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The complex debate on prehistoric settlement decisions is no longer tackled
from a purely archaeological perspective but from a more landscape-oriented
manner combined with archaeological evidence. Therefore, reconstruction of
several components of the former landscape is needed. Here, we focus on the
reconstruction of the groundwater table based on modeling. The depth of the
phreatic aquifer influences, for example, soil formation processes and vegeta-
tion type. Furthermore, it directly influences settlement by the wetness of a
site. Palaeogroundwater modeling of the phreatic aquifer was carried out to
produce a series of full-coverage maps of the mean water table depth between
12.7 ka and the middle of the 20th century (1953) in Flanders, Belgium. The
research focuses on the reconstruction of the input data and boundary con-
ditions of the model and the model calibration. The model was calibrated for
the 1924–1953 time period using drainage class maps. Archaeological site data
and podzol occurrence data act as proxies for local drainage conditions over
periods in the past. They also served as a control on the simulated phreatic
palaeogroundwater levels. Model quality testing on an independent validation
data set showed that the model predicts phreatic water table levels at the time
of soil mapping well (mean error of 1.8 cm; root mean square error of 65.6 cm).
Simulated hydrological conditions were in agreement with the occurrence of
archaeological sites of Mesolithic to Roman age at 96% of the validation lo-
cations, and also with the occurrence of well-drained podzols at 97% of the
validation locations. C© 2013 Wiley Periodicals, Inc.

INTRODUCTION

It is generally agreed that the human occupation of a re-
gion in pre- and protohistoric times was influenced by
the landscape, as well as by motivations of a more polit-
ical, socioeconomic, and cultural nature (Thomas, 1993;
Tilley, 1994; Jordan, 2001; Kamermans, 2006; Zvelebil,
2003). In this light, a more landscape-oriented point of
view is often taken, examining the archaeological evi-
dence in its spatial setting. Often however, the current
state of some landscape components deviates from their
pre- and protohistoric state. Therefore, reconstructions of
the palaeolandscape are needed. Several examples are

found in the literature, focusing on the reconstruction
of different landscape components such as hydrology
(Gyucha, Duffy, & Frolking, 2011), vegetation (Spikins,
1999, 2000), and topography (Oregon & Fiz, 2008).

The area of interest is situated in the Flanders region
in northern Belgium, an area dominated by sandy soils
and known as Sandy Flanders. In recent decades the re-
gion has been subject to extensive and systematic field
research, revealing areas rich and poor in archaeolog-
ical evidence. Despite repeated archaeological surveys,
the latter areas revealed little or no archaeological mate-
rial (Sergant, Crombé, & Perdaen, 2009; Crombé et al.,
2011). To find the possible reasons for this apparently
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discontinuous population and exploitation of the region,
an interdisciplinary and landscape-oriented approach was
developed. A land evaluation based on reconstructed
components of the palaeolandscape was proposed
(Zwertvaegher et al., 2010). In this evaluation, the suit-
ability of the land for a specific land use is evaluated based
on land qualities. Zwertvaegher et al. (2010) list vari-
ous biophysical attractors for occupation (such as suit-
able places for hunting, fishing, gathering, settlement,
and agriculture) that are associated with land qualities
that relate to vegetation, soil, elevation, river network hy-
drology, as well as water table depth. For example, rain-
fed agricultural potential is influenced by moisture and
oxygen availability in the soil, which in turn is depen-
dent on the depth of the groundwater table. Settlement
is largely determined by the wetness of a site, which is
also affected by the water table depth. Because geoar-
chaeological data are often limited spatially and tempo-
rally, process models can be used to reconstruct the for-
mer state(s) of these landscape components. Such process
models mimic the behavior of a system using equations
or decision rules built on knowledge of natural processes
(Zwertvaegher et al., 2010). Furthermore, the simulated
values from one process model can serve as inputs for an-
other process model.

The overall objective of this study is to attempt a re-
construction of the phreatic palaeogroundwater levels for
the defined study area in Sandy Flanders since the end of
the Late Glacial—encompassing a total of 12,720 years—
by the use of a groundwater flow model. This requires
the reconstruction of boundary conditions, such as cli-
mate and vegetation, hydrological network and topogra-
phy. The model is calibrated for the period 1924–1953
with full-coverage observations derived from a soil map.
Furthermore, we propose the use of archaeological and
podzol evidence as proxies for local drainage conditions
over periods in the past, serving as a plausibility check on
the simulated phreatic palaeogroundwater levels.

STUDY AREA AND PERIOD

Geological Context

The study area (584 km2) is located in Flanders, in the
northern part of Belgium (Figure 1A). During the Pleis-
tocene (Figure 2 for all chronostratigraphical and archae-
ological periods), large river systems primarily draining
to the north and later to the northwest, formed the pa-
leovalley called the Flemish Valley (De Moor & Heyse,
1978; Figure 1B). Valley filling by braided river systems
during the Pleniglacial resulted in a smoothed surface
with typical microrelief (De Moor & Heyse, 1978). The
mainly sandy infillings reach thicknesses up to 20 m

(Jacobs et al., 1993). Aeolian activity in the region in-
creased, reworking the exposed fluvial sediments and
creating parallel east–west oriented dunes and dune com-
plexes (De Moor & Heyse, 1974; Heyse, 1979). The
most pronounced of these dune complexes accumu-
lated between Maldegem in the west and Stekene in
the east, which gradually lead to the damming of the
northwestward braided river system, forcing the drainage
toward the east, and the creation of numerous shal-
low lakes along its southern edge (De Moor & Heyse,
1978; De Moor & van de Velde, 1995). The Moer-
vaart palaeolake (Figure 1B) was the largest one within
Sandy Flanders, covering ca. 25 km2 (Crombé et al.,
2012). At the transition from the Allerød to the Younger
Dryas the drainage network changed, with the disappear-
ance of the Moervaart palaeolake and the appearance of
a more meandering drainage pattern with a deeply in-
cised and laterally stable river channel, now called the
Kale/Durme. For much of the Holocene the region was
geomorphologically quite stable. However, due to the im-
pact of humans this situation changed beginning in the
Subatlantic with local sand drifting in the Roman Period
(Verbruggen, 1971) and peat cutting in Medieval times
(Jongepier et al., 2011).

Archaeological Context

The Late Glacial human occupation in the study region
started in the Allerød with Final Palaolithic Federmesser
groups occupying the entire area, but with a clear pref-
erence for the northern bank of the Late Glacial Mo-
ervaart lake (Figure 1C; Crombé & Verbruggen, 2002;
Van Vlaenderen et al., 2006; Crombé et al., 2011). Dur-
ing the Early Mesolithic the distribution of sites appeared
to be very similar to Federmesser times (Crombé et al.,
2011). However, as the large Moervaart lake had al-
ready disappeared completely, the occupation now pref-
erentially concentrated along the margins of Kale/Durme
river channels. During the Middle and Late Mesolithic,
the site density decreased, site complexes no longer oc-
curred, and campsites were more widely spaced. How-
ever, riverbanks remained the most favored settlement
location (Crombé et al., 2011). In the Late Mesolithic,
sites appeared to be located on lower-lying land and
less reoccupation of former campsites occurred (Crombé
et al., 2011). The first Neolithic colonization of
Sandy Flanders started around 6.0 ka with semimo-
bile Michelsberg groups, operating in the wetlands,
but most likely also in the drier regions of Sandy
Flanders (Crombé & Sergant, 2008). Information on
the Early and Middle Bronze Age originates mainly
from funerary monuments (barrows) (Bourgeois &
Cherretté, 2005). Topographical analysis of the Bronze
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Figure 1 (A) Location of Belgiumwith the study area (in red); (B) digital elevationmodel showing the three partly overlapping subareas of the groundwater

model indicated with open squares (subareas 1, 2, and 3), several geomorphological units and the extent of the Flemish Valley (bold black line; based on

De Moor & Heyse, 1978); (C) final Palaeolithic Federmesser, Mesolithic and Neolithic find spots (Sergant et al., 2009); (D) Bronze Age barrows (Early and

Middle Bronze Age; De Reu et al., 2011a, 2011c) and Late Iron Age and Roman (De Clercq, 2009) sites.

Age barrows showed a clustering of these burial mounds
at higher grounds and in prominent locations in the land-
scape, with a preference for ridges and upslope areas,
while in other areas they appear to be totally absent
(Figure 1D; De Reu et al., 2011b). Bronze Age settle-
ments, on the other hand, are less well-documented and
still poorly understood. A slightly higher density of Late
Bronze Age and Early Iron Age settlement sites compared
to the earlier Bronze Age periods is found (Bourgeois,
Cherretté, & Bourgeois, 2003). During the entire Bronze
and Iron Ages, a comparable pattern can be found, with
a dense and continuous habitation of the regions in the
western and eastern part of the study area, while the
more central part apparently showed no sign of habita-

tion (De Reu et al., 2010). The same pattern appears to
exist in Roman times (De Clercq, 2009).

METHODOLOGY

Available Data Sources

Several sources of information were available for the
study region and were used in various steps of the re-
search (Table I). Present-day topographical information
was supplied as a high-precision digital elevation model
(present DEM), constructed by Werbrouck et al. (2011)
from high-density airborne LiDAR data. Furthermore,
artifacts caused by modern objects and infrastructure
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Figure 2 Timetable listing the chronostratigraphical units and archaeological periods of the last 20 ka. Ages are expressed in kaB.C.E. Chronostratigraphy

of the Holocene is based on Terberger, Barton, and Street (2006); the subdivision of the Pleistocene is based on radiocarbon dated pollen diagrams for

the Netherlands, as revised by Hoek (2001). The time frame of the archaeological periods is expressed for the situation in Sandy Flanders. Note that

at present, no traces of the Late Palaeolithic and Ahrensburgian cultures have been reported in Sandy Flanders (Crombé & Verbruggen, 2002; Crombé

et al., 2011). The vegetation type as applied in the model is also indicated.

created since the 19th century were removed providing
a DEM that was useful for historical geographical pur-
poses (Werbrouck et al., 2011; post-medieval DEM). In-
formation on soil texture class, drainage class, and soil
profile was recorded in the soil map (sampling density
of two observations per hectare). During a soil survey
campaign, thousands of profiles were analyzed and col-
lected in the Aardewerk database (Van Orshoven et al.,
1988). A more recent mapping of the drainage classes
was performed by measurements of the water table in
a small part of the study area (Zidan, 2008). Further-
more, the region is rich in historical maps dating between
the 16th and 19th centuries. Eighty historical maps of
the study area, covering a large range of spatial extents
and scales, were collected and scanned by the Depart-
ment of Geography of Ghent University. Based the on
well-documented historical maps produced by Ferraris,

Vandermaelen, and the third edition topographical maps,
De Keersmaeker et al. (2001) constructed forest distribu-
tion maps for the years 1775, 1850, and 1930. Further-
more, colored orthophotographs, Quaternary geological
and hydrogeological maps were available for the full ex-
tent of the study area.

Vector data on the location and classification of the
present-day watercourses of Flanders were obtained from
the Flemish Hydrographical Atlas (FHA). Archaeologi-
cal data covering the study period were provided by the
Department of Archaeology of Ghent University. Con-
sidering the study period, these concerned sites and/or
find spots from the Mesolithic and Neolithic (Sergant,
Crombé, & Perdaen, et al., 2009), Bronze Age barrows
(De Reu et al., 2011a, 2011c), and Late Iron Age and
Roman sites (De Clercq, 2009). Daily precipitation and
evapotranspiration data in a 30-year time series (for the
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Table I Data used in the phreatic groundwater modeling and associated spatial and temporal resolution and typical errors or confidence levels.

Resolution Typical error or

Data set Source Date Data type Spatial Temp. Primary interest confidence

Present DEM Werbrouck et al.

(2011)

2001–2004 Raster 2 m × 2 m Table III Topography <5 cm

Post-medieval DEM Werbrouck et al.

(2011)

- Raster 2 m × 2 m Table III Topography <10 cm

(Pre)historic DEM - - Raster 2 m × 2 m Table III Topography;

hydrology

<20 cm

Colored

orthophotographs

AGIV 2002 Raster 1:12,000 NR Hydrology HC

Soil map AGIV 1949–1954 Raster 1:20,000 NR Topography;

calibr. and valid.

70% purity

Hydrogeological maps DOV 2002–2006 Raster 100 m × 100 m NR Hydrogeology Unknown

Drainage class map Zidan (2008) 2008–2009 Raster 5 m × 5 m 30 year Calibr. and valid. 61% purity

Historical maps Ghent Univ. 1569–1870 Raster Varying NR Hydrology Unknown

Forest distribution

maps

De Keersmaeker et

al. (2001)

1771–1778;

1846–1854;

1920–1940

Raster 1:20,000 Table III Vegetation;

recharge

HC

Flemish

Hydrographical

Atlas (FHA)

AGIV 1991–2010 Vector 1:50,000 NR Hydrology HC

Quaternary map AGIV 1993–1999 Vector 1:10,000 NR Topography Unknown

Archaeological data Ghent Univ. 1980–ongoing Vector - - Calibr. and valid. HC

Meteorological data Royal

Meteorological

Institute

Belgium

1977–2006 Time series - 1 day Climate; recharge <1 mm day−1

Precipitation and

temperature

anomalies for

central western

Europe

Davis et al. (2003;

personal

communication,

2008)

12,000

B.C.E.–1950 C.E.

Time series - 100 year Climate; recharge <50 mm y−1 <2◦C

Aardewerk database Van Orshoven

et al. (1988)

1950–1953, 1963 Numerical point

data

NR NR Topography;

calibr. and valid.

<10 cm

HC means high confidence, NR is not relevant.

period 1977–2006; from the Merendree-Schipdonk and
Melle weather stations), a 1-year daily temperature se-
ries (for 2005 from Uccle weather station), as well as pre-
cipitation and temperature anomalies (from 12 ka to the
middle of the last century (1950)) for central western Eu-
rope, provided by Davis et al. (2003; personal communi-
cation, 2008), were also used.

Model Description

The groundwater heads were calculated using MOD-
FLOW, the three-dimensional USGS groundwater model
code (Harbaugh & McDonald, 1996) and known as the
worldwide standard groundwater flow model, as evi-
denced by its application in a wide variety of ground-
water studies (e.g., Wilsnack et al., 2001; Zhang & His-
cock, 2010; Zume & Tarhule, 2011). For computational

reasons, the study area with a spatial extent of 584 km2

was divided into three subareas (Figure 2), whose orien-
tation and location was defined by the general direction
of the groundwater streamlines and by large hydrologi-
cal differences related to geomorphologic features in the
landscape. The grid resolution was set at 100 m × 100 m.
The temporal extent of the simulations was 12,720 years,
starting at the end of the Late Glacial and covering the
Holocene (i.e., 12.7 ka to 1953 C.E.). Note that the soil
survey in the study area ended in 1953 so this year was
taken as the final year in the simulations. One time step
in the simulations represents 30 years. The start date was
arbitrarily chosen in the final part of the Younger Dryas.
This had to be a product of 30 years because the last time
step needed to coincide with 1924–1953. Because the
start year and the end year of the simulation are fixed,
this sums to a total of 12,720 years.
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Based on the large temporal extent, simulations were
performed in the steady-state mode of MODFLOW,
having a temporal resolution of 30 years (i.e., a cli-
matic period as defined by Finke et al., 2004). This
resulted in maps of the mean water table (MWT)
for a total of 424 simulation periods. The final re-
sults, provided as MWT depths below the surface, were
constructed by subtracting the model output values,
expressed in absolute heights, from the topography.
Because topography in the study area varied during the
simulated time period, several temporal DEMs were used
and reconstructed when not available as an original data
source.

Ranges of values for hydraulic characteristics of the dif-
ferent geological layers in the area are presented in Ta-
ble II. The depth of their base was derived from the hy-
drogeological maps, as provided by the Flemish Subsoil
Database (DOV). Information on these layers was con-
ceptualized as input to the groundwater model: the ver-
tical discretization was set at 15 computational layers of
5 m thickness and for each computation layer transmis-
sivity, proportional to the horizontal hydraulic conduc-
tivity, and vertical hydraulic conductance divided by the
layer thickness, was calculated. Model boundary condi-
tions, such as the influence of the local hydrological net-
work and the recharge to the groundwater table per sim-
ulation period, were reconstructed and supplied to the
model via the MODFLOW packages. Furthermore, in ac-
cordance with the Dutch nutrient emission model STONE
(Kroon et al., 2001), the drainage of the upper 0.20 m of
the soil was also taken into account. This is especially rel-
evant in regions with shallow groundwater levels. There-
fore, a uniform hydraulic conductance of the upper soil
was applied to the entire study area.

Reconstructing Model Input and Boundary
Conditions for the Temporal Extent of the
Study Period

Topography

A modified assessment of the topography was applied
for three different time periods (Table III): present, post-
medieval, and (pre)historic DEM. The latter DEM is an
adjustment of the post-medieval DEM, in which plaggen
soils and marine and alluvial Scheldt deposits were re-
moved. Plaggen management was generally established
in the Middle Ages in large parts of Western Europe
(Blume & Leinweber, 2004). Sods of heath and/or for-
est litter were applied in the stables as fresh animal bed-
ding and at times were spread out on the arable fields,
serving as manure (FAO, 2001). Based on soil profile in-
formation from the Aardewerk database (Van Orshoven

Table II Hydrogeology of the study region: variation in lithology, horizon-

tal hydraulic conductivity (Kh), and thickness of several layers in the study

area (VMM, 2008a, 2008b).

Hydrogeology Kh (m d−1) Thickness (m)

Quaternary Aquifer System

Pleistocene sediments 0.01–30 0–25

Pleistocene of the Flemish Valley

Campine Aquifer System

Peilstocene and Pliocene Aquifer

Sandy top of Lillo 5–18 0–42

Miocene Aquifer System

Sand of Kattendijk and/or bottom

sand layer of Lillo

4–20 0–35

Boom Aquitard 10−8 0–80

Oligocene Aquifer System

Ruisbroek-Berg Aquifer

Sand of Ruisbroek 0.03–5 0–20

Tongeren Aquitard

Clay of Watervliet 10−4–10−5 0–20

Under-Oligocene Aquifer System

Clayey sand of Bassevelde 1–5 0–30

Bartoon Aquitard System 0–50

Clay of Onderdijke 10−4–10−6

Sand of Buisputten 10−2–10−6

Clay of Zomergem 10−5–10−6

Sand of Onderdaele 0.2–1.7

Clays of Ursel en/of Asse 10−6–10−8

Ledo-Paniselian Brusselian Aquifer System

Wemmel-Lede Auifer 0.6–3 0–30

Sand of Wemmel

Sand of Lede

Sand of Brussel 6 0–15

Sediments of the Upper-Paniselian 3 0–45

Sands of Aalter and/or Oedelem

Sandy clay of Beernem

Sandy sediments of the

Under-Paniselian

0.8–6.7 0–30

Paniselian Aquitard System 0–30

Clay of Pittem 0.01–1

Clay of Merelbeke 0.003

et al., 1988), average plaggen soil thickness in the study
area was estimated at 0.40 m. The post-medieval DEM
was stripped of this predefined amount in the areas with
recorded plaggen soils on the soil map. Due to the na-
ture of the evidence, the exact depth and the location of
the plaggen extraction zones are generally not provided
in the literature. It is assumed that some 10 ha of heath
land were needed to maintain the nutrient level of 1 ha of
arable land (FAO, 2001). Based on these arguments (un-
known location of the removal sites and relatively low
volume to surface ratio in the extraction areas), a positive
correction (i.e., adding heights) for the extraction areas
was not applied in the reconstruction of the (pre)historic
DEM.
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Table III Reconstructed model input and their corresponding time periods in the modeling.

Start year End year Topography Vegetation Recharge Hydrology Ditches CDRAIN

10,766 B.C.E. 1113 C.E. (Pre)historic DEM Varying in time

(Figure 1),

spatially uniform

30-year averaged

time series,

spatially uniform

(Pre)historic

network, model

parameters

from 1924 to

1953 C.E.

calibration

period

- Spatially uniform,

value calibrated

on

archaeological

and recorded

podzol evidence

1114 C.E. 1803 C.E. Post-medieval

DEM

Deciduous forest,

grassland and

shrubs

30-year averaged

time series,

spatially

nonuniform

Present network

(FHA), model

parameters

from 1924 to

1953 C.E.

calibration

period

Spatially uniform,

model

parameters

from 1924 to

1953 C.E.

calibration

period

Spatially uniform,

value from 1924

to 1953 C.E.

calibration

period

1804 C.E. 1923 C.E. Present DEM

1924 C.E. 1953 C.E.

For areas affected by marine influence originating from
storm surges and accompanying flood events from the
13th century onward (northern part of the area; Baete-
man, 2006) or late medieval Scheldt influence (north-
eastern part of the area; Crombé, 2005; Soens, in press),
the depth to the pre-alluvial material was derived from
the memoir accompanying the soil map and their loca-
tion was derived from the Quaternary geological map.
The post-medieval DEM was stripped of this amount at
the defined locations. Because the Holocene, in relative
terms, is considered to be a geomorphologically stable pe-
riod, this (pre)historic DEM was applied in the simula-
tions to the time previous to 1114 A.D. All DEMs were
used at the same resolution of the groundwater model
(100 m × 100 m).

Hydrological network

Watercourses in the model were classified in five size
classes, according to the size of their drainage area and
following the legislative classification of watercourses as
recorded in the FHA. River model parameters, such as
water level, elevation of the riverbed, and hydraulic con-
ductance of the riverbed material, were given a fixed
value per class. Only for the class with navigable water-
courses were variable values used: the width was mea-
sured from colored orthophotographs at several points
along the course; water level (a fixed mark controlled
by sluices) and water depth (taken as 0.5 m below the
maximum allowed ship draught) were derived from the
statutory demands (Navigational Map of Belgium, 2006).
Drainage of excessive water is now mostly performed
by subsurface field drains, but for the pre-1950 period

these were absent. A network of artificial ditches served
a twofold function: drainage of excess water on the one
hand, and to encourage the passage of water toward
the groundwater on the other hand. Ditches were taken
into account from 1114 C.E. onwards (Table III). Depth
(0.9 m below surface) and water level (0.05 m) in the
ditches in the model was chosen based on a pilot study
(Flemish Government Report, 2001).

The location of the present-day watercourses was taken
from the FHA. However, since medieval times, existing
watercourses have been modified and new canals con-
structed, resulting in a present-day river network strongly
deviating from the natural system present during pre-
historic times. Therefore, a reconstruction of this natu-
ral system was conducted based on a twofold analysis:
a cartographical analysis and a streamflow calculation,
both executed in a GIS. The workflow is presented in
Figure 3. In the cartographical analysis the present-day
hydrological network as recorded in the FHA, was classi-
fied into straight/unnatural and curving/natural looking
waterways in a GIS based on a visual screening. Georef-
erencing of the historical maps was executed whenever
possible, although in most cases this was not feasible and
a rough estimate of the position of the watercourses was
performed based on the available place names. A total
of 61 separate waterways located inside the study area
were vectorized on the historical maps. The extra infor-
mation provided by the historical maps was especially
valuable in the geographical reconstruction of reaches in
a GIS, which are now hidden underground (especially in
urban areas), or which are disused due to straightening
and canalizing (Figure 4). By combining this with vec-
torized watercourses from the geomorphological map of
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Figure 3 Flowchart of the hydrological network reconstruction based on cartographical analysis and streamflow calculation.

the study area (De Moor & Heyse, 1994; georeferenced
in a GIS), a preliminary map of the hydrological net-
work was constructed (Figure 5A). The streamflow calcu-
lation was based on the method presented by Jenson and
Domingue (1988), in which stream models are generated
starting from topographical data as provided by a DEM
(Figure 5B). In this case the (pre)historic DEM was used.

As a result of the visual screening, the map de-
rived from the cartographical analysis (Figure 5A) shows
a large area containing no watercourses. Furthermore,
the map produced from the streamflow calculation
(Figure 5B) reveals straight, unnatural watercourses due
to flat surfaces in the DEM restricting the streamflow
algorithm. Therefore, new maps of the drainage net-
work were created as unique combinations of the con-
structed networks of the cartographical analysis and
streamflow calculation. To limit the number of com-
binations, the study area was divided in seven zones
based on the geomorphology and hydrology of the re-
gion (Figure 5C). Hence, instead of combining each wa-
tercourse from both analyses separately, only the water-
courses per zone were combined. The combination with
the highest sum of overlapping cells with the maps (up-
scaled to 100 m × 100 m) from the cartographical anal-
yses and streamflow calculation was assumed to repre-
sent the (pre)historic drainage network (Table III). River
model parameters for the (pre)historic network were in-
directly allocated through the five predefined size classes:

rivers acquired from the cartographical analysis inher-
ited their present-day classification, but watercourses de-
rived from the streamflow calculation were manually
classified.

Recharge as a function of changing climate and
vegetation type

Daily values of the recharge to the groundwater table
were calculated with a modified Thornthwaite-Mather
function, taking the daily precipitation (P), potential
evapotranspiration (ET0), runoff (RO), canopy intercep-
tion (I), and change in soil-water content (dSW) into ac-
count (Equation 1; Thornthwaite & Mather, 1955, 1957;
Steenhuis & Van Der Molen, 1986).

Recharge = P − ET0 − RO − I − d SW. (1)

The daily values were then averaged over 30-year in-
tervals and input into the model. The daily precipitation
and daily evapotranspiration series were obtained fol-
lowing the methodology described in Finke and Hutson
(2008). Annual precipitation and temperature anoma-
lies for central western Europe and covering the entire
study period in 100-year intervals, generated from quan-
titative palynological analysis following the methodology
of Davis et al. (2003) were provided by Davis (personal
communication, 2008). By adding current annual val-
ues from Merendree-Schipdonk and Uccle to the
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Figure 4 Man-made modifications of the river Durme at the city of Lokeren. (A) The topographical map of Lokeren (scale 1:10,000) with indication of the

present-day rivers Durme and Lede; (B) land register map dating from 1881 C.E., with indication of the former course of the rivers Durme and Lede; (C)

localization of the Durme river and the city of Lokeren in the study area.

precipitation and temperature anomalies, local series
were obtained. The 100-year intervals were then lin-
early interpolated to produce continuous series of yearly
values. The daily series were calculated by rescaling a
standard record of daily values from the weather sta-
tion so that annual sums of daily values matched the
yearly values. This daily temperature series was then
used in the equation of Hargreaves and Samani (1985)
to calculate daily potential evapotranspiration for 51◦N.
Yearly values of potential evapotranspiration measured
at the weather station of Melle were used to rescale daily
potential evapotranspiration values to match the yearly
sum.

The temporal sequence of vegetation types in the study
area was based on the work of Verbruggen, Denys, and
Kiden (1996), who defined the regional vegetation de-
velopment for northern and middle Belgium, encompass-
ing the study area. For modeling purposes, these defined

vegetation types were conceptualized in three vegetation
classes: grassland and shrubs, deciduous forest, and conif-
erous forest (Figure 2; Table III). Geographically, the veg-
etation was assumed to be uniformly present over the
entire study area. Only for more recent times was a het-
erogeneous distribution of the vegetated surface imposed
(Figure 6; Table III): forest versus grassland and shrubs.
This was based on the forest distribution maps of De
Keersmaeker et al. (2001). In general, runoff and canopy
interception, needed in the recharge calculation, are de-
scribed as fractions of the precipitation and are related
to the vegetation type. The runoff on vegetated surfaces
was assumed to be negligible (Batelaan, 2006) and ap-
plied likewise in the modeling. The canopy interception
was set at 0%, 8%, and 12% of the precipitation, for
grassland and shrubs, deciduous forest, and coniferous
forest respectively, based on the work of Bouten (1992)
and Finke (2012a).
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Figure 5 (A, B) Maps of the hydrological network based on the cartographical analysis and streamflow calculations, respectively; (C) division of the study

area into seven zones; (D) the final map of the hydrological network.

Model Calibration

Information on prehistoric phreatic groundwater levels is
practically nonexistent in the literature, and whenever
present, it is in most cases of an indirect and dispersed
nature, such as the presence of groundwater-fed peat
marshes or wells found at archaeological sites. However,

intensive peat extraction from the 12th century onwards
resulted in large uncertainties in the location, the ex-
tent, and the nature and age of the former peat marshes
(Jongepier et al., 2011). Furthermore, wells only mark
the presence of the water table within a certain range be-
tween the surface and the bottom of the well. The model

Figure 6 Distribution of the forested areas (in gray) in the study area for three different periods based on the research of De Keersmaeker et al. (2001).

(A) 1114–1803 C.E.; (B) 1804–1923 C.E.; (C) 1924–1983 C.E.
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Table IV Texture and drainage classes with their MHWT andMLWT depth ranges after Ameryckx, Verheye, & Vermeire (1995), as well as their computed

mean MHWT depth, mean MLWT depth, MWT depth, and standard deviation (σ ) on the calculated MWT depth. All depths in centimeter below surface.

σMWT

Text. class Drain. class MHWT depth range Mean MHWT depth MLWT depth range Mean MLWT depth MWT depth (cm) (% MWT depth)

ZSP a >125 194.4 >125 246.6 220.5 100.2 45.4

b 90–120 105.0 >125 182.2 143.6 43.6 30.4

c 60–90 75.0 >125 157.1 116.0 27.3 23.5

d 40–60 50.0 >125 140.5 95.3 15.6 16.3

e 0–120 60.0 100–120 110.0 85.0 41.5 48.8

f 0–100 50.0 50–100 75.0 62.5 38.1 61.0

g 0–50 25.0 0–50 25.0 25.0 24.1 96.4

h 20–40 30.0 >125 128.7 79.3 9.0 11.4

i 0–20 10.0 >125 121.9 66.0 6.9 10.5

ALEU a >125 NP >125 NP NP NP NP

b >125 NP >125 NP NP NP NP

c 80–>125 92.5 >125 168.3 130.4 34.0 26.1

d 50–80 65.0 >125 139.2 102.1 16.6 16.3

e 0–120 60.0 80–120 100.0 80.0 43.1 53.9

f 0–80 40.0 40–80 60.0 50.0 30.5 61.0

g 0–40 20.0 0–40 20.0 20.0 19.3 96.4

h 20–50 35.0 >125 125.4 80.2 10.9 13.6

i 0–20 NP >125 NP NP NP NP

ZSP: texture class of sand (Z), loamy sand (S), and light sandy loam (P); ALEU: texture classes of silt (A), silt loam (L), clay (E), and heavy clay (U); a:

excessively drained; b: good drainage; c: moderate drainage; d: insufficient drainage; e: moderately poor drainage; f: poor drainage; g: very poor

drainage; h: moderately poor drainage and perched water tables; i: very poor drainage and shallow perched water tables.

NP: not present in the study area.

was therefore calibrated in a two-step approach. First,
the 1924–1953 period was calibrated based on compar-
ison with calculated MWT depths and second, a control
and extra calibration on the entire period was performed
by comparison with archaeological and recorded podzol
evidence.

For the 1924–1953 control period, observations on the
MWT depth were derived from the soil map drainage
classes. At the time of mapping, subsurface field drains
were absent so this mapped state is the best recorded re-
presentation of the natural state. Each drainage class is
related to a mean highest and mean lowest water table
(MHWT and MLWT, respectively), expressed as a range
of depths below the surface (Ameryckx, Verheye, & Ver-
meire, 1995; Van Ranst & Sys, 2000; Table IV). For each
drainage class, a mean value for the MHWT and MLWT
depth was calculated, and the average of both served as
the value for the MWT depth. As the augering depth dur-
ing the soil survey was limited to 1.25 m below surface
(Van Ranst & Sys, 2000), the lower boundary of certain
classes was not recorded. The missing information was
completed with data from a more recent soil drainage
class remapping project in the study area (Zidan, 2008).
The uncertainty on the calculated MWT depths was cal-
culated based on the assumptions that the MHWT and
MLWT depths were normally distributed with a cumu-

lative probability of 70% between the upper and lower
bounds. The value of 70% was derived from Dent and
Young (1981) concerning the mapping quality of soil sur-
veyors. Using the Z-score, the variance on both MHWT
and MLWT depths was computed. The standard devia-
tion on the MWT depth was taken as the square root of
the average of both variances (Table IV). The resulting
full-coverage data set of MWT depths was randomly split
into a calibration and a validation set in a 70/30 ratio
(Figure 7). However, in 19.4% of the area, the MWT
depth could not be reconstructed. This is due to the pres-
ence of urban areas at the time of soil mapping, but also
because of the highly industrialized region around the
Canal of Ghent-Terneuzen. Furthermore, at the south-
ern border of the Cuesta of Waas (Figure 1B), the MWT
depths based on data from the pilot area with a recent
drainage class mapping (Zidan, 2008), deviated largely
from MWT depth values as calculated in time-series anal-
yses on present-day local measurements (Finke, Van de
Wauw, & Baert, 2010).

The calibration of the 1924–1953 time period was con-
ducted on the following model parameters: the hydraulic
conductance of the riverbed; the hydraulic conductance
of the upper 0.20 m of the soil surface; the transmissiv-
ity; and the vertical hydraulic conductivity divided by the
thickness of the layers. Only the five upper computational
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Figure 7 Calibration (in color scale) and validation (in white) data set of

the MWT observations (m.a.s.l.), calculated based on the drainage class

map. Calibration and validation data set of the recorded archaeological

sites and podzols.

layers (up to 25 m deep) were taken into account dur-
ing the calibration, since the influence of deeper layers
on the phreatic groundwater table appeared to be negli-
gible. This was executed in a manual iterative approach
in which the calibration parameters were adjusted and
evaluated by comparing the MWT depths based on the
drainage class map (MWTi,m) with the simulated MWT
depths (MWTi,c) at locations i, based on quantitative er-
ror measures (Equations 2–4): root mean square error
(RMSE), mean error (ME), and mean absolute error
(MAE).

RMSE =
√√√√1/n

n∑
i=1

(MWTi,m − MWTi,c )2, (2)

ME = 1/n
n∑

i=1

(MWTi,m − MWTi,c ), (3)

MAE = 1/n
n∑

i=1

∣∣MWTi,m − MWTi,c

∣∣. (4)

The final parameter values for the 1924–1953 calibra-
tion period were then used in the simulations for the en-
tire study period. However, through time, land use and
land management have changed (e.g., the loss of forested
area due to the expansion of built-on and cultivated land,
or the presence of ditch networks that did not exist in pre-
historic times). Therefore, it was concluded that a further
calibration of hydraulic conductance of the upper 0.20
m of the soil surface (CDRAIN) was necessary in relation

to the presence of archaeological findings (Gyucha et al.,
2011). In this research we used Mesolithic and Neolithic
find spots, Bronze Age barrows, Late Iron Age and Ro-
man Age sites, and recorded podzol locations. All sites be-
longing to one archaeological period were split randomly
into a calibration (70%) and validation (30%) data set,
to ensure that each of these archaeological periods was
represented. Afterwards, final calibration and validation
data sets (Figure 7) were produced by combining the sep-
arate sets. Assuming that the difference between MHWT
and MWT, as recorded at the time of soil mapping, was
the same in prehistoric times, the MHWT at the archae-
ological sites was calculated from the simulated MWT.
The number of archaeological sites at which a calculated
MHWT was below the surface served as a criterion in this
prehistoric calibration. The adjustment of CDRAIN was per-
formed with a fixed amount in a manual iterative pro-
cedure and stopped when the change in number of sites
meeting the criterion was below 0.3%.

The presence of podzols served as a second control
on the prehistoric simulated water tables. Point locations
with well-developed podzols (marked Bh and Bhs hori-
zons) were collected from the Aardewerk database. This
data set was randomly split into a calibration and vali-
dation part, containing 70% and 30%, respectively, of
the recorded podzol profiles (Figure 7). These locations
were then evaluated according to the following crite-
rion: MLWT must be lower than the bottom of these B-
horizons for at least 1500 years (Jacques et al., 2010).
This was based on the reasoning that clearly recogniz-
able podzol-Bh(s) horizons have formed in profile parts
that are above the water table at least part of the year.
Based on the assumption that prehistoric MLWT deviated
equally from the MWT, as during the time of soil map-
ping, this difference was calculated and subtracted from
the simulated MWT to obtain a value for the MLWT. The
calibration was performed by only adjusting the param-
eter CDRAIN by a fixed amount, in a manual iterative ap-
proach. The final value for CDRAIN was then chosen when
no change in the number of sites with recorded podzols
occurred for several iterations.

RESULTS AND DISCUSSION

Uncertainties in the Reconstructed Boundary
Conditions and Model Limitations

Input errors affect the initial state of the model and the
model boundary conditions along the time period cov-
ered with the simulations. Ideally, this uncertainty is esti-
mated via uncertainty analysis; however, when time vari-
ant boundary conditions and associated uncertainties are
present, this becomes extremely complex (Finke, 2012b)
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and is therefore not applied in this research. An initial es-
timation of the model quality is therefore provided by list-
ing the uncertainties of the various (reconstructed) model
inputs (Table I).

The LiDAR data have a planimetric accuracy in the or-
der of 0.50 m and an altimetric accuracy ranging from
0.07 m on a concreted surface to 0.20 m on vegetation
cover (Werbrouck et al., 2011) at point scale. The ac-
curacy of the present DEM is better than the one from
the LiDAR data as errors level each other out during the
upscaling. This planimetric accuracy is also applicable to
the post-medieval and (pre)historic DEM. Of course, due
to the filtering of anthropogenic artifacts and subsequent
interpolation during the creation of the post-medieval
DEM, small errors in the elevation values could have
been induced. We assume these to be lower than 0.20
m. Embankments around rivers remain regions of higher
uncertainty. Today, due to channels silting up, the river
Durme has a higher elevation than its surroundings. Ar-
eas where vectorized contours of historical maps were
used in the interpolation have a minimum accuracy of 1
m, which is the maximum equidistance between the con-
tours. Furthermore, agricultural and construction activi-
ties in the study area have leveled the terrain and largely
removed previous microtopography. However, the use of
100 m × 100 m grid cells largely averages out these local
height differences and averaged errors are small. Plaggen
depths and depths to pre-alluvial sediments were derived
from the Aardewerk database and other information
collected during the national soil survey campaign. We
believe the recorded depths are accurate at 0.10 m. Fur-
thermore, it was noted that the location of plaggen ex-
traction sites is often unknown, while the extraction ar-
eas were generally much larger than the application areas
(FAO, 2001). Therefore, this uncertainty is estimated at
0.05 m. Streamflow calculations on a DEM in a GIS are
commonly executed in the reconstruction of hydrological
networks (e.g., Colombo et al., 2007; Mandlburger et al.,
2011). However, knowledge on hydrological palaeochar-
acteristics is scarce and very little research has been
carried out on the effect of climate change on the re-
lationship between surface waters and aquifers that are
hydraulically connected (Alley, 2001).

It was concluded by Davis et al. (2003) that the effect
of nonclimatic and local climatic factors on their method-
ology to reconstruct temperature anomaly series was lim-
ited. Their evaluation was based on internal consistency
and agreement with other proxy records provided in
the literature. In relation to the precipitation anomalies,
this conclusion is assumed to be applicable as well since
the reconstruction was performed following the same
method. The anomalies were adjusted to local conditions
based on present-day meteorological measurements with

high accuracy. Ideally, series calculated from proxies on
more local samples could lead to a refinement of the
recharge data. Unfortunately, such climatic series are not
yet available for the study area. The errors of the recon-
structed yearly precipitation and evapotranspiration were
both estimated to be less than 50 mm and the errors of
the reconstructed January and July temperatures are less
than 2◦C (Zwertvaegher et al., 2010). Canopy intercep-
tion values found in the literature cover a broad range de-
pending on, for example, forest density, tree species, sea-
son, rainfall intensity, and wind speed (Hörmann et al.,
1996; Price & Carlyle-Moses, 2003; Herbst et al., 2008).
This of course also influences the recharge reconstruc-
tion. As a check, calculated recharge for the 1954–1983
period (216.8 mm yr−1) was compared to the present av-
erage value for Flanders (222 mm yr−1; VMM, 2006). It
was concluded that both values are of comparable order.

The available reconstructions limit the length of the
study period. The Late Glacial is known as a highly dy-
namic period for which intense aeolian phases with cov-
ersand deposition and erosion (Kasse et al., 2007; Derese
et al., 2010; Crombé et al., 2012) and large modifications
in the river systems are recorded (De Smedt et al., 2012).
Therefore, we started the study period at the very end of
the Late Glacial and with a major focus on the Holocene.
Relative to the profound changes of the Late Pleistocene,
the Holocene may be regarded as a much more geomor-
phologically stable period.

Model Quality

It is important to point out that the model, even after cal-
ibration, is not free from error. This starts with the mea-
sured observations against which the model is calibrated.
For example, for the drainage classes representing moder-
ately poor to very poor drainage conditions, the standard
deviation on the MWT depths, derived from the drainage
classes in the soil map, is near to or more than 50%
(Table IV). However, these only cover a small part of the
study area.

Model quality for the 1924–1953 time period is ex-
pressed as quantitative error measures as ME, MAE, and
RMSE (Table V). The calibration and validation results
show good agreement. The ME is close to zero, in the
order of several centimeters. The RMSE is in the range
of several tens of centimeter. Figure 8 shows the MWT
values based on the drainage class map and the simu-
lated values of the MWT for the 1924–1953 period at
the calibration locations (R2 = 0.9765). The deviation
between simulated values and values obtained from the
drainage class map increases as both values increase. This
can be related to erroneous simulated MWT values in
the region of the Cuesta of Waas (indicated as subarea 3,
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Table V Model performance for the 1924–1953 calibration period: mean of the simulated MWT depth (mean) and standard deviation (σ ). ME, MAE, and

RMSE based on the simulated MWT depths and the MWT depths at the calibration and validation locations (calculated based on the drainage class map).

No. of locations (%) of the calibration and validation data sets of archeological sites and well-drained podzols meeting the criteria after the prehistoric

calibration of CDRAIN. Location of subareas 1–3 is indicated in Figure 1B.

Entire area Subarea 1 Subarea 2 Subarea 3

MWT depth All data Mean m 1.119 1.098 0.904 1.377

σ m 0.957 0.575 0.435 1.407

Cal. ME m 0.012 − 0.013 0.110 − 0.077

MAE m 0.439 0.354 0.301 0.661

RMSE m 0.660 0.484 0.398 0.939

Val. ME m 0.018 − 0.006 0.117 − 0.070

MAE m 0.437 0.350 0.302 0.656

RMSE m 0.656 0.488 0.397 0.931

Archaeological sites Cal. No. of sites meeting a fixed criterion % 92.42 - - -

Val. % 96.28 - - -

Recorded podzol locations Cal. % 90.79 - - -

Val. % 96.88 - - -

Figure 8 MWT values calculated based on the drainage class map

(m.a.s.l.) versus simulated MWT values at the locations of the calibration

data set (gray dots). Black line: line of perfect agreement.

Figure 1B), or due to erroneous values in the calculated
MWT observation data set based on the mapped drainage
classes in the same region. The latter could relate to the
fact that data from the recent drainage class mapping in
the pilot area, used to complete the missing informa-
tion in the construction of the MWT observation data
set, would not be applicable to this cuesta area (subarea
3). Furthermore, the calibration of the prehistoric MWTs
was based on adjusting the CDRAIN function of the per-
centage of archaeological sites and recorded podzol loca-
tions meeting a fixed criterion. The number of calibra-
tion sites meeting the criterion at the final CDRAIN is above
96% (Table V). The number of accepted validation sites
is even slightly larger than for the calibration sites, this is

true for both the archaeological sites as for the locations
with recorded podzols. It is possible that nonaccepted sites
probably lie within a heterogeneous area (archaeologi-
cal/recorded podzol site on higher ground surrounded by
lower ground). Such detail can be lost due to the resolu-
tion (100 m × 100 m) of the modeling. Downscaling the
maps of the MWT depths to a higher resolution may yield
even better results. This is yet to be tested.

Spatial and Temporal Variations in MWT Depth

The output of the phreatic palaeogroundwater modeling
consists of a series of full-coverage maps of the MWT
depth spanning the entire study period. The temporal
evolution of the MWT depth (Figure 9A) reflects gener-
ally the calculated recharge (Figure 9B), and hence the
climate. At the start of the Younger Dryas, the level of
the MWT falls to reach its minimum around the middle of
the Younger Dryas, generally climbing to higher phreatic
groundwater levels throughout the Preboreal and Boreal.
The transition between the Boreal and Atlantic is charac-
terized by an increase in the MWT depth, but from the
Atlantic onwards, the MWT remains at a fairly constant
level. The influence of the present-day drainage system
and land use is reflected by an increase in MWT depth
from 1114 A.D. onwards. Likely within-year fluctuations,
indicated by MHWT and MLWT depths (Figure 9A), are
calculated from the simulated MWT depths. This calcu-
lation was based on the assumption that their deviation
from the MWT depth in previous times equals the differ-
ence with the MWT depth, as recorded at the time of soil
mapping.

The full-coverage maps of the MWT depth show a dry
situation in practically the whole area in the Younger
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Figure 9 (A) Time series of the simulated MWT depth (solid line) for a location on the coversand area. Calculated MHWT and MLWT depths are also

indicated as upper and lower dashed lines. (B) Time series of the calculated recharge (m3 d-1 ha-1). Chronostratigraphical (dashed vertical lines) and

archaeological periods (as defined for Sandy Flanders; solid vertical lines) are indicated on top of each graph: YD, Younger Dryas; PB, Preboreal; FP, Final

Palaeolithic; Meso, Mesolithic; Neo, Neolithic; BA, Bronze Age; IA, Iron Age; RA, Roman Ages; MA, Middle Ages.

Dryas (Figure 10). The average MWT depth in the re-
gion is deeper than 1.20 m. However at the southern
border of the coversand ridge, a slightly wetter area re-
mains (average MWT depth between 0.20 and 0.60 m).
From the Younger Dryas, throughout the Preboreal to
the Boreal, a fall in the phreatic water table depth oc-
curs. The coversand ridge persists as a dry region in the
landscape, bordered to its south by a small area with
shallow groundwater tables. In the south an area occurs
where, especially from the Boreal onwards, both shal-
low and deep groundwater tables occur within a very
short distance. This region is characterized by small paral-
lel ridges and depressions as the remainders of a braided
river system. For the rest of the Holocene, the MWT
depth is rather constant, as is the climate influencing
the recharge. However, if deforestation and reforestation
history between Bronze and Middle Ages were known,
this would probably have resulted in (nonforested) ar-
eas with higher water tables due to lower interception.
Because of the implementation of drainage ditches, the
1950 situation (Figure 10D) is slightly drier compared
to the prehistoric periods, especially in the lower-lying
areas.

MWT in a Geoarchaeological Context

In the study area, the archaeological sites dating to the
Early Mesolithic (Figure 10B) are mostly located on the
southern border of the coversand ridge of Maldegem-

Stekene. This is an interesting location due to the gra-
dient in MWT depths when crossing the ridge in a
southerly direction. The archaeological sites are posi-
tioned on the drier ridge, with possible freshwater seep-
age in the vicinity at the southern border. Also, a num-
ber of sites are located on the drier grounds bordering
the river Kale/Durme. The transition from the Boreal to
the Atlantic is characterized by a slight drying and coin-
cides with a marked decrease in sites dating to the Middle
Mesolithic (Figure 10C; Crombé et al., 2011). This could
indicate that the water level in the area, especially in the
river channel, limited the availability of drinking water.
For the Atlantic period, again slightly higher groundwa-
ter levels are found as compared to the Boreal-Atlantic
transition. Simultaneously the number of sites dating to
the Late Mesolithic increases even though the density is
no longer comparable to the Early Mesolithic. Although
sites remain associated with drier positions in the vicin-
ity of wetter locations, such as the southern border of
the coversand ridge and the Kale/Durme riverbanks, Late
Mesolithic sites tend to be found at important nodal po-
sitions, a pattern which persists during the Neolithic. Ac-
cording to Crombé et al. (2011) this might be linked to
an increased emphasis on wetland exploitation, including
fishing, which resulted in a reduction in group mobility.
From the Atlantic onwards the simulated MWT depths
remain quite constant. The Bronze Age barrows on the
other hand, do cover this dune complex area as well as
further away from its southern border, while Late Iron
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Figure 10 Full-coverage maps of the MWT depth (expressed in cm below the surface). (A) 10.15 ka B.C.E. (Younger Dryas); (B) 7.84 ka B.C.E. (Boreal),

with Early Mesolithic find spots (black triangles); (C) 7.12 ka BCE (Boreal-Atlantic transition), with Middle Mesolithic find spots (black triangles); (D) time of

soil mapping (1950 C.E.).

Age and Roman find spots are not found here. The Ro-
man sites are mainly located in the cuesta region.

However, one region in particular remains devoid of
archaeological evidence throughout all periods investi-
gated: it concerns the area of parallel ridges and de-
pressions, to the south of the Moervaart depression. The
question arises as to how far this is a reflection of the
archaeological reality or of a biased impression due to
poor preservation of the archaeological remains under
the influence of natural degradation, along with the ur-
banization and industrialization of the region. This phe-
nomenon was investigated for the Bronze Age barrows,
but no clear answer could be given due to rather un-
successful aerial surveys and only a limited number of

sites revealed at recent excavation projects, only border-
ing the region under question (De Reu et al., in press).
Today this area is characterized by a dense network of
small brooks and ditches. In the 1960s, the poor condition
of this network could lead to seasonally high groundwa-
ter tables and even flooding of the neighboring areas in
winter (Ameryckx & Leys, 1962). In earlier times when
the artificial drainage network was absent, this must have
been the case. Parallel higher and drier ridges separate
the lower and wetter depressions. However, they are of
a rather limited extent and hence probably did not serve
as good locations for settlement. In addition, the absence
of major open water systems, such as lakes and large
streams, might have restricted the occupation of this area.
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CONCLUSIONS

Palaeogroundwater modeling was performed for Sandy
Flanders resulting in a series of full-coverage maps of the
MWT depth spanning a time period of 12,720 years, start-
ing in the Younger Dryas, and covering almost the entire
Holocene, up to 1953. Calibration for the modern period
(1924–1953) was performed using drainage class infor-
mation from the soil map of Flanders. The model qual-
ity for the validation data set (ME of 1.8 cm and RMSE
of 65.6 cm) indicates that the model predicts well the
phreatic MWTs at the time of soil mapping. Evidence
on the past landscape such as archaeological sites and
recorded podzol locations were used to further calibrate
and validate the model for prehistoric times by adjust-
ing the hydraulic conductance of the upper 0.20 m of the
soil (CDRAIN): at 96.28% of the archaeological sites and
at 96.88% of the podzol locations of the validation data
set, the simulated water table depths were in agreement
with settlement and podzolization conditions. Difficulties
reconstructing the past topographies, drainage network,
vegetation type, and climate, based on the current knowl-
edge, are discussed. Application of the model provided
an extensive full-coverage data set on the palaeo-MWT,
showing a decrease in MWT depth from Younger Dryas
to Boreal, and relatively stable MWT depths for the rest of
the Holocene. A first analysis indicates that locations with
strong MWT gradients seem to be attractive to Mesolithic
and Neolithic humans. For later archaeological periods
this situation is not as clear. The maps of the MWT can
be further investigated in a geoarchaeological and land
evaluation context and can be used in, for example, pre-
dictive modeling.

The authors gratefully acknowledge Ghent University Inte-
grated Project BOF08/GOA/009 “Prehistoric settlement and
land-use systems in Sandy Flanders (NW Belgium): a diachronic
and geoarchaeological approach” for financially supporting this
work. Our thanks also go to Ilke Werbrouck and Jason Jongepier
for the collection of the historical maps used in this study, to Tim
Soens for sending us a first draft of his manuscript, and to B.
Davis for supplying the January and July temperature anomaly
data for central Western Europe and the precipitation data for
the same regions. Furthermore, our gratitude goes to two anony-
mous reviewers for providing very useful comments on an ear-
lier version of this manuscript.

REFERENCES

Alley, W.M. (2001). Ground water and climate. Ground

Water, 39, 161.

Ameryckx, J., & Leys, R. (1962). Verklarende tekst bij het

kaartblad Zeveneken 41 W. Bodemkaart van België.
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premier âge du Ferdans les Flandres Occidentale et

Orientale (Belgique): un état de la question. In J.

Bourgeois & M. Talon (Eds.), L’ âge du Bronze du nord de
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Crombé, P., Sergant, J., Robinson, E., & De Reu, J. (2011).

Hunter-gatherer responses to environmental change

during the Pleistocene-Holocene transition in the southern

North Sea basin: Final Palaeolithic-Final Mesolithic land

use in northwest Belgium. Journal of Anthropological

Archaeology, 30, 454–471.
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Verniers, J., Crombé, P., & Van den haute, P. (2010). The

timing of aeolian events near archaeological settlements

around Heidebos (Moervaart area, N Belgium).

Netherlands Journal of Geosciences—Geologie en

Mijnbouw, 89, 173–186.

FAO. (2001). Lecture notes on the major soils of the world.

World soil resources reports, 94.

Finke, P.A. (2012a). Modeling the genesis of luvisols as a

function of topographic position in loess parent material.

Quaternary International, 265, 3–17.

Finke, P.A. (2012b). On digital soil assessment with models

and the pedometrics agenda. Geoderma, 171–172, 3–15.

Finke, P.A., & Hutson, J.L. (2008). Modelling soil genesis in

calcareous loess. Geoderma, 145, 462–479.

Finke, P.A., Brus, D.J., Bierkens, M.F.P., Hoogland, T.,

Knotters, M., & de Vries, F. (2004). Mapping groundwater

Geoarchaeology: An International Journal 28 (2013) 170–189 Copyright C© 2013 Wiley Periodicals, Inc. 187



RECONSTRUCTING PHREATIC PALAEOGROUNDWATER LEVELS ZWERTVAEGHER ET AL.

dynamics using multiple sources of exhaustive high

resolution data. Geoderma, 123, 23–39.

Finke, P.A., Van de Wauw, J., & Baert, G. (2010).

Development and testing of a method to update the

drainage class map of Flanders. Final report (in Dutch).

Ghent: Ghent University.

Flemish Government Report. (2001). Report WAT/L 2000 S

0002 X, Herwaardering van het grachtenstelsel. Fase 2 –

Inventarisatie en opbouw van een GIS. Deel uitvoering.

Brussel: Department Environment and Infrastructure,

AMINAL—Division Water.

Gyucha, A., Duffy, P.R., & Frolking, T.A. (2011). The Körös

Basin from the Neolithic to the Hapsburgs: Linking

settlement distributions with pre-regulation hydrology

through multiple data set overlay. Geoarchaeology, 26,

392–419.

Harbaugh, A.W., & McDonald, M.G. (1996). User’s

documentation for the U.S. Geological Survey modular

finite-difference ground-water flow model. Open-File

Report 96–485. Reston, Virginia: U.S. Geological Survey.

Hargreaves, G.H., & Samani, Z.A. (1985). Reference crop

evapotranspiration from temperature. Applied Engineering

in Agriculture, 1, 96–99.

Herbst, M., Rosier, P.T.W., McNeil, D.D., Harding, R.J., &

Gowing, D.J. (2008). Seasonal variability of interception

evaporation from the canopy of a mixed deciduous forest.

Agricultural and Forest Meteorology, 148, 1655–1667.

Heyse, I. (1979). Bijdrage tot de geomorfologische kennis van

het Noordwesten van Oost-Vlaanderen. Brussel: Paleis der

Academiën.
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