-forested area (e.g., cropland, built-
up) confirms the relationship between high archeological density
and intensely used surfaces. Archeological traces have only been
recorded in the forest margins.

Built-up change (1866–2018)

The change in the built-up area has been estimated through
historical maps, satellite imagery, and GIS attributes of infra-
structure and residential/industrial coverage. Six thousand
twenty-nine archeological sites (56.21%) are spatially congru-
ent with modern built-up areas. In order to identify anthropo-
genic influence linked to infrastructural maintenance, in-
creased land accessibility, and terrain permeability in the im-
mediate vicinity of modern human activity areas, the modern
built-up area (including roads, railways, and general infra-
structure) was buffered at 100 m, and the distances between
this enlarged area and the archeological sites falling outside of

it were calculated. A total of 3041 sites (28.35%) lie within
500 m distance of this area. Including the coextensive records,
9070 sites (84.56%) can be found within or at 500 m from
modern built-up area and infrastructure (Fig. 12). Even with-
out the spatial infrastructural maintenance buffer of 100 m,
8670 sites (80.83%) are located in direct relationship to mod-
ern artificial land cover.

Agricultural land use

Surprisingly, there is no strong relationship between the dis-
tribution of the archeological record and agricultural land use
(cropland, vineyards, and orchards). This is most likely be-
cause of terrain differences between the western upland and
the eastern lowlands where most of the agriculture is situated.
The slopes of the northern part of the Vosges foreland are
particularly suitable for growing wine. Valleys and elevated
areas of the mountains are rather used as pasture or grassland
due to their low potential crop yield (Fig. 13).

Hydrologic system

Archeological sites are supposed to be situated close to
freshwater. However, the concept of river systems as loca-
tion factors is not yet fully understood. Van Leusen (2002)

Fig. 7 Accumulative multivariate suitability surface (left) and the
archeological distribution plotted on the surface classification (right):
the study area is characterized by very favorable surface conditions for
areas that are intensively used as settlement locations and for agricultural
production. However, there is a clear unsuitable corridor with very poor
surface suitability mostly characterized by a high flooding vulnerability,

corresponding sedimentation processes and soil conditions. The
archeological distribution correlates well with the suitability model.
This demonstrates a strong site-location and land use continuity from
prehistory onwards and/or the influence of modern intensive land
consumption
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pointed out, that modern changes in groundwater circulation
and the various landscape affordances of premodern socie-
ties make it difficult to assign clearly defined spatial hydro-
logical attributes to archeological sites (van Leusen, 2002).
Spatial buffers with r = 100, 200, …500 m have been cal-
culated around the river system to evaluate the relationship
between the archeological record and the hydrological sys-
tem in the Alsace (Canning, 2005; Esquivel et al., 1999; van
Leusen, 2002). Almost half of the record (5120 sites,
47.73%) is situated within 400 m of the nearest available
modern river system. The impact declines at 500 m distance
(5814 sites, 54.2%).

Multivariate landscape model

The environmental parameters presented above not only control
the composition of the vegetation cover, potential cropland,
settlement areas, and infrastructural networks but also general
landscape permeability, accessibility, and availability—
parameters that regulate the human-environmental interactions
and landscape perceptions in the past and in the present.

Two landscape models have been calculated from the mul-
tivariate environmental datasets. The first samples all informa-
tion that is supposed to be decisive for the choice of potential
human utilization: adequate drainage potential, aquifer height
below 0.5 m, non-alluvial geology, very low-flooding

vulnerability, and non-forested areas. The multivariate model
generates six suitability classes from 5 (= very high surface
suitability, all classes represent excellent surface and subsurface
conditions) to 0 (= severe surface unsuitability, all classes rep-
resent severely unfavorable surface and subsurface conditions).
The suitability model visualizes all environmental conditions
that distinguish potential settlement and land-use corridors from
areas with unsuitable surface and subsurface conditions based
on the evaluation of their qualitative location factors (Fig. 12).

The second model represents the modern biased surface
conditions in the study area. Dominant parameters are defor-
estation, modern hydrological system, intense modern built-
up change, and extensive agricultural utilization. The vari-
ables create a landscape model with five classes from 0 (=
no modern bias) to 4 (= very strong bias) (Fig. 13).

Kernel density estimates were plotted on each model to
estimate the spatial relations between the archeological distri-
bution and the respective bias and suitability classes. The bias
model shows a strong spatial correlation of bias class 1 and
bias class 2 with the location of the total archeological record.
Five thousand two hundred thirty-three sites are biased by one
and another 2824 sites are biased by two variables. Only 2070
sites are not affected by direct surface transformation. In total,
over 80% of the archeological record in the Alsace experi-
enced modern surface transformation. That is mostly due to
land demand by modern built-up and agricultural processes.

Fig. 8 Accumulative multivariate bias surface (left) and the archeological
distribution compared with the surface classification (right). Five bias
classes have been defined on the basis of environmental and anthropo-
genic parameters. The lowlands and especially the intensively utilized

marginal zones between the lowlands and the Vosges Mountain range
(vineyards, built-up) show significant modern surface modification. The
archeological distribution in the study area is strongly affected by the land
cover change that occurred during the last 150 years
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The suitability landscape model provides very significant
results. The archeological record plotted on the suitability
model clearly shows the spatial correlation between the site
location and the potential land cover classification. Five thou-
sand two hundred ninety-nine sites are located directly on
surfaces that are classified as very high potential locations
(suitability class 5). Another 4485 sites are located on surfaces
with a high potential land-use quality (suitability class 4).
Only a few sites lie outside these two quality classes.

Discussion

Multivariate modeling of surface transformations in sensitive
and vulnerable areas through remote sensing and GIS-based
applications is a well-known concept in environmental research
(Carrara, 1983; Hargrove and Hoffman, 2004; Tehrany et al.,
2013). In the past years, these concepts were widely integrated

into landscape and geoarchaeology, which has proven the trans-
ferability of geoscientific methods to archeological questions
(and vice versa) (David and Thomas, 2010; Doneus, 2013;
Fleming, 2006). Spatial modeling in archeology, however, is
still strongly connected to cultural heritage management, pro-
tection, and conservation (Kamermans and Wansleeben, 1999;
Verhagen, 2018). The models demand the categorization of the
landscape and the various environmental datasets into potential
suitability classes, which allows for the categorization of
archeological vulnerability in so-called potential maps (Brandt
et al., 1992; Fry et al., 2004; Hesse, 2010). However, these
methods are not completely unbiased. As pointed out by the
author in the current issue of AASC, the mere transferability of
modern datasets and landscape perception to supposed premod-
ern cultural activity ranges is not possible without the integra-
tion of the landscape affordances of the respective cultural
groups (Kempf, submitted). The individuals’ affordances and
the environmental parameters in the landscape are both highly

Fig. 9 Flood monitoring in the Alsace in January 2018. The onset of
flooding after continuous rainfall is visible in the VV-polarized SAR-
Sentinel1A imagery starting from the 11th of January onwards. It in-
creases slightly until the 23rd when heavy precipitation rates triggered a

rapid expansion of the flooded surfaces particularly along the rivers L’Ill
and La Zorn. The flooding event continued for more than 1 week due to
the saturated topsoil and the high groundwater table
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Fig. 10 Precipitation record in the Alsace, January 2018. A peak at the
beginning of the month is followed by rather dry conditions until the 15th
of January. Continuous rainfall occurred after the 15th with a significant
maximum on the 22nd of January. After the 22nd, low precipitation rates
were recorded. The interpolated spatial indices show increasing
precipitation penetrating the Alsace from the south-west after the 17th

of January. The core of the heavy rainfall event on the 22nd of January is
located between Sélestat and Strasbourg. The interpolations were calcu-
lated 1 day earlier then the sensing date of the SAR image to estimate
buffer and reaction time of the soil, geology, and the aquifer during the
flooding event (Disse and Engel, 2001)
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dynamic sociocultural properties that constantly develop over
time. The difficulty lies in the multi-layered landscape assem-
blages of various cultural periods that contribute to the percep-
tion of the modern surface. Simple superimposition of all
archeological records does not produce an accurate predictive
model of archeological activity ranges but rather visualizes the
maximum extent of current archeological research. The inter-
pretation of these maps needs to reconsider the incompleteness
of the archeological record. Just like the interpretation of only a
selection of material objects, the local selection of specific
archeological sites simulates coherent patterns. In reality, they
just mirror the current knowledge, choice of the chronological
period, or the interest of the respective research framework.

However, there are different modeling techniques to com-
bine multivariate environmental data and archeological
datasets. Fuzzy categories, for example, create data ranges that
dissolve breaks and thresholds in landscape and archeological
classifications (Knitter et al., 2019; Popa and Knitter, 2016).
The method offers tendencies (e.g. good-bad, unsuitable-suit-
able) instead of distinct breaks. That aligns with the semantics
of how favorable certain landscape patches have been at spe-
cific periods. On the other hand, a binary model creates

intentional classes depending on the data range (e.g.,
0,1,2..X) and hence the idea and the conception of absolute
data at specific locations (Adriaenssens et al., 2004; Alexakis
and Sarris, 2010; Nakoinz and Knitter, 2016). But both
methods can create uncertainties in predicting archeology
(Verhagen, 2007) – and predicting archeology does not auto-
matically mean protecting cultural heritage (Reeder-Myers,
2015). Finally, postdictive modeling creates a theory of how
things could have been organized at certain moments in par-
ticular environments (Nakoinz and Knitter, 2016; Verhagen,
2018), thus giving an idea of how patterned social and cultural
behavior in specific periods could have been (Cowley, 2016;
Güimil-Fariña and Parcero-Oubiña, 2015).

These observations also apply for the study area of this
paper. The analyses of recent meteorological observations in
the Alsace demonstrate the occurrences of heavy rainfall
events at small temporal scales (Heitz et al., 2009).
Although an increase in heavy precipitation events and in
hazardous flash-floods is often related to modern anthropo-
genic climate change and a significant increase in heat and
moisture transfer in areas with a specific flash-flood vulnera-
bility (e.g., high slope gradients, channel-like topography)

Fig. 11 Forest coverage transformation and the biasing of the
archeological record by deforestation activity in the Alsace. a
Archeological site distribution in the Alsace as a function of
deforestation between 1972 and 2018. The distances between the
archeological sites that lie outside of the surface modifications (red) and
the nearest modified area (gray) are plotted in c. Most of the sites are
located in close proximity to areas that experienced strong surface

transformations. b Forest covered areas in 2018 (green) that were calcu-
lated from vegetation indices (NDVI). The archeological record that is
covered by forest (red) was mapped to calculate the distance matrix be-
tween the site location and the closest non-forested areas (d). The plot
shows the strong relationship between site location and the vicinity to
non-forested areas (cropland, built-up)
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(Borga et al., 2014; Simonneau et al., 2013), these phenomena
can also be assumed for premodern periods (Ely, 1997;
Starkel, 2011). The reconstructed climate oscillation from
tree-ring data sampled by Ulf Büntgen et al. (2011) illustrates
climate variability in Europe within the past 2500 years.
Especially precipitation ratios fluctuated at different frequen-
cies with a significant decline in modern April–June precipi-
tation totals (Büntgen et al., 2011).

That matches the modern anthropological influence on the
global climate balance that is visible in the increasing positive
temperature anomalies within the last decades of the twentieth
century and the beginning of the twenty-first century (Johns
et al., 2003; Kornhuber et al., 2019; Overpeck et al., 1990;
Rosenzweig et al., 2008; van Oldenborgh et al., 2018).
However, a mere interpolation of modern climate anomalies
to prehistoric climate conditions is not possible without
discussing the amount of extreme weather events that contrib-
ute to the total precipitation values of the reconstructed data
ranges (Li et al., 2018; Omurova et al., 2018). Modern global
climate change and heat transport phenomena cause a signif-
icant shift in local moisture balances and the formation of
strong thunderstorms with high precipitation ratios in short
time (Minářová et al., 2017a; Minářová et al., 2017b). That

leads to extensive flooding phenomena and strong erosion
processes due to locally overstrained storage capacities of
the soils, broad bare areas without vegetation coverage in
spring, and a fine-grained soil texture with a weak structural
stability associatedwith silty material (Heitz et al., 2009; Heitz
et al., 2013; Martin et al., 2010; te Linde et al., 2011). In this
scenario, a site-specific susceptibility to hazardous precipita-
tion events has been generated that is basically grounded in
large-scale monoculture crop cultivation and extensive sum-
mer irrigation, broad fallow during the spring precipitation
period, and soil compaction due to heavy machine application
(Altieri and Nicholls, 2017; Berendse et al., 2015).

Local temperature anomalies as experienced globally in
2018 and 2019 can lead to extreme heat stress in summer
and severe thunderstorm activity with high short-term precip-
itation totals (Kornhuber et al., 2019). The perception of these
events and the economic and physical vulnerability of the
society are affected by an increasing spread of human
interaction in areas that formerly have not experienced an
anthropogenic utilization. The data by Büntgen et al. (2011)
shows that climate oscillations occurred in historical and pre-
historical periods (Borzenkova et al., 2015; Büntgen et al.,
2006; Büntgen et al., 2011; Büntgen et al., 2016; von Storch

Fig. 12 Archeological record in the Alsace and the modern bias. a
Distribution of the total archeological record (n = 10.726 sites)
compared to the expansion of the built-up area between 1866 and 2018
based on historical maps, modern satellite imagery and GIS-attributes.
This expansion includes increased land consumption by residential areas

and infrastructure development. b Graphical split of the archeological
record coextensive with the modern built-up area (green, n = 6029) and
outside of it (red, n = 4697). c distance plot of the archeological record
that is not coextensive with the modern built-up area. Most of the site
locations are situated within a small distance of the nearest built-up area

Archaeol Anthropol Sci (2020) 12: 159159 Page 14 of 21



et al., 2015; Tegel et al., 2010) and that global trends prevail in
most of the palaeoenvironmental datasets (Ljungqvist, 2009).

However, there are micro-climate signals that control local
feedbacks. The setup of the environmental conditions in the
study area is controlled by geological and climatic dynamics
that happen on the long-durée. The multivariate modeling,
however, led to the identification of a secondary near-
surface control factor that triggers small-scale surface modifi-
cations and short-term extreme flooding events.

The paper presented here exemplifies a variety of methods
to track surface cover development on different temporal
scales. Spaceborne satellite missions and remote sensing ap-
plications such as LiDAR or SAR provide an extensive selec-
tion of tools for digital environmental studies, forecasting, and
mapping (Chen et al., 2017; Lasaponara and Masini, 2013;
Masini et al., 2018). Multispectral imagery analyses enable
rapid access to surface mapping through recalculations of
the spectral bands. Especially, the recent Landsat and
Sentinel missions offer open source medium/high spatio-
temporal image resolution. The spectral band resolution of
10 m is sufficient to create large-scale land cover models.
Near-infrared and shortwave infrared channels at 20 m reso-
lution further enable the detection of plant species behavior or
water surface and wildfire monitoring (Kaplan and Avdan,

2017). The resolution of the channels can further be enhanced
up to 10 m through pansharpening techniques, which in-
creases the utility of the data significantly (Kaplan, 2018;
Vaiopoulos and Karantzalos, 2016). Radar imagery becomes
valuable where optical multispectral satellite imagery reaches
its limitations. The active sensor records independently of
daylight and penetrates clouds, which makes it particularly
suitable for the detection of flooding events accompanied by
cloud cover. The image analyses demand some preprocessing
techniques that are supported by specialized software applica-
tions. However, the European Space Agency (ESA) provides
functional open source software (SNAP) to manipulate
Sentinel-2 and Sentinel-1 images. In combination with an
open source GIS (QGIS, GRASS GIS) and a basic multispec-
tral visualization software (Multispec), advanced image anal-
yses can be conducted.

In digital archeology, most datasets do not provide immedi-
ate access to past environmental conditions. In this context,
interdisciplinary knowledge plays a decisive role in the inter-
pretation and the choice of the methodological research frame-
work. Archeological narratives and environmental determinism
provide manifold pitfalls and do not always facilitate cross-
disciplinary cooperation. However, palaeoenvironmental data
such as stable isotope ratios, radiocarbon dating, ice-core

Fig. 13 The distribution of the archeological record in the Alsace as a
function of agricultural and non-agricultural land-use. a The area covered
with non-agricultural land use (built-up, forest, pasture) contains 8036
archeological sites what is almost 75% of the entire record. Only about
25%, which corresponds to 2690 sites, fall in agricultural land (vineyards,

non-irrigated cropland and orchards) (b). The distance plot (c) of the
archeological record from non-agricultural land-use to the nearest crop-
land shows that a certain relationship between archeological sites and
modern agriculture might be observable but is most likely to be an artifact
of the study site scale and the topography of the Vosges Mountains
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samples, lake sediments, pollen, tree ring width, and
malacofaunal remains provide a high-resolution chronological
stratigraphy of past environmental conditions (Brewer et al.,
2017; Dansgaard et al., 1982; Krolopp and Sümegi, 1995;
Longin, 1971; Stuiver and Grootes, 2000; Tegel et al., 2010).
These proxies are extended by written sources, historical maps
and the typology of the respective archeological period
(Schuppert and Dix, 2009). On the other hand, the distribution
of archeological findings in the landscape can help identify
specific environmental structures such as prehistoric river chan-
nels. These combinations allow for innovative approaches in
both scientific fields—archeology and environmental studies.

Conclusion

David Cowley (2016) is critically asking whether our
archeological data collection is a representative reflection
of past activity or the product of modern land use (Cowley,
2016). One can also ask for the spatial congruence of ara-
ble land, resource availability, and landscape accessibility
with the highest archeological density. That means areas
where specific landscape configurations accumulate. But
are these areas continuously cultivated and utilized since
the first human impact? This paper shows that our
archeological findings are strongly biased by modern
land-use concepts and the location factors behind them.
However, chronological classifications must be taken into
consideration: detailed chronological intervals, such as the
Roman and Early Medieval Period, are not comparable to
early and mid-Holocene large-scale Mesolithic or
Neolithic periods, in which postglacial geomorphological
processes took place that need to be classified on much
larger temporal scales. Here, major climatic changes, per-
manent shifting of river courses, and the remodeling of
topographical conditions can be characterized. Although
massive geomorphological transformations take place on
all chronological scales, linking the processes directly to
the respective periods depends exclusively on the chrono-
logical classification of the archeological findings. If they
originate from non-stratified surveys or are stray finds, no
conclusions can be drawn about their origin and their de-
position circumstances. Understanding the origin and for-
mation of a site, the frequency and duration of the site-
occupation, and the recent overprint by historical and mod-
ern land-use activities is one major requirement to interpret
the extent of past human activity ranges. However, without
the deep knowledge of the geomorphological, topographi-
cal, geological, and hydrological fluctuations of a study
area, this interpretation is hardly achievable.

Acknowledgments This paper benefits greatly from the constructive in-
put of three anonymous reviewers. I am further grateful to Dr. Eli

Weaverdyck who proofread this article and Margaux Depaermentier—
both added invaluable comments to the methodical setup. I would also
like to particularly thank Prof. Dr. Rüdiger Glaser, Prof. Dr. Frank
Preusser, and Dr. Claire Rambeau for discussions on environmental feed-
backs and sedimentological settings of the Upper Rhine Valley.

Funding Information Open Access funding provided by Projekt DEAL.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abate N et al (2020) Multitemporal 2016-2018 Sentinel-2 data enhance-
ment for landscape archaeology: the case study of the Foggia
Province, southern Italy. Remote Sens 12(8):1309. https://doi.org/
10.3390/rs12081309

Adriaenssens V, Baets BD, Goethals PLM, Pauw ND (2004) Fuzzy rule-
based models for decision support in ecosystem management. Sci
Total Environ 319(1–3):1–12. https://doi.org/10.1016/S0048-
9697(03)00433-9

Agapiou A, Alexakis D, Sarris A, Hadjimitsis D (2014) Evaluating the
potentials of Sentinel-2 for archaeological perspective. Remote Sens
6(3):2176–2194. https://doi.org/10.3390/rs6032176

Alexakis D, Sarris A (2010) Environmental and human risk assessment of
the prehistoric and historic archaeological sites of Western Crete
(Greece) with the use of GIS, remote sensing, fuzzy logic and neural
networks. In: Ioannides M et al (eds) Digital heritage: third interna-
tional conference, EuroMed 2010 Lemessos, Cyprus, November 8–
13, 2010 proceedings. Springer, Berlin/Heidelberg, pp 332–342

AltieriMA, Nicholls CI (2017) The adaptation andmitigation potential of
traditional agriculture in a changing climate. Clim Chang 140(1):
33–45. https://doi.org/10.1007/s10584-013-0909-y

Araya S, Lyle G, Lewis M, Ostendorf B (2016) Phenologic metrics de-
rived from MODIS NDVI as indicators for plant available water-
holding capacity. Ecol Indic 60:1263–1272. https://doi.org/10.1016/
j.ecolind.2015.09.012

Asselman NEM, Middelkoop H, van Dijk PM (2003) The impact of
changes in climate and land use on soil erosion, transport and depo-
sition of suspended sediment in the river Rhine. Hydrol Process
17(16):3225–3244. https://doi.org/10.1002/hyp.1384

Barlindhaug S, Holm-Olsen IM, Tømmervik H (2007) Monitoring ar-
chaeological sites in a changing landscape–using multitemporal sat-
ellite remote sensing as an ‘early warning’ method for detecting
regrowth processes. Archaeol Prospect 14(4):231–244. https://doi.
org/10.1002/arp.307

Barsi J, Lee K, Kvaran G, Markham B, Pedelty J (2014) The spectral
response of the Landsat-8 operational land imager. Remote Sens
6(10):10232–10251. https://doi.org/10.3390/rs61010232

Berendse F, van Ruijven J, Jongejans E, Keesstra S (2015) Loss of plant
species diversity reduces soil Erosion resistance. Ecosystems 18(5):
881–888. https://doi.org/10.1007/s10021-015-9869-6

Archaeol Anthropol Sci (2020) 12: 159159 Page 16 of 21

https://doi.org/
https://doi.org/10.3390/rs12081309
https://doi.org/10.3390/rs12081309
https://doi.org/10.1016/S0048-9697(03)00433-9
https://doi.org/10.1016/S0048-9697(03)00433-9
https://doi.org/10.3390/rs6032176
https://doi.org/10.1007/s10584-013-0909-y
https://doi.org/10.1016/j.ecolind.2015.09.012
https://doi.org/10.1016/j.ecolind.2015.09.012
https://doi.org/10.1002/hyp.1384
https://doi.org/10.1002/arp.307
https://doi.org/10.1002/arp.307
https://doi.org/10.3390/rs61010232
https://doi.org/10.1007/s10021-015-9869-6


Borga M, Stoffel M, Marchi L, Marra F, Jakob M (2014)
Hydrogeomorphic response to extreme rainfall in headwater sys-
tems: flash floods and debris flows. J Hydrol 518:194–205. https://
doi.org/10.1016/j.jhydrol.2014.05.022

Borzenkova I et al. (2015) ‘Climate change during the Holocene (past 12,
000 years)’, in The BACC Author (ed.) Second Assessment of
Climate Change for the Baltic Sea Basin. (regional climate studies).
S.l.: springer, pp. 25–49

Brandt R, Groenewoudt BJ, Kvamme KL (1992) An experiment in ar-
chaeological site location: modeling in the Netherlands using GIS
techniques. World Archaeol 24(2):268–282 (Accessed: 10
May 2019)

Brewer S, Giesecke T, Davis BAS, FinsingerW,Wolters S, Binney H, de
Beaulieu JL, Fyfe R, Gil-Romera G, Kühl N, Kuneš P, Leydet M,
Bradshaw RH (2017) Late-glacial and Holocene European pollen
data. Journal of Maps 13(2):921–928. https://doi.org/10.1080/
17445647.2016.1197613

Büntgen U, Frank DC, Nievergelt D, Esper J (2006) Summer temperature
variations in the European Alps, a.d. 755–2004. J Clim 19(21):
5606–5623. https://doi.org/10.1175/JCLI3917.1

Büntgen U et al (2011) 2500 years of European climate variability and
human susceptibility. Science (New York, NY) 331(6017):578–
582. https://doi.org/10.1126/science.1197175

Büntgen U, Myglan VS, Ljungqvist FC, McCormick M, di Cosmo N,
Sigl M, Jungclaus J, Wagner S, Krusic PJ, Esper J, Kaplan JO, de
Vaan MAC, Luterbacher J, Wacker L, Tegel W, Kirdyanov AV
(2016) Cooling and societal change during the Late Antique Little
Ice Age from 536 to around 660 AD. Nat Geosci 9(3):231–236.
https://doi.org/10.1038/ngeo2652

Buras A, Rammig A, Zang CS (2020) Quantifying impacts of the 2018
drought on European ecosystems in comparison to 2003.
Biogeosciences 17(6):1655–1672. https://doi.org/10.5194/bg-17-
1655-2020

Burt T, Boardman J, Foster I, Howden N (2016) More rain, less soil:
long-term changes in rainfall intensity with climate change. Earth
Surf Process Landf 41(4):563–566. https://doi.org/10.1002/esp.
3868

Butzer KW (1982) Archaeology as human ecology. Cambridge
University Press, Cambridge

Canning S (2005) Belief' in the past: Dempster-Shafer theory, GIS and
archaeological predictive modellIng. Aust Archaeol 60:6–15
(Accessed: 19 June 2019)

Cao H et al (2019) Operational flood detection using Sentinel-1 SAR data
over large areas. Water 11(4):786. https://doi.org/10.3390/
w11040786

Carbiener R, Schnitzler A (1990) Evolution of major pattern models and
processes of alluvial forest of the Rhine in the rift valley (France/
Germany). Vegetatio 88:115–129 (Accessed: 21 November 2019)

Carlson DL (2017) Quantitative methods in archaeology using R.
Cambridge University Press, Cambridge

Carlson TN, Gillies RR, Perry EM (1994) A method to make use of
thermal infrared temperature and NDVI measurements to infer sur-
face soil water content and fractional vegetation cover. Remote Sens
Rev 9(1–2):161–173. https://doi.org/10.1080/02757259409532220

Carrara A (1983) ‘Multivariate models for landslide hazard evaluation’,
Math Geol, 15(3) (Accessed: 9 July 2019)

Cazals C et al (2016) Mapping and characterization of hydrological dy-
namics in a coastal marsh using high temporal resolution Sentinel-
1A images. Remote Sens 8(7):570. https://doi.org/10.3390/
rs8070570

Chan YK, Koo VC (2008) An introduction to synthetic aperture radar
(SAR). Progress Electromagn Res B 2:27–60 (Accessed: 15
May 2019)

Chen F, Lasaponara R, Masini N (2017) An overview of satellite syn-
thetic aperture radar remote sensing in archaeology: from site

detection to monitoring. J Cult Herit 23:5–11. https://doi.org/10.
1016/j.culher.2015.05.003

Conolly J, Lake M (2006) Geographical information systems in archae-
ology. (Cambridge manuals in archaeology). Cambridge Univ
Press, Cambridge Available at: http://www.loc.gov/catdir/
enhancements/fy0665/2006296605-d.html

Cowley DC (2016) What do the patterns mean? Archaeological distribu-
tions and bias in survey data. In: Forte M, Campana S (eds) Digital
methods and remote sensing in archaeology. Springer, Cham, pp
147–170

Dabrowska-Zielinska K et al (2016) Assessment of carbon flux and soil
moisture in wetlands applying Sentinel-1 data. Remote Sens 8(9):
756. https://doi.org/10.3390/rs8090756

Dambeck R, Thiemeyer H (2002) Fluvial history of the northern Upper
Rhine River (southwestern Germany) during the Lateglacial and
Holocene times. Quat Int 93-94:53–63

Dansgaard W et al (1982) A new greenland deep ice core. Science (New
York, NY) 218(4579):1273–1277. https://doi.org/10.1126/science.
218.4579.1273

David B, Thomas J (eds) (2010) Handbook of landscape archaeology.
Routledge, Abingdon

Disse M, Engel H (2001) Flood events in the Rhine Basin: genesis,
influences and mitigation. Nat Hazards 23:271–290 (Accessed: 28
May 2019)

Doneus M (2013) Die hinterlassene Landschaft - Prospektion und
Interpretation in der Landschaftsarchäologie. (Mitteilungen der
Prähistorischen Kommission / Österreichische Akademie der
Wissenschaften, Philosophisch-Historische Klasse, 78). Wien:
Verl. der Österr. Akad. der Wiss

Duchne E, Schneider C (2005) Grapevine and climatic changes: a glance
at the situation in Alsace. Agron Sustain Dev 25(1):93–99. https://
doi.org/10.1051/agro:2004057

Ely LL (1997) Response of extreme floods in the southwestern United
States to climatic variations in the late Holocene. Geomorphology
19:175–201 (Accessed: 28 May 2019)

Erfurt M, Glaser R, Blauhut V (2019) Changing impacts and societal
responses to drought in southwestern Germany since 1800. Reg
Environ Chang 19(8):2311–2323. https://doi.org/10.1007/s10113-
019-01522-7

Esquivel J, Peña J and Rodríguez-ArizaMO (1999) ‘Multivariate statistic
analysis of the relationship between archaeological sites and the
geographical data of their surroundings. A quantitative model’, in
Dingwall, L. et al. (eds.) Archaeology in the age of internet: CAA 97
; Computer Applications and Quantitative Methods in Archaeology
; proceedings of the 25th Anniversary Conference, University of
Birmingham, April 1997. (BAR international series, 750). Oxford:
Archaeopress (Accessed: 19 June 2019)

Faustmann, A.C. (2007) Besiedlungswandel im südlichen
Oberrheingebiet von der Römerzeit bis zum Mittelalter. Zugl.:
Freiburg (Breisgau) Univ., Diss., 2005. (Freiburger Beiträge zur
Archäologie und Geschichte des ersten Jahrtausends, 10). Rahden/
Westf.: Leidorf. Available at: http://www.vml.de/d/detail.php?
ISBN=978-3-89646-770-6

Fleming A (2006) Post-processual landscape archaeology: a critique.
Camb Archaeol J 16(3):267–280

Frings RM, Gehres N, Promny M, Middelkoop H, Schüttrumpf H,
Vollmer S (2014) Today's sediment budget of the Rhine River chan-
nel, focusing on the Upper Rhine Graben and Rhenish Massif.
Geomorphology 204:573–587. https://doi.org/10.1016/j.geomorph.
2013.08.035

Froehlicher L et al (2016) Hedges, colluvium and lynchets along a refer-
ence toposequence (Habsheim, Alsace, France): history of erosion
in a loess area. Quaternaire 27/2:173–185. https://doi.org/10.4000/
quaternaire.7569

Fry GLA, Skar B, Jerpåsen G, Bakkestuen V, Erikstad L (2004) Locating
archaeological sites in the landscape: a hierarchical approach based

Archaeol Anthropol Sci (2020) 12: 159 Page 17 of 21 159

https://doi.org/10.1016/j.jhydrol.2014.05.022
https://doi.org/10.1016/j.jhydrol.2014.05.022
https://doi.org/10.1080/17445647.2016.1197613
https://doi.org/10.1080/17445647.2016.1197613
https://doi.org/10.1175/JCLI3917.1
https://doi.org/10.1126/science.1197175
https://doi.org/10.1038/ngeo2652
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.1002/esp.3868
https://doi.org/10.1002/esp.3868
https://doi.org/10.3390/w11040786
https://doi.org/10.3390/w11040786
https://doi.org/10.1080/02757259409532220
https://doi.org/10.3390/rs8070570
https://doi.org/10.3390/rs8070570
https://doi.org/10.1016/j.culher.2015.05.003
https://doi.org/10.1016/j.culher.2015.05.003
http://www.loc.gov/catdir/enhancements/fy0665/2006296605.html
http://www.loc.gov/catdir/enhancements/fy0665/2006296605.html
https://doi.org/10.3390/rs8090756
https://doi.org/10.1126/science.218.4579.1273
https://doi.org/10.1126/science.218.4579.1273
https://doi.org/10.1051/agro:2004057
https://doi.org/10.1051/agro:2004057
https://doi.org/10.1007/s10113-019-01522-7
https://doi.org/10.1007/s10113-019-01522-7
https://doi.org/10.1016/j.geomorph.2013.08.035
https://doi.org/10.1016/j.geomorph.2013.08.035
https://doi.org/10.4000/quaternaire.7569
https://doi.org/10.4000/quaternaire.7569


on landscape indicators. Landsc Urban Plan 67(1–4):97–107.
https://doi.org/10.1016/S0169-2046(03)00031-8

Gattiglia G (2015) Think big about data: archaeology and the big data
challenge. Archäologische Information 38:1–12 (Accessed: 14
June 2019)

Geudtner, D. et al. (2014) ‘Sentinel-1 System capabilities and applica-
tions’, IEEE International Geoscience and Remote Sensing
Symposium (IGARSS), 2014: Held in conjunction with the] 35th
Canadian Symposium on Remote Sensing (35th CSRS) ; 13–18
July 2014, Quebec City, Quebec, Canada ; proceedings, IGARSS
2014–2014 IEEE International Geoscience and Remote Sensing
Symposium. Institute of Electrical and Electronics Engineers;
IEEE Geoscience and Remote Sensing Society; Canadian Remote
Sensing Society; IEEE International Geoscience and Remote
Sensing Symposium; IGARSS; Canadian Symposium on Remote
Sensing; CSRS, Quebec City, QC, 7/13/2014–7/18/2014.
Piscataway, NJ: IEEE, pp. 1457–1460. doi: https://doi.org/10.
1109/IGARSS.2014.6946711

Giacona F et al. (2018) ‘Improving the understanding of flood risk in the
Alsatian region by knowledge capitalization: the ORRION partici-
pative observatory’, Natl Hazards Earth Syst Sci Discuss 1–49. doi:
https://doi.org/10.5194/nhess-2018-210

Glaser R, Riemann D, Schönbein J, Barriendos M, Brázdil R, Bertolin C,
Camuffo D, Deutsch M, Dobrovolný P, van Engelen A, Enzi S,
Halíčková M, Koenig SJ, Kotyza O, Limanówka D, Macková J,
Sghedoni M, Martin B, Himmelsbach I (2010) The variability of
European floods since AD 1500. Clim Chang 101(1–2):235–256.
https://doi.org/10.1007/s10584-010-9816-7

Glaser R et al. (2012) ‘Analyse historischer Hochwasserereignisse - Ein
Beitrag zum Hochwasserrisikomanagement’, Erfahrungsaustausch
Betrieb von Hochwasserrückhaltebecken in Baden-Württemberg,
pp 8–17 (Accessed: 5 May 2019)

GroenhuijzenMR (2019) Palaeogeographic-analysis approaches to trans-
port and settlement in the Dutch part of the Roman limes. In:
Verhagen P, Joyce J, Groenhuijzen MR (eds) Finding the limits of
the limes. Springer International Publishing, Cham, pp 251–269
(Accessed: 11 May 2019)

Güimil-Fariña A, Parcero-Oubiña C (2015) “Dotting the joins”: a non-
reconstructive use of least cost paths to approach ancient roads. The
case of the Roman roads in the NW Iberian Peninsula. J Archaeol
Sci 54:31–44. https://doi.org/10.1016/j.jas.2014.11.030

Hagedorn E-M, Boenigk W (2008) The Pliocene and Quaternary sedi-
mentary and fluvial history in the Upper Rhine Graben based on
heavy mineral analyses. Neth J Geosci 87(1):21–32 (Accessed: 17
January 2020)

HargroveWW,Hoffman FM (2004) Potential ofmultivariate quantitative
methods for delineation and visualization of ecoregions. Environ
Manag 34(Suppl 1):S39–S60. https://doi.org/10.1007/s00267-003-
1084-0

Heitz C, Spaeter S, Auzet AV, Glatron S (2009) Local stakeholders’
perception of muddy flood risk and implications for management
approaches: a case study in Alsace (France). Land Use Policy 26(2):
443–451. https://doi.org/10.1016/j.landusepol.2008.05.008

Heitz C, Flinois G, Glatron S (2013) Protection against muddy floods:
perception for local actors in Alsace (France) of a protection mea-
sure (fascines). International Disaster Risk Conference, Davos, pp
1–4

Hesse R (2010) LiDAR-derived local relief models - a new tool for
archaeological prospection. Archaeol Prospect 79(3):n/a. https://
doi.org/10.1002/arp.374

Himmelsbach I, Glaser R, Schoenbein J, Riemann D, Martin B (2015)
Reconstruction of flood events based on documentary data and
transnational flood risk analysis of the upper Rhine and its French
and German tributaries since AD 1480. Hydrol Earth Syst Sci
19(10):4149–4164. https://doi.org/10.5194/hess-19-4149-2015

Howey MCL (2011) Multiple pathways across past landscapes: circuit
theory as a complementary geospatial method to least cost path for
modeling past movement. J Archaeol Sci 38(10):2523–2535.
https://doi.org/10.1016/j.jas.2011.03.024

Howey MCL, Brouwer Burg M (2017) Assessing the state of archaeo-
logical GIS research: unbinding analyses of past landscapes. J
Archaeol Sci 84:1–9. https://doi.org/10.1016/j.jas.2017.05.002

Jakubauskas ME, Legates DR, Kastens JH (2002) Crop identification
using harmonic analysis of time-series AVHRR NDVI data.
Comput Electron Agric 37(1–3):127–139. https://doi.org/10.1016/
S0168-1699(02)00116-3

Johns TC, Gregory JM, Ingram WJ, Johnson CE, Jones A, Lowe JA,
Mitchell JFB, Roberts DL, Sexton DMH, Stevenson DS, Tett
SFB, Woodage MJ (2003) Anthropogenic climate change for
1860 to 2100 simulated with the HadCM3 model under updated
emissions scenarios. Clim Dyn 20(6):583–612. https://doi.org/10.
1007/s00382-002-0296-y

Kamermans H (2000) ‘Land evaluation as predictive modelling: a deduc-
tive approach’, in Lock, G.R. (ed.) Beyond the map: archaeology
and spatial technologies ; [proceedings of the NATO Advanced
Research Workshop on Beyond the Map, Archaeology and Spatial
Technologies, Ravello, Italy, 1–2 October, 1999. (NATO science
series Series A, Life sciences, 321). Amsterdam: IOS Press, pp.
124–146

Kamermans H andWansleebenM (1999) ‘PredictiveModelling in Dutch
Archaeology, Joining Forces’, in Barceló, Juan, A., Briz, I. and Vila,
A. (eds.) New techniques for old times, CAA 98: Computer appli-
cations and quantitative methods in archaeology ; proceedings of the
26th Conference, Barcelona, March 1998. (BAR international se-
ries, 757). Oxford: Archaeopress, pp. 225–229

Kaplan G (2018) Sentinel-2 Pan sharpening—comparative analysis.
Proceedings 2(7):345. https://doi.org/10.3390/ecrs-2-05158

Kaplan G, Avdan U (2017) Mapping and monitoring wetlands using
Sentinel-2 satellite imagery’, ISPRS Annals of Photogrammetry.
Remote Sens Spatial Inform Sci IV-4/W4:271–277. https://doi.org/
10.5194/isprs-annals-IV-4-W4-271-2017

Kempf M (2018) Migration or landscape fragmentation in Early
Medieval eastern France? A case study from Niedernai. J Archaeol
Sci Rep 21:593–605. https://doi.org/10.1016/j.jasrep.2018.08.026

Kempf M (2019) The application of GIS and satellite imagery in archae-
ological land-use reconstruction: a predictive model? J Archaeol Sci
Rep 25:116–128. https://doi.org/10.1016/j.jasrep.2019.03.035

Kempf, M. (2020) ‘Fables of the past: landscape (re-)constructions and
the bias in the data’, Documenta Praehistorica (in print)

Kempf M (submitted) ‘From landscape affordances to landscape connec-
tivity: conceptualizing an archaeology of human ecology’, Archaeol
Anthropol Sci

Knitter D et al (2019) Land use patterns and climate change—a modeled
scenario of the Late Bronze Age in Southern Greece. Environ Res
Lett 14(12):125003. https://doi.org/10.1088/1748-9326/ab5126

Kornhuber K et al (2019) Extreme weather events in early summer 2018
connected by a recurrent hemispheric wave-7 pattern. Environ Res
Lett 14(5):54002. https://doi.org/10.1088/1748-9326/ab13bf

Krolopp E, Sümegi P (1995) Palaeoecological reconstruction of the late
pleistocene, based on loess malacofauna in Hungary. GeoJournal
36(2):213–222. https://doi.org/10.1007/BF00813173

Kumar P, Prasad R, Gupta DK, Mishra VN, Vishwakarma AK, Yadav
VP, Bala R, Choudhary A, Avtar R (2018) Estimation of winter
wheat crop growth parameters using time series sentinel-1A SAR
data. Geocarto Int 33(9):942–956. https://doi.org/10.1080/
10106049.2017.1316781

Landuyt L, van Wesemael A, Schumann GJP, Hostache R, Verhoest
NEC, van Coillie FMB (2019) Flood mapping based on synthetic
aperture radar: an assessment of established approaches. IEEE Trans
Geosci Remote Sens 57(2):722–739. https://doi.org/10.1109/
TGRS.2018.2860054

Archaeol Anthropol Sci (2020) 12: 159159 Page 18 of 21

https://doi.org/10.1016/S0169-2046(03)00031-8
https://doi.org/10.1109/IGARSS.2014.6946711
https://doi.org/10.1109/IGARSS.2014.6946711
https://doi.org/10.5194/nhess-2018-210
https://doi.org/10.1007/s10584-010-9816-7
https://doi.org/10.1016/j.jas.2014.11.030
https://doi.org/10.1007/s00267-003-1084-0
https://doi.org/10.1007/s00267-003-1084-0
https://doi.org/10.1016/j.landusepol.2008.05.008
https://doi.org/10.1002/arp.374
https://doi.org/10.1002/arp.374
https://doi.org/10.5194/hess-19-4149-2015
https://doi.org/10.1016/j.jas.2011.03.024
https://doi.org/10.1016/j.jas.2017.05.002
https://doi.org/10.1016/S0168-1699(02)00116-3
https://doi.org/10.1016/S0168-1699(02)00116-3
https://doi.org/10.1007/s00382-002-0296-y
https://doi.org/10.1007/s00382-002-0296-y
https://doi.org/10.3390/ecrs-2-05158
https://doi.org/10.5194/isprs-annals-IV-4-W4-271-2017
https://doi.org/10.5194/isprs-annals-IV-4-W4-271-2017
https://doi.org/10.1016/j.jasrep.2018.08.026
https://doi.org/10.1016/j.jasrep.2019.03.035
https://doi.org/10.1088/1748-9326/ab5126
https://doi.org/10.1088/1748-9326/ab13bf
https://doi.org/10.1007/BF00813173
https://doi.org/10.1080/10106049.2017.1316781
https://doi.org/10.1080/10106049.2017.1316781
https://doi.org/10.1109/TGRS.2018.2860054
https://doi.org/10.1109/TGRS.2018.2860054


Lang A, Bork HR, Mäckel R, Preston N, Wunderlich J, Dikau R (2003)
Changes in sediment flux and storage within a fluvial system: some
examples from the Rhine catchment. Hydrol Process 17(16):3321–
3334. https://doi.org/10.1002/hyp.1389

Lasaponara R, Masini N (2006) Identification of archaeological buried
remains based on the normalized difference vegetation index
(NDVI) from Quickbird satellite data. IEEE Geosci Remote Sens
Lett 3(3):325–328. https://doi.org/10.1109/LGRS.2006.871747

Lasaponara R, Masini N (2007) Detection of archaeological crop marks
by using satellite QuickBird multispectral imagery. J Archaeol Sci
34(2):214–221. https://doi.org/10.1016/j.jas.2006.04.014

Lasaponara R, Masini N (2011) Satellite remote sensing in archaeology:
past, present and future perspectives. J Archaeol Sci 38(9):1995–
2002. https://doi.org/10.1016/j.jas.2011.02.002

Lasaponara R and Masini N (2012) Satellite remote sensing: a new tool
for archaeology. (Remote sensing and digital image processing, 16).
s.l.: Springer Netherlands. Available at: https://doi.org/10.1007/978-
90-481-8801-7

Lasaponara R, Masini N (2013) Satellite synthetic aperture radar in ar-
chaeology and cultural landscape: an overview. Archaeol Prospect
20(2):71–78. https://doi.org/10.1002/arp.1452

Li J et al (2018) How well can a climate model simulate an extreme
precipitation event: a case study using the transpose-AMIP experi-
ment. Am Meteorol Soc 31:6543–6556 (Accessed: 4 July 2019)

Ljungqvist FC (2009) Temperature proxy records covering the last two
millennia: a tabular and visual overview. Geografiska Annaler:
Series A, Phys Geogr 91(1):11–29. https://doi.org/10.1111/j.1468-
0459.2009.00350.x

Longin R (1971) New method of collagen extraction for radiocarbon
dating. Nature 230(5291):241–242. https://doi.org/10.1038/
230241a0

Mäckel R, Schneider R, Seidel J (2003) Anthropogenic impact on the
landscape of southern Badenia (Germany) during the Holocene -
documented by colluvial and alluvial sediments. Archaeometry
45(3):487–501 (Accessed: 5 June 2019)

Malenovský Z, Rott H, Cihlar J, Schaepman ME, García-Santos G,
Fernandes R, Berger M (2012) Sentinels for science: potential of
Sentinel-1, -2, and -3 missions for scientific observations of ocean,
cryosphere, and land. Remote Sens Environ 120:91–101. https://doi.
org/10.1016/j.rse.2011.09.026

Martin B et al. (2010) ‘French – German flood risk geohistory in the
Rhine Graben’, Int Disaster Risk Conf, Davos 2010, hal-00530788

Masini N, Soldovieri F (2017) Sensing the past: From artifact to historical
site. Springer, Cham (Geotechnologies and the environment, vol-
ume 16)

Masini N, Marzo C, Manzari P, Belmonte A, Sabia C, Lasaponara R
(2018) On the characterization of temporal and spatial patterns of
archaeological crop-marks. J Cult Herit 32:124–132. https://doi.org/
10.1016/j.culher.2017.12.009

Mendoza GA,Martins H (2006)Multi-criteria decision analysis in natural
resource management: a critical review of methods and new model-
ling paradigms. For Ecol Manag 230(1–3):1–22. https://doi.org/10.
1016/j.foreco.2006.03.023

Minářová J, Müller M, Clappier A, Kašpar M (2017a) Characteristics of
extreme precipitation in the VosgesMountains region (north-eastern
France). Int J Climatol 37(13):4529–4542. https://doi.org/10.1002/
joc.5102

Minářová J, Müller M, Clappier A (2017b) Seasonality of mean and
heavy precipitation in the area of the Vosges Mountains: depen-
dence on the selection criterion. Int J Climatol 37(5):2654–2666.
https://doi.org/10.1002/joc.4871

Minářová J, Müller M, Clappier A, Kašpar M (2018) Comparison of
extreme precipitation characteristics between the Ore Mountains
and the Vosges Mountains (Europe). Theor Appl Climatol 133(3–
4):1249–1268. https://doi.org/10.1007/s00704-017-2247-x

Mischka D (2007) Methodische Aspekte zur Rekonstruktion
prähistorischer Siedlungsmuster: Landschaftsgenese vom Ende des
Neolithikums bis zur Eisenzeit im Gebiet des südlichen Oberrheins.
Zugl.: Freiburg (Breisgau), Univ., Diss., 2004. (Freiburger
archäologische Studien, 5). Rahden, Westf.: Leidorf. Available at:
http://www.vml.de/d/detail.php?ISBN=3-89646-793-X

Mleczko M, Mróz M (2018) Wetland mapping using SAR data from the
sentinel-1A and TanDEM-X missions: a comparative study in the
Biebrza floodplain (Poland). Remote Sens 10(2):78. https://doi.org/
10.3390/rs10010078

Montandon L, Small E (2008) The impact of soil reflectance on the
quantification of the green vegetation fraction from NDVI.
Remote Sens Environ 112(4):1835–1845. https://doi.org/10.1016/j.
rse.2007.09.007

Muthers S, Laschewski G, Matzarakis A (2017) The summers 2003 and
2015 in south-West Germany: heat waves and heat-related mortality
in the context of climate change. Atmosphere 8(224):1–13. https://
doi.org/10.3390/atmos8110224

Nakoinz O, Knitter D (2016) Modelling human behaviour in landscapes.
Springer International Publishing, Cham

Omurova GT et al (2018) Reconstruction of extreme paleoclimatic events
in northwestern Siberia using ancient wood from Fort Nadym.
Archaeol Ethnol Anthropol Eurasia 46(3):32–40. https://doi.org/
10.17746/1563-0110.2018.46.3.032-040

Overpeck JT, Rind D, Goldberg R (1990) Climate-induced changes in
forest disturbance and vegetation. Nature 343:51–53

Paloscia S, Pettinato S, Santi E, Notarnicola C, Pasolli L, Reppucci A
(2013) Soil moisture mapping using Sentinel-1 images: algorithm
and preliminary validation. Remote Sens Environ 134:234–248.
https://doi.org/10.1016/j.rse.2013.02.027

Parcak SH (2009) Satellite remote sensing for archaeology. Routledge,
London Available at: http://site.ebrary.com/lib/alltitles/docDetail.
action?docID=10288996

Pettorelli N, Vik JO, Mysterud A, Gaillard JM, Tucker CJ, Stenseth NC
(2005) Using the satellite-derived NDVI to assess ecological re-
sponses to environmental change. Trends Ecol Evol 20(9):503–
510. https://doi.org/10.1016/j.tree.2005.05.011

Pfister C, Weingartner R, Luterbacher J (2006) Hydrological winter
droughts over the last 450 years in the Upper Rhine basin: a meth-
odological approach. Hydrol Sci J 51(5):966–985. https://doi.org/
10.1623/hysj.51.5.966

Popa CN, Knitter D (2016) From environment to landscape.
Reconstructing environment perception using numerical data. J
Archaeol Method Theory 23(4):1285–1306. https://doi.org/10.
1007/s10816-015-9264-9

Potin P et al. (2016) Sentinel-1 mission status: 11th European Conference
on Synthetic Aperture Radar. Frankfurt am Main: VDE (Accessed:
15 January 2019), Sentinel-1 Mission Status

Przyrowski R, Schäfer A (2015) Quaternary fluvial basin of northern
Upper Rhine Graben. Z Dtsch Ges Geowiss 166(1):71–98. https://
doi.org/10.1127/1860-1804/2014/0080

Reeder-Myers LA (2015) Cultural heritage at risk in the twenty-first
century: a vulnerability assessment of coastal archaeological sites
in the United States. J Island Coastal Archaeol 10(3):436–445.
https://doi.org/10.1080/15564894.2015.1008074

Rick TC, Sandweiss DH (2020) Archaeology, climate, and global change
in the age of humans. Proc Natl Acad Sci U S A 117(15):8250–
8253. https://doi.org/10.1073/pnas.2003612117

Rosenzweig C, Karoly D, Vicarelli M, Neofotis P, Wu Q, Casassa G,
Menzel A, Root TL, Estrella N, Seguin B, Tryjanowski P, Liu C,
Rawlins S, Imeson A (2008) Attributing physical and biological
impacts to anthropogenic climate change. Nature 453(7193):353–
357. https://doi.org/10.1038/nature06937

Sadeghi M, Babaeian E, Tuller M, Jones SB (2017) The optical trapezoid
model: a novel approach to remote sensing of soil moisture applied

Archaeol Anthropol Sci (2020) 12: 159 Page 19 of 21 159

https://doi.org/10.1002/hyp.1389
https://doi.org/10.1109/LGRS.2006.871747
https://doi.org/10.1016/j.jas.2006.04.014
https://doi.org/10.1016/j.jas.2011.02.002
https://doi.org/10.1007/978-90-481-8801-7
https://doi.org/10.1007/978-90-481-8801-7
https://doi.org/10.1002/arp.1452
https://doi.org/10.1111/j.1468-0459.2009.00350.x
https://doi.org/10.1111/j.1468-0459.2009.00350.x
https://doi.org/10.1038/230241a0
https://doi.org/10.1038/230241a0
https://doi.org/10.1016/j.rse.2011.09.026
https://doi.org/10.1016/j.rse.2011.09.026
https://doi.org/10.1016/j.culher.2017.12.009
https://doi.org/10.1016/j.culher.2017.12.009
https://doi.org/10.1016/j.foreco.2006.03.023
https://doi.org/10.1016/j.foreco.2006.03.023
https://doi.org/10.1002/joc.5102
https://doi.org/10.1002/joc.5102
https://doi.org/10.1002/joc.4871
https://doi.org/10.1007/s00704-017-2247-x
http://www.vml.de/d/detail.php?ISBN=89646-X
https://doi.org/10.3390/rs10010078
https://doi.org/10.3390/rs10010078
https://doi.org/10.1016/j.rse.2007.09.007
https://doi.org/10.1016/j.rse.2007.09.007
https://doi.org/10.3390/atmos8110224
https://doi.org/10.3390/atmos8110224
https://doi.org/10.17746/1563-0110.2018.46.3.032-040
https://doi.org/10.17746/1563-0110.2018.46.3.032-040
https://doi.org/10.1016/j.rse.2013.02.027
http://site.ebrary.com
https://doi.org/10.1016/j.tree.2005.05.011
https://doi.org/10.1623/hysj.51.5.966
https://doi.org/10.1623/hysj.51.5.966
https://doi.org/10.1007/s10816-015-9264-9
https://doi.org/10.1007/s10816-015-9264-9
https://doi.org/10.1127/1860-1804/2014/0080
https://doi.org/10.1127/1860-1804/2014/0080
https://doi.org/10.1080/15564894.2015.1008074
https://doi.org/10.1073/pnas.2003612117
https://doi.org/10.1038/nature06937


to Sentinel-2 and Landsat-8 observations. Remote Sens Environ
198:52–68. https://doi.org/10.1016/j.rse.2017.05.041

Sarris A, Papadopoulos N, Agapiou A, Salvi MC, Hadjimitsis DG,
Parkinson WA, Yerkes RW, Gyucha A, Duffy PR (2013)
Integration of geophysical surveys, ground hyperspectral measure-
ments, aerial and satellite imagery for archaeological prospection of
prehistoric sites: the case study of Vésztő-Mágor Tell, Hungary. J
Archaeol Sci 40(3):1454–1470. https://doi.org/10.1016/j.jas.2012.
11.001

Schmitt L, Maire G, Nobelis P, Humbert J (2007) Quantitative
morphodynamic typology of rivers: a methodological study based
on the French Upper Rhine basin. Earth Surf Process Landf 32(11):
1726–1746. https://doi.org/10.1002/esp.1596

Schuppert C, Dix A (2009) Reconstructing former features of the cultural
landscape near early Celtic princely seats in southern Germany. Soc
Sci Comput Rev 27(3):420–436. https://doi.org/10.1177/
0894439308329766

Simonneau A, Chapron E, Vannière B,Wirth SB, Gilli A, di Giovanni C,
Anselmetti FS, Desmet M, Magny M (2013) Mass-movement and
flood-induced deposits in Lake Ledro, southern Alps, Italy: impli-
cations for Holocene palaeohydrology and natural hazards. Clim
Past 9(2):825–840. https://doi.org/10.5194/cp-9-825-2013

Starkel L (2011) Present-day events and the evaluation of Holocene
palaeoclimatic proxy data. Quat Int 229:2–7 (Accessed: 28
May 2019)

Stuiver M, Grootes PM (2000) GISP2 oxygen isotope ratios. Quat Res
53(3):277–284. https://doi.org/10.1006/qres.2000.2127

Tapete D, Donoghue D (2014) Satellite remote sensing: a new tool for
archaeology by RosaLasaponara and NicolaMasini (eds). Springer-
Verlag, Heidelberg, 2012. ISBN 978-90-481-8801-7. Price:
£117.00 (hardback). Pages: 364. Archaeol Prospect 21(2):155–
156. https://doi.org/10.1002/arp.1479

Tapete D, Casagli N, Luzi G, Fanti R, Gigli G, Leva D (2013) Integrating
radar and laser-based remote sensing techniques for monitoring
structural deformation of archaeological monuments. J Archaeol
Sci 40(1):176–189. https://doi.org/10.1016/j.jas.2012.07.024

te Linde AH, Bubeck P, Dekkers JEC, de Moel H, Aerts JCJH (2011)
Future flood risk estimates along the river Rhine. Nat Hazards Earth
Syst Sci 11(2):459–473. https://doi.org/10.5194/nhess-11-459-2011

Tegel W, Vanmoerkerke J, Büntgen U (2010) Updating historical tree-
ring records for climate reconstruction. Quat Sci Rev 29(17–18):
1957–1959. https://doi.org/10.1016/j.quascirev.2010.05.018

Tehrany MS, Pradhan B, Jebur MN (2013) Spatial prediction of flood
susceptible areas using rule based decision tree (DT) and a novel
ensemble bivariate and multivariate statistical models in GIS. J
Hydrol 504:69–79. https://doi.org/10.1016/j.jhydrol.2013.09.034

Thiemayer H et al (2005) Soils, sediments and slope processes and their
effects on sediment fluxes into the river Rhine. Erdkunde 59:184–
198 (Accessed: 17 January 2020)

Torres R, Snoeij P, Geudtner D, Bibby D, Davidson M, Attema E, Potin
P, Rommen BÖ, Floury N, Brown M, Traver IN, Deghaye P,
Duesmann B, Rosich B, Miranda N, Bruno C, L'Abbate M, Croci
R, Pietropaolo A, Huchler M, Rostan F (2012) GMES Sentinel-1
mission. Remote Sens Environ 120:9–24. https://doi.org/10.1016/j.
rse.2011.05.028

Tricca A, Stille P, Steinmann M, Kiefel B, Samuel J, Eikenberg J (1999)
Rare earth elements and Sr and Nd isotopic compositions of dis-
solved and suspended loads from small river systems in the Vosges
mountains (France), the river Rhine and groundwater. Chem Geol
160:139–158 (Accessed: 4 June 2019)

Vaiopoulos AD, Karantzalos K (2016) Pansharpening on the narrow
VNIR and SWIR spectral bands of Sentinel’ , ISPRS -
International Archives of the Photogrammetry. Remote Sens
Spatial Inform Sci XLI-B7:723–730. https://doi.org/10.5194/
isprsarchives-XLI-B7-723-2016

van Dinter M (2013) The Roman limes in the Netherlands: how a delta
landscape determined the location of the military structures. Neth J
Geosci 92(1):11–32 (Accessed: 13 May 2019)

van Lanen RJ, Kosian MC, Groenewoudt BJ, Spek T, Jansma E (2015a)
Best travel options: Modelling Roman and early-medieval routes in
the Netherlands using amulti-proxy approach. J Archaeol Sci Rep 3:
144–159. https://doi.org/10.1016/j.jasrep.2015.05.024

van Lanen RJ, Kosian MC, Groenewoudt BJ, Jansma E (2015b) Finding
a way: modeling landscape prerequisites for Roman and early-
medieval routes in the Netherlands. Geoarchaeology 30(3):200–
222. https://doi.org/10.1002/gea.21510

van Leusen PM (1996) Unbiasing the archaeological record. Archeologia
e Calcolatori 7:129–136

van Leusen, M. (2002) Pattern to process: methodological investigations
into the formation and interpretation of spatial patterns in archaeo-
logical landscapes: PhD Thesis. Groningen Institute for
Archaeology, University Groningen

van Leusen PM et al (2005) Protohistoric to Roman settlement on the
Lepine margins near Ninfa (South Lazio, Italy). In: Attema PAJ et al
(eds) Palaeohistoria 45/46: Acta et Communicationes Instituti bio-
archaeologici Universitatis Groninganae. Elde, Barkhuis, pp 301–
345

van Oldenborgh GJ, Philip S, Kew S, vanWeele M, Uhe P, Otto F, Singh
R, Pai I, Cullen H, AchutaRao K (2018) Extreme heat in India and
anthropogenic climate change. Nat Hazards Earth Syst Sci 18(1):
365–381. https://doi.org/10.5194/nhess-18-365-2018

Verhagen JWHP (2007) Case studies in archaeological predictive model-
ling. (Archaeological studies Leiden University, 14). Leiden: Leiden
Univ. Press

Verhagen P (2018) Predictive modeling. In: López Varela SL (ed) The
encyclopedia of archaeological sciences. Wiley-Blackwell, Malden,
pp 1–3

Verhagen P et al. (2010) ‘First thoughts on the incorporation of cultural
variables into predictive modelling’, in Niccolucci, F. and Hermon,
S. (eds.) Beyond the artifact: digital interpretation of the past.
Proceedings of CAA2004. Budapest: Archaeolingua, pp. 307–311

Verhulst N, Govaerts B, Sayre KD, Deckers J, François IM, Dendooven
L (2009) Using NDVI and soil quality analysis to assess influence of
agronomicmanagement on within-plot spatial variability and factors
limiting production. Plant Soil 317(1–2):41–59. https://doi.org/10.
1007/s11104-008-9787-x

von Storch H et al. (2015) ‘Introduction and summary’, in The BACC
Author (ed.) Second Assessment of climate change for the Baltic
Sea Basin. (regional climate studies). S.l.: springer, pp. 1–22

Wadge G, Cole P, Stinton A, Komorowski JC, Stewart R, Toombs AC,
Legendre Y (2011) Rapid topographic change measured by high-
resolution satellite radar at Soufriere Hills Volcano, Montserrat,
2008–2010. J Volcanol Geotherm Res 199(1–2):142–152. https://
doi.org/10.1016/j.jvolgeores.2010.10.011

Wang X, Piao S, Ciais P, Li J, Friedlingstein P, Koven C, Chen A (2011)
Spring temperature change and its implication in the change of veg-
etation growth in North America from 1982 to 2006. Proc Natl Acad
Sci U S A 108(4):1240–1245. https://doi.org/10.1073/pnas.
1014425108

Weaverdyck EJS (2019) The role of forts in the local market system in the
lower Rhine: towards a method of multiple hypothesis testing
through comparative Modelling. In: Verhagen P, Joyce J,
Groenhuijzen MR (eds) Finding the limits of the limes. Springer
International Publishing, Cham, pp 165–190

Wetter O, Pfister C, Weingartner R, Luterbacher J, Reist T, Trösch J
(2011) The largest floods in the High Rhine basin since 1268
assessed from documentary and instrumental evidence. Hydrol Sci
J 56(5):733–758. https://doi.org/10.1080/02626667.2011.583613

WulderMA, Loveland TR, Roy DP, Crawford CJ, Masek JG,Woodcock
CE, Allen RG, Anderson MC, Belward AS, Cohen WB, Dwyer J,
Erb A, Gao F, Griffiths P, Helder D, Hermosilla T, Hipple JD,

Archaeol Anthropol Sci (2020) 12: 159159 Page 20 of 21

https://doi.org/10.1016/j.rse.2017.05.041
https://doi.org/10.1016/j.jas.2012.11.001
https://doi.org/10.1016/j.jas.2012.11.001
https://doi.org/10.1002/esp.1596
https://doi.org/10.1177/0894439308329766
https://doi.org/10.1177/0894439308329766
https://doi.org/10.5194/cp-9-825-2013
https://doi.org/10.1006/qres.2000.2127
https://doi.org/10.1002/arp.1479
https://doi.org/10.1016/j.jas.2012.07.024
https://doi.org/10.5194/nhess-11-459-2011
https://doi.org/10.1016/j.quascirev.2010.05.018
https://doi.org/10.1016/j.jhydrol.2013.09.034
https://doi.org/10.1016/j.rse.2011.05.028
https://doi.org/10.1016/j.rse.2011.05.028
https://doi.org/10.5194/isprsarchives-XLI-B7-723-2016
https://doi.org/10.5194/isprsarchives-XLI-B7-723-2016
https://doi.org/10.1016/j.jasrep.2015.05.024
https://doi.org/10.1002/gea.21510
https://doi.org/10.5194/nhess-18-365-2018
https://doi.org/10.1007/s11104-008-9787-x
https://doi.org/10.1007/s11104-008-9787-x
https://doi.org/10.1016/j.jvolgeores.2010.10.011
https://doi.org/10.1016/j.jvolgeores.2010.10.011
https://doi.org/10.1073/pnas.1014425108
https://doi.org/10.1073/pnas.1014425108
https://doi.org/10.1080/02626667.2011.583613


Hostert P, Hughes MJ, Huntington J, Johnson DM, Kennedy R,
Kilic A, Li Z, Lymburner L, McCorkel J, Pahlevan N, Scambos
TA, Schaaf C, Schott JR, Sheng Y, Storey J, Vermote E,
Vogelmann J, White JC, Wynne RH, Zhu Z (2019) Current status
of Landsat program, science, and applications. Remote Sens
Environ 225:127–147. https://doi.org/10.1016/j.rse.2019.02.015

Xu H (2006) Modification of normalised difference water index (NDWI)
to enhance open water features in remotely sensed imagery. Int J
Remote Sens 27(14):3025–3033. https://doi.org/10.1080/
01431160600589179

Zheng B, Myint SW, Thenkabail PS, Aggarwal RM (2015) A support
vector machine to identify irrigated crop types using time-series
Landsat NDVI data. Int J Appl Earth Obs Geoinf 34:103–112.
https://doi.org/10.1016/j.jag.2014.07.002

Zolitschka B, Behre K-E, Schneider J (2003) Human and climatic impact
on the environment as derived from colluvial, fluvial and lacustrine
archives—examples from the Bronze Age to the Migration period,
Germany. Quat Sci Rev 22:81–100 (Accessed: 5 June 2019)

Additional data sets

Tree-ring climate reconstruction:

Aprona (2019) https://www.aprona.net/, last access [21. April 2019]
ArkeoGIS (2019), www.arkeogis.org, last access [15. June 2019]
Association pour la Relance Agronomique en Alsace (2019), http://www.

araa-agronomie.org/ , last access [19. April 2019]
Copernicus Open Access Hub, (2019) https://scihub.copernicus.eu/

dhus/#/home, last access [17. July 2019]
Corine CLC (2018), https://land.copernicus.eu/pan-european/corine-

land-cover, last access [June 2019]
USGS (2019), https://earthexplorer.usgs.gov/, last access [19. July 2019]
www.historique-meteo.fr, last access [18.May.2019]
API-AGRO (2019), https://api-agro.eu/, last access [19. April 2019]

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Archaeol Anthropol Sci (2020) 12: 159 Page 21 of 21 159

https://doi.org/10.1016/j.rse.2019.02.015
https://doi.org/10.1080/01431160600589179
https://doi.org/10.1080/01431160600589179
https://doi.org/10.1016/j.jag.2014.07.002
https://www.aprona.net/
http://www.arkeogis.org
http://www.araagronomie.org/
http://www.araagronomie.org/
https://scihub.copernicus.eu/dhus/#/home
https://scihub.copernicus.eu/dhus/#/home
https://land.copernicus.eu/panuropean/corineandover
https://land.copernicus.eu/panuropean/corineandover
https://earthexplorer.usgs.gov/
https://apigro.eu/

	Modeling multivariate landscape affordances and functional ecosystem connectivity in landscape archeology
	Abstract
	Introduction
	Material and methods
	Regional settings and landscape history
	Environmental datasets
	Groundwater interpolation
	Soil data
	Climate data
	Hydrologic system
	Vegetation cover and land use
	Infrastructure, built-up, and land cover change
	Multispectral satellite data
	SAR
	The archeological record


	Results
	Flood monitoring
	Sediment influx and soil development
	Surface transformation
	Built-up change (1866–2018)
	Agricultural land use
	Hydrologic system
	Multivariate landscape model


	Discussion

	This link is http://www.vml.de/d/detail.php?ISBN=3-770-,",
	Conclusion
	References
	Additional data sets
	Tree-ring climate reconstruction:



