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the relative importance of changes in land use and climate on suspended sediment
yield (SY) onmillennial timescales in theMeuse basin.We use a spatially distributed soil erosion and sediment
deliverymodel (WATEM/SEDEM) to simulate SY in three time-periods: 4000–3000 BP (minimal anthropogenic
influence); 1000–2000AD (includes land use and climate change); and the 21st Century. Changes in climate are
based on climate model output (ECBilt-CLIO-VECODE). For the 21st Century the model is forced according to
two emission scenarios of the Intergovernmental Panel on Climate Change (IPCC), namely the SRES scenarios
A2 and B1. These scenarios lie towards the higher and lower end of the full IPCC scenario range respectively.
For 4000–3000 BP the basin is assumed to be almost fully forested; for 1000–2000 AD land use is reconstructed
using CORINE data, historical sources, and land use modelling; and for the 21st Century land use is based
on the European land use change project EURURALIS. Whilst rainfall erosivity increases by only 3% between
4000–3000 BP and 1000–2000 AD, SY increases from ca. 92000 Mg a−1 to ca. 306000 Mg a−1. This model
prediction is in agreement with the limited regional multi-proxy data available. Our simulations
show that almost all of this increase is due to the conversion of forest to agricultural land. Over the period
1000–1900 AD, SY shows a significant increasing trend, with a peak of ca. 388000 Mg a−1 in the 19th Century
(due to continuing deforestation). In the 20th Century, reforestation and rapid urbanisation result in a decrease
to ca. 281000 Mg a−1. Sensitivity analyses show that although land use change acts as the primary control on
long-term changes in SY, the sensitivity of SY to changes in climate increases as the percentage of deforested
land increases. For the 21st Century the results are highly sensitive to the scenarios used. Due to relatively large
increases in rainfall erosivity, SY increases by 12% compared to the 20th Century according to scenario A2, or by
8% according to B1. However, the associated land use change scenarios cause decreases in SY by 26% (A2) and
46% (B1). The net effect is thus a decrease of SY. This study highlights the potentially significant efficacy of land
use planning as a tool to mitigate the negative effects of soil erosion and sediment delivery to rivers.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Soil erosion and the delivery of eroded sediments to river channels
cause many environmental problems and can pose substantial finan-
cial burdens on society. Soil erosion on arable land has numerous
detrimental on-site impacts, including the loss of topsoil and fertilisers,
decreased crop yield and accessibility (due to the formation of gullies) in
the short-term, and decreased soil productivity in the long-term
(Verstraeten et al., 2002). The delivery of sediments eroded from agri-
cultural areas is also responsible for the supply of nutrients, pesticides,
and heavy metal contaminants to river channels (e.g. Boers, 1996; De
Wit and Behrendt,1999; Verstraeten and Poesen, 2002), which can have
31 20 59 89941.
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an impact on the water quality of rivers and coastal areas. Sediment
delivery also impacts on channel and floodplain morphology (e.g.
Asselman and Middelkoop, 1995; De Moor et al., 2008), the ecological
functioning of floodplains (Richards et al., 2002), and sediment
deposition rates in reservoirs and ponds (Verstraeten and Poesen,1999).

Two important factors affecting soil erosion and sediment delivery to
river channels are changes in land use and climate (e.g. Toy et al., 2002;
Van Rompaey et al., 2002; Houben et al., 2006). Given that climate and
land use are expected to change as a result of human activities in the
future (IPCC, 2007), it is important to examine the potential effects of
these changes on soil erosion and sediment delivery to river channels. A
number of studies have been carried out to estimate the potential effects
of future climate change on soil erosion at the scale of small watersheds
(e.g. Boardman and Favis-Mortlock,1993; Favis-Mortlock and Boardman,
1995; Pruski and Nearing, 2002; Nearing et al., 2005). At a global scale,
attempts have been made to quantify the effects of future changes in
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Fig. 1. Digital elevation model (DEM) showing the location of the Meuse Basin in
northwest Europe. For this study the model was set up for the area upstream from
Eijsden. DEM after Jarvis et al. (2006). Boundaries after RWS Limburg/IWACO (2000).
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climate and land use on sediment delivery by rivers to the oceans (e.g.
Yang et al., 2003; Ito, 2007), and have found that the conversion of forests
to cropland has led to an increase in the global potential for soil erosion
over the last century,with a further increase inpotential in the future due
to the expected changes in climate. However, these studies only examine
soil erosion and do not examine the effects on sediment delivery (and
hence sediment yield). In Europe, both soil erosion and sediment delivery
are now important topics on the political agendas of local, national, and
European policy makers (Van Rompaey et al., 2005). In western Europe
this is given added impetus by the fact that future climatic changes there
are expected to be relatively large (Giorgi and Coppola, 2007).

In order to assess the potential effects of land use and climate
change on future soil erosion and sediment delivery, calculations can
be based on modern measurements. A much more robust approach is,
however, to gain an understanding of these processes over a much
longer timescale. This enables us to gain an understanding of past
processes prior to human influence, to examine the relative impacts of
climate and land use change through time, and to validate the
performance of predictive models (Lang and Bork, 2006).

In the Meuse basin, as in most medium to large catchments, little
research has been carried out on soil erosion and sediment delivery at
the catchment scale. However, long-term changes in land use and
climate have had large impacts on the discharge and flood frequency of
this river over the late Holocene and 20th Century respectively (Ward et
al., 2008), and therefore effects on sediment delivery can also be
expected. The results of a recent study by De Moor and Verstraeten
(2008), based on detailed geomorphological reconstructions and
sediment delivery modelling, suggest that the sediment yield of the
Geul River (a tributarywhichenters theMeuse a fewkilometres north of
Maastricht in the Netherlands; Fig. 1) increased greatly between the
Early-MidHolocene (ca. 6000Mga−1) and theperiod 1000–2000AD (ca.
48000Mg a−1), due to the conversion of forest to arable land.Whilst not
a tributary of the Meuse, geomorphological studies in the Nethen
catchment (55 km2), which drains into the Scheldt basin via the Dijle in
Belgium, suggest that large increases in sediment delivery haveoccurred
since Medieval times (Rommens et al., 2006). Since few studies have
been carried out to assess the impacts of climate and land use change on
soil erosion and sediment delivery in medium to large basins, we will
use a spatially distributed soil erosion and sediment delivery model
(WATEM/SEDEM) of the Meuse basin (upstream from Eijsden) to:

• Estimate the background level of suspended sediment yield prior to
significant human influence (4000–3000 BP);

• Estimate the long-term changes in suspended sediment yield in the
periods 4000–3000 BP and 1000–2000 AD;

• Delineate the effects of land use and climate change on suspended
sediment yield; and

• Simulate suspended sediment yield under 21st Century climate and
land use change scenarios.

2. Regional setting

The Meuse basin covers an area of ca. 33000 km2, extending over
parts of Belgium, France, Germany, the Netherlands, and Luxembourg.
The Meuse basin can be split into three main sections: (a) the upper
reaches (Lotharingian Meuse); (b) the central reaches (Ardennes
Meuse); and (c) the lower reaches (Dutch Meuse). The Lotharingian
Meuse extends from the source at Pouilly-en-Bassigny (France) to the
confluence with the Chiers (ca. 25 km downstream from Stenay), and
is characterised by a lengthy and narrow catchment of low gradient
through mainly sedimentary Mesozoic rocks; along this section there
are no major tributaries. The Ardennes Meuse extends from the
confluence of the Meuse and the Chiers to the Dutch border near
Eijsden; along this reach the major tributaries Viroin, Semois, Lesse,
Sambre, and Ourthe join the Meuse. The Ardennes Meuse transects
mainly Palaeozoic rocks of the ArdennesMassif and the river is narrow
and steep. The Dutch Meuse extends from Eijsden to the confluence
with the Rhine in the Hollandsche Diep (Berger, 1992). The Meuse is a
predominantly rain-fed river; mean annual precipitation over the
basin is ca. 950 mm, and is reasonably evenly distributed throughout
the year. The spatial distribution of precipitation is to a large extent a
reflection of elevation and distance from the coast. The mean annual
discharge of the Meuse and its associated canals at the border of
Belgium and the Netherlands is ca. 276 m3 s−1 (Ashagrie et al., 2006).
The maximum altitude in the basin is ca. 700 m a.s.l.

For this project the model was set up upstream from Eijsden
(Fig. 1), i.e. the Ardennes Meuse and the Lotharingian Meuse. Hence,
the majority of the Dutch and German sections of the basin are not
included since these tributaries mainly drain into the Meuse down-
stream from this point.

3. Materials and methods

In this study we use the WATEM/SEDEM model to simulate
changes in the long-term annual suspended sediment yield (SY) of the
Meuse per half century for three time-slices: 4000–3000 BP, 1000–



Fig. 2. Comparison of the drainage network according to the Wallonia dataset Réseau
hydrographique 1:10000, and the drainage network derived from the DEM. The area
shown here covers 10 km×10 km.

Table 1
Reclassification of soil texture from the European Soil Database (Van Liedekerke et al.,
2006) to soil erodibility factors (Ktext) following Verstraeten (2006)

Soil texture Ktext

(kg h MJ−1 mm)

Coarse (b18% clay and N65% sand) 20
Medium (18–35% clay and N15% sand, or b18% clay and 15–65% sand) 35
Medium fine (b35% clay and b15% sand) 42
Fine (35–65% clay) 40
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2000 AD, and the 21st Century. The period 4000–3000 BP was
selected as it represents the most recent time-period in which the
natural orbital forcings on climate were broadly similar to those of
today (Goudie, 1992), whilst human influence on land use was
minimal (Gotjé et al., 1990; Bunnik, 1995; RWS Limburg/IWACO,
2000). The period 1000–2000 AD was heavily influenced by human
activities, namely changes in land use throughout the period, and
greenhouse gas emissions since the industrial revolution. For the 21st
Century, our climate configurations are in line with the Special Report
on Emission Scenarios (SRES) A2 and B1 of the IPCC (2000) (see
Section 3.2.3), and the land use configurations are derived from the
associated scenarios of the EURURALIS project (Verburg et al., 2006,
2008; WUR/MNP, 2007) (see Section 3.2.4).

3.1. Sediment delivery model

WATEM/SEDEM is a spatially distributed soil erosion and sediment
delivery model, which we used to estimate the flux of sediment from
the hillslopes to the Meuse basin river network. Detailed descriptions
of themodel are provided in Van Oost et al. (2000), Van Rompaey et al.
(2001a), and Verstraeten et al. (2002); in this section only the main
principles are summarised.

WATEM/SEDEM is a grid-basedmodel that uses IDRISI raster layers
as input, and calculates total annual sediment production, deposition,
and export (i.e. SY). The model firstly calculates the mean annual soil
loss per grid cell based on a 2D application of the Revised Universal
Soil Loss Equation (RUSLE) (Renard et al., 1991):

E ¼ R � K � LS2D � C � P ð1Þ

where E is the mean annual soil loss (kg m−2 a−1); R is the rainfall
erosivity factor (MJ mm m−2 h−1 a−1); K is the soil erodibility factor
(kg h MJ−1 mm−1); LS2D is the slope-length factor according to Desmet
and Govers (1996) to account for flow convergence in a 2D landscape;
C is the crop factor; and P is the erosion control practice factor.

In the next step the eroded sediment is routed through the basin to
a permanent river channel based on the transport capacities of
overland flow. From the river channel the sediment is delivered
directly to the pre-specified catchment outlet. WATEM/SEDEM does
not simulate riverbank erosion, floodplain sedimentation, or channel
storage, and hence the simulated sediment delivery values should be
interpreted as sediment delivery towards the entire river network of
the catchment.

The transport capacity of the overland flow (which is proportional
to the potential for concentrated flow erosion) determines the
sediment transport rates on hillslopes (Van Rompaey et al., 2001a),
such that:

TC ¼ ktc � R � K LS2D−4:1s0:8
� � ð2Þ

where TC is the transport capacity (kg m−1 a−1), ktc is the transport
capacity coefficient (m), and s is the slope gradient (m m−1). For each
grid cell the sediment input is either routed downslope (if the
sediment input is lower than the transport capacity), or deposited
(if the transport capacity is lower than sediment input). The transport
capacity coefficient is the only model parameter that needs to be
calibrated. The calibration of the model is described in Section 4.

3.2. Model input

The input data required to run the model are supplied in the form
of IDRISI raster layers, each with identical resolution and spatial
coverage. For this study we used a spatial resolution of 100 m×100 m.
This resolution was used by Verstraeten (2006) to simulate SY of the
Scheldt river basin at Rupelmonde (Belgium), upstream from which
the area of the basin is approximately 19000 km2; this is similar to the
size of the Meuse basin upstream from Eijsden (ca. 20750 km2) which
will be modelled in this study. The input data layers are described in
the following paragraphs.

3.2.1. Digital elevation model (DEM)
A digital elevation model (DEM) is used in WATEM/SEDEM to

calculate slope gradient and the length-slope factor (LS2D), and to
route sediment downstream. For this study we used the DEM of SRTM
(Shuttle Radar Topography Mission; Jarvis et al., 2006) which is
available online from http://srtm.csi.cgiar.org, with a spatial resolu-
tion of 3″×3″ (corresponding to roughly 60 m×90 m). We reprojected
this data onto a UTM grid (zone 31N) with a resolution of
100 m×100 m. The DEM was also used to construct a river channel
network using the RUNOFF module in IDRISI, and a 50-ha catchment
area threshold value to differentiate channels from hillslopes (e.g.
Verstraeten, 2006). This value resulted in a river channel network
which corresponds well to the drainage network map of Wallonia
(Réseau hydrographique 1:10000; Fig. 2), which was provided by the
Direction de la Coordination Informatique — Cellule SIG, DGRNE, and
is available online at http://environnement.wallonie.be/cartosig/
Inventaire_Donnees/usage/HYDRO.html.

3.2.2. Soil erodibility factor (K)
The soil erodibility factor (K) describes the susceptibility of soil to

erosion by rainfall. Due to a lack of detailed field data on changes in K
over the late Holocene, we assume this factor to have remained
constant over the periods 4000–3000 BP and 1000–2100 AD. This is an

http://srtm.csi.cgiar.org
http://environnement.wallonie.be/cartosig/Inventaire_Donnees/usage/HYDRO.html
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oversimplification, as soil erosion following deforestation will have
led to thinner soil profiles in some regions (especially in loess areas)
(e.g. Rommens et al., 2006; De Moor and Verstraeten, 2008). For this
study,Kwas estimated based on soil texture and stoniness according to
the European Soil Database (ESDB v.2 Raster Library; Van Liedekerke
et al., 2006). The database is available online at http://eusoils.jrc.it/
data.html, and has a spatial resolution of 1 km×1 km. For the Meuse
basin the soil texture database makes a distinction between four
textures, which were reclassed to soil erodibility factors (Ktext) after
Verstraeten (2006) (Table 1).

These soil erodibility factors were then corrected to reflect the
effect of stones in the soil profile on soil erodibility (Box, 1981):

K ¼ Ktext � exp −0:0278Stð Þ ð3Þ
where St is the weight of stones in the topsoil expressed as a
percentage of total weight of the topsoil. The soils on the steeper
slopes of the Ardennes Meuse are relatively shallow, and hence the
potential for erosion there is lower. Few field data are available to
estimate the exact effects of this on soil erodibility, and therefore in
this study we made a conservative ‘best-estimate’ of these effects by
reducing K on slopes exceeding 20%, by 50% (Fig. 3). This K map
represents a rather conservative estimate, as many of the steeper
slopes of the Ardennes Meuse are almost devoid of topsoil, and hence
erosion is minimal, and moreover the steepest slopes often consist of
Fig. 3. Map showing the ‘best-estimate’ of the spatial distribution of the soil erodibility
factor (K) (kg h MJ−1 mm) upstream from Eijsden, based on soil texture, stoniness, and
slope.
bare rock. Therefore, we also created a K map representing an
extreme-case scenario, whereby the stoniness of slopes with a
gradient greater than 15% was increased to 50%, and all slopes steeper
than 30% were regarded as bare rock (i.e. K=0).

3.2.3. Rainfall erosivity factor (R)
The rainfall erosivity factor (R) is used to represent the erosional

impact of rain on soils, and is based on both annual rainfall and rainfall
intensity. Maps of spatially distributed rainfall erosivity were used to
simulate the effects of long-term changes in precipitation. The values
of R were calculated for each grid cell per half century, based on a
regression equation describing the annual value of R as a function of
daily precipitation totals. Daily precipitation data were derived from
the climate model ECBilt-CLIO-VECODE (Opsteegh et al., 1998; Goosse
and Fichefet, 1999; Brovkin et al., 2002). The output used in this study
were derived from a transient run forced by annually varying orbital
parameters following Renssen et al. (2005); atmospheric volcanic
aerosol content and fluctuations in solar activity following Goosse
et al. (2005); and atmospheric greenhouse gas and sulphate aerosol
concentrations following Renssen et al. (2005) for 4000–3000 BP and
1000–1750 AD, and Goosse et al., (2005) for 1750–2000 AD. For the
21st Century, atmospheric greenhouse gas emissions and sulphate
aerosols were based on the scenarios A2 and B1 of the SRES emission
scenarios (IPCC, 2000). These represent two possible future scenarios
of greenhouse gas and sulphate aerosol emissions in the 21st Century.
The A2 and B1 scenarios lie towards the upper and lower end of the
full spectrum of IPCC scenarios respectively, in terms of the
concentration of atmospheric CO2 by 2100 AD, and can therefore be
used to assess the response of the system to a broad range of possible
future changes. The climate model results were spatially and
statistically downscaled for the Meuse basin at a spatial resolution
of 2′×2′ by Ward et al. (2008).

The simulated daily precipitation depths were used to empirically
derive a regression equation which describes the annual value of R at
Ukkel (Belgium) as a function of daily simulated precipitation at Ukkel.
In order to estimate the regression equation we used estimates of R at
Ukkel based on 10-minute observations of rainfall total made by
Verstraeten et al. (2006a). The following regression equation was
obtained:

R ¼ ∑
d¼360

d¼1

a � pre1:8067d ð4Þ

where R is the annual rainfall erosivity factor (MJ mm m−2 h−1 a−1), a
is an empirically derived monthly calibration factor, and pred is the
precipitation depth (mm) on day, d. This regression equationwas then
used to estimate R for each grid cell within the basin, resulting in the
map shown in Fig. 4. This spatial distribution of R shows a good
similarity to estimates based on precipitation measurements, as
described by Bollinne et al. (1979).

3.2.4. Crop factor (C) and erosion control practice factor (P)
A crop factor (C) is used to define the susceptibility of different land

use types towater erosion. Different land use categories were assigned
different values of C based on RUSLE standard calculation methods
(Verstraeten et al., 2003), namely: 0 for water and urban land use
(i.e. no erosion); 0.001 for forests andwetlands; 0.005 for pasture; and
0.370 for arable land. In this studywe created a Cmap for each century
(Fig. 5) by reclassing land use maps to C, in order to simulate the
effects of long-term changes in land use. The model is relatively
insensitive to changes in these values. We carried out sensitivity
analysis by running the calibrated model for the period 1950–2000
with the C values adjusted by ±50% (which represent extreme values,
see Bakker et al., 2008), and this resulted in a change in SYof just ±7%.

For the 20th Century we used the CORINE Land Cover 2000
database (CLC2000 100 m version 8/2005 (V2) © EEA, Copenhagen,

http://eusoils.jrc.it/data.html
http://eusoils.jrc.it/data.html


Fig. 4.Mapshowing the spatiallydistributed rainfall erosivity factor (R) (MJmmm−2h−1 a−1)
upstream from Eijsden for the period 1950–2000 AD, based on climate model output.
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2005, http://dataservice.eea.eu.int/dataservice), and reclassed the
land use categories of CORINE to those required in WATEM/SEDEM
(i.e. water, urban, forest, pasture, arable). For the 21st Century we used
data from the EURURALIS 2.0 project (WUR/MNP, 2007; www.
eururalis.eu), pertaining to land use in 2030 at a spatial resolution of
1 km×1 km. In the EURURALIS project an extended version of the
global economic model (GTAP) and an integrated assessment model
(IMAGE) were used to calculate changes in demand for agricultural
areas at the country level while a spatially explicit land use change
model (CLUE-s) was used to translate these demands into land use
patterns at a 1 km x 1 km resolution (Verburg et al., 2006, 2008). In
order to develop plausible developments in European land use, a
scenario-based approach was employed, whereby the scenarios
followed the concept storylines of the SRES (IPCC, 2000). However,
since the focus of these scenarios is completely outside land use,
agriculture, and rural development, and lacks the regional disaggre-
gation needed for high resolution land use modelling (Verburg et al.,
2006), they were elaborated for land use issues and agricultural
policies typical for Europe (Westhoek et al., 2006). The resulting
scenarios are therefore complementary to those of IPCC (2000).
Hence, we used the land use change scenarios ‘Continental Market’
and ‘Global Cooperation’, which correspond to SRES A2 and B1
respectively. Throughout the rest of this paper we refer to both the
climate and land use scenarios as A2 and B1.
For the period 1000–1900 AD we reconstructed land use based on
the maps ofWard et al. (2008). These give an overview of Meuse basin
land use per century from the 11th to 19th Centuries at a spatial
resolution of 2′×2′ (ca. 2.4 km×3.7 km) based on census data,
historical records, and palaeovegetation reconstructions. These maps
were constructed by estimating the percentage cover of five land use
classes (urban, forest, agriculture and grasslands, wetlands, and water
bodies) per century for 39 Meuse subcatchments. Since our WATEM/
SEDEM model has a higher spatial resolution than the land use maps
of Ward et al. (2008), it was necessary to increase the spatial
resolution. Furthermore, since those land use maps were constructed
for use in hydrological modelling, they make no distinction between
pasture and arable land, which is required in the present study. Hence,
the construction of the land use maps for the period 1000–1900 AD
involved two main steps: (a) estimating the percentage cover of each
land use class for each subcatchment used by Ward et al. (2008), and
(b) using the land use change simulation approach of Van Rompaey
et al. (2001b) to backcast land use change from the reference state in
the 20th Century to the situation in the 11th Century, thereby spatially
distributing the land use covers to the desired resolution.

Concerning step a, the percentage cover of urban area, wetlands,
water bodies, and forests per subcatchment was based directly on
Ward et al. (2008). In order to estimate the ratio of agricultural land
devoted to pasture and arable farming, we first established the
present-day ratio at the basin scale based on the CORINE data, namely
arable (59%) and pasture (41%). Then, we estimated the relative
change in this ratio at the basin scale for each century based on the
Meuse cells in the global maps of Pongratz et al. (2007). We then
estimated the ratio of pasture to arable land per century for each
subcatchment of Ward et al. (2008).

Step b involved spatially distributing these percentage covers per
subcatchment onto the WATEM/SEDEM grid. Firstly, the areal
coverages of urban area, water bodies, and wetlands from the land
usemaps ofWard et al. (2008) were simply resampled onto the higher
resolution grid of WATEM/SEDEM. Then, the percentage covers of
forests, pasture, and arable land per subcatchment, as calculated in
step a, were used to backcast land use changes from the 20th to the
11th Century, based on the method of Van Rompaey et al. (2001b).
Based on the present-day spatial distribution of land use, the
probability of each grid cell belonging to each land use class is calcu-
lated (based on the soil texture and slope of that cell); these proba-
bilitymaps are then used to perform stochastic simulations of land use
change through time. We used the map of the 20th Century as a
reference situation. Then, a land use map of the 19th Century was
developed as follows. The grid cells pertaining to urban areas, water
bodies, and wetlands in the 19th Century were already known from
the maps of Ward et al. (2008), and were simply resampled onto the
WATEM/SEDEM grid. Then, we calculated the change in the number of
grid cells of forest, pasture, and arable land between the 20th and 19th
Centuries, based on the percentage covers estimated in step a. For
example, if there were 100 arable grid cells in the 20th Century, and
150 arable grid cells were required in the 19th Century, then 50 extra
arable grid cells would be needed in the 19th Century compared to the
20th Century. Hence, the 100 arable grid cells of the 20th Century
were ‘fixed’ as arable cells in the 19th Century map. Then, the 20th
Century forest and pasture grid cells were allowed to be converted to
arable cells in the land use change simulations. Such a simulation
works by first selecting a forest or pasture cell at random from the
20th Century map. Next, a random number is generated between 0
and 1, and compared with the probability of that cell having the land
use ‘arable’. If the random number is less than this probability, the
land use of the grid cell is altered to arable and subsequently ‘fixed’; if
not, the grid cell retains its original land use. This procedure is re-
iterated until the desired number of forest or pasture cells have been
converted to arable (in this case 50). The arable cells are then ‘fixed’
and the simulations carried out for the next land use category. The

http://dataservice.eea.eu.int/dataservice
http://www.eururalis.eu
http://www.eururalis.eu


Fig. 5. Reconstructed Meuse basin land use maps for the periods 4000–3000 BP, 1000–2000 AD, and the 21st Century. The 20th Century land use map is based on CORINE data, and
the maps for the 21st Century are based on the A2 (Continental Market) and B1 (Global Cooperation) scenarios of the EURURALIS project (Verburg et al., 2006, 2008). The land use
maps for the period 4000–3000 BP and the 11th to 19th Centuries are reconstructed based on census data, historical records, and pollen analysis.
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simulations were carried out for each subcatchment individually,
starting from the 20th Century, and then backcasting one century at a
time until the 11th Century.

The method requires the estimation of the probability of a given
grid cell having a given land use category. In the present-day, the
probability of a grid cell having the category forest, pasture, or arable,
is significantly related to the slope gradient and soil texture class of
that cell. The mean slope gradient of cells pertaining to forest, pasture,
and arable land are 4.27%, 2.91%, and 2.65% respectively (based on the
DEM and CORINE land use data); these slope gradients differ
significantly from one another according to the Kruskall Wallis test
(KW, χ2=6601, pb0.001). We used CORINE land use data and soil
texture data from the EDSB dataset (Van Liedekerke et al., 2006) to
examine the relationship between land use and soil texture, based on
the statistical Chi-square test (χ2). The null hypothesis of the χ2-test
states that ‘the land use categories forest, pasture, and arable have the
same distribution over different soil textures as over the total
distribution'. Reference to Table 2 shows that this hypothesis can be
rejected for all three land use types (pb0.001).

Given the significant relationship between land use and both slope
gradient and soil texture, we used these two factors to estimate the
probability that a given cell has a given land use category. For a single



Table 2
Results of χ2 test between land use categories and soil texture classes, showing the
observed number of cells of each soil texture class per land use category, and the
expected number of cells assuming that there is no relationship between soil texture
class and land use

Forest Pasture Arable

Soil texture class Observed Expected Observed Expected Observed Expected

Coarse 1577 1820 1629 1093 1294 1587
Medium 18540 15223 7673 9146 11429 13274
Medium fine 6417 8095 3855 4863 9744 7058
Fine 4314 5803 5457 3486 4578 5060
Organic soil 171 79 22 48 3 69
Total cells 31019 31019 18636 18636 27048 27048
χ2 1591.2 1836.3 1441.5
P b0.001 b0.001 b0.001

For all land use categories the null hypothesis is rejected (pb0.001), meaning that soil
texture has a significant effect on the spatial distribution of forests, pasture, and arable
land.
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variable (i.e. slope category or soil texture) this probability is
estimated as the relative frequency of a given land use (i.e. forest,
pasture, or arable land) within that variable. For example, for slope
class 0–2%, 22.1% of the cells pertain to forest. Therefore, the
probability of a cell with slope 0–2% being forest is 0.221. Such a
single variable land use probability can be calculated for each slope or
texture class and for each land use type. However, in this case two
variables are used (slope and texture class), and hence the overall
probability is calculated using the theorem of Bayes:

P land usejAi \ Bið Þ ¼ P land usejAið Þ � P land usejBið Þ
Pðland useÞ ð5Þ

where Ai is the ith class of variable A (e.g. the class ‘0–2%’ of the
variable ‘slope’), and Bi is the ith class of variable B (e.g. the class
‘coarse’ of the variable ‘soil texture class’). For example, the probability
of a cell with slope class ‘0–2%’ and texture class ‘fine’, being forest, can
be calculated as:

P forestjslope00–2k0 \ texture0fine0
� �

¼ P forestjslope00−2k0� � � P forestjtexture0fine0� �

P forestð Þ : ð6Þ

Using Eq. (5) the spatial pattern of land use probabilities was
calculated for each land use category (forest, pasture, or arable).

It should be noted that the probabilities calculated here for the
occurrence of each land use class based on slope and soil texture are
related to current land use practice. Since different practices would
have been employed in the past (e.g. different agricultural methods),
these probabilities will have changed to some extent over time.
Nevertheless, given the lack of knowledge of these probabilities in the
past, the method does allow us to spatially distribute the land use
within each subcatchment based on a logical preference for particular
soil textures and slopes on agricultural land, rather than via a purely
random technique. In this study the erosion control practice factor (P)
assumes a constant value of unity, as no information on past erosion
control practices is available.

4. Calibration and validation

The WATEM/SEDEM model requires the calibration of only one
parameter, namely the ktc (transport capacity) coefficient. Whilst a
large dataset of observed and estimated SY is available for 26 small
catchments in Belgium (Verstraeten and Poesen, 2001), these data are
mainly for catchments in Flanders, and generally in the Belgian loess
belt. For the Meuse basin very few studies have been carried out to
assess SY of the river. Spring and Prost (1883), Close-Lecocq et al.
(1982), and Lemin et al. (1987) measured discharge and suspended
sediment load at Liège to estimate SY based on observed data for a
single year or less. However, Ward (2008) showed that these findings
are highly dependent on both the time-periods and methods used,
and that these estimates are therefore not per se representative of
long-term mean annual SY.

Recently, Doomen et al. (2008) developed a supply-based sedi-
ment rating curve for the estimation of Meuse suspended sediment
concentration (SC) for given values of discharge (Q):

SC ¼ aQb þ c ð7Þ

where a, b, and c are empirically derived coefficients. The coefficient b
varies depending on the presence or absence of sediment stock in the
channel bed; when stock is present b is higher, and when stock is
exhausted b is lower. Sediment stock is assumed to increase when
discharge is below a given threshold, and decrease when discharge is
above that threshold. Ward (2008) substituted discharge values
observed at Eijsden between 1995 and 2005 into this sediment rating
function, and found that the resultant estimates of annual SY agreed
well with observed SYover that period. Hence, in the present studywe
used the sediment rating curve of Doomen et al. (2008), in combina-
tion with observed discharge data for 1950–2000 at Eijsden, to derive
an estimated mean annual SY over that period of 283091 Mg a−1. The
observed discharge data were taken from the Waterbase website of
the Dutch National Institute for Coastal and Marine Management
(RIKZ) and the Dutch Institute for Inland Water Management and
Waste Water Treatment (RIZA) (http://www.waterbase.nl/).

The model was then calibrated against this estimate of mean
annual SY by changing the ktc coefficients for land use types with a
low transport capacity coefficient, ktclow (i.e. forests and pastures),
and those with a high transport capacity coefficient, ktchigh (i.e. arable
land). The calibration run was carried out using the mean observed
rainfall erosivity factor (R) for 1950–2000. Since there are not enough
observed data of SY to calibrate ktclow and ktchigh separately, we
altered only the values of ktclow and estimated the other using a fixed
ratio of 3.3, which has been found to reflect the relative difference in
transport capacity between the different land use types in central
Belgium (Verstraeten, 2006; Verstraeten et al., 2006b). The combina-
tion of ktclow and ktchigh which provided the best match between
simulated and observed SY was 0.80 and 2.64 respectively, giving a
simulated SY of 282927 Mg a−1 (compared to the observed SY of
283091 Mg a−1). Since the soil erodibility factors (K) for slopes used in
the calibration run were based on a best-estimate, and are subject to
much uncertainty, we also carried out a simulation with the extreme-
case scenario for K, as described in Section 3.2.2. Using the values for
the calibration parameters stated above, this resulted in an SY of
265368 Mg a−1, i.e. just 6% lower than with the best-estimate. Since
the extreme-case scenario only forces a relatively small change in SY,
the uncertainty associated with the value of K on slopes will not affect
the usefulness of the model results vis-à-vis the assessment of relative
changes in long-term SY.

As the calibration was carried out for only one measuring station,
validation was carried out in three steps. Firstly, mean basin-wide
rainfall erosivity factors (R) were calculated for each individual decade
between 1950 and 2000, and subsequently used to force the model
using the calibrated values of ktclow and ktchigh. The output were
found to have a reasonable agreement with observed values of mean
annual SY, as shown in Fig. 6 (r=0.76 and N&S=0.51).Whilst themodel
somewhat underestimates the interdecadal variability in SY, this level
of correlation is encouraging given that: land use has been assumed
constant over the period 1950–2000; other human impacts including
dredging, changes in agricultural practice, and sediment conservation
practices have been ignored; actual SY is also dependent on the
availability of sediment stock from preceding years; and the model
does not account for within channel deposition or erosion. The second
step of the validation made use of estimates of SY for the Ourthe
(Meuse tributary) andMeuse rivers at Liège, performed by Lemin et al.

http://www.waterbase.nl/


Fig. 7. Areal coverage (%) of urban area, forest, pasture, and arable land, and the mean
basin-wide crop factor (C) upstream from Eijsden for the period 1000–2100 AD. For the
21st Century, land use is based on future scenarios A2 (shown by ‘+’ symbol), and B1
(shown by triangle symbol) derived from the EURURALIS dataset (WUR/MNP, 2007).

Fig. 6. Observed and simulated mean annual sediment yield per decade at Eijsden for
the period 1950–2000 AD (r=0.76, N&S efficiency=0.51).
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(1987). They found that SY of the Ourthe at Liège was ca. 20.4% of the
magnitude of SY of the Meuse at Liège, just upstream from the
confluence with the Ourthe (with a range of uncertainty from 12.4% to
33.9%). In our simulations SY of the Ourthe was ca. 23.9% of the
magnitude of SY of the Meuse at the same point. Hence, the relative
contributions of these two river sections to total SY appear to be well
simulated. This is especially promising since the percentage cover of
arable land (where most soil erosion occurs) upstream from Liège on
the Ourthe (19.4%) differs greatly from that upstream from Liège on
the Meuse (32.3%). Thirdly, the mean annual value of soil erosion per
hectare (irrespective of soil delivery) as simulated by WATEM/SEDEM
(0.26 Mg ha−1 a−1) was compared to two estimates based on maps of
erosion estimates at the European scale, namely the USLE estimates of
Van der Knijff et al. (2000) and estimates from the PESERA project
(Kirkby et al., 2004; S.P.I.04.73., 2004; website: http://eusoils.jrc.it/
ESDB_Archive/pesera/pesera_cd/index.htm). Our estimate of soil ero-
sion is similar to that of Van der Knijff et al. (2000) (0.18 Mg ha−1 a−1),
though much lower than that of PESERA (0.91 Mg ha−1 a−1). However,
as both of these estimates are based on models at the European scale,
Van Rompaey et al. (2003) have shown that neither is capable of
accurately estimating soil erosion at the local scale across all European
environments. For the upstream Meuse basin, very few estimates of
alluvial sediment storage are available, and hence no direct calibration
was carried out based on observed sediment storage estimates.
However, alluvial sediment storage in these areas is very lowcompared
to that in lowland systems (Notebaert and Verstraeten, 2008), and
hence its effects on SY are small. Moreover, if these stored sediment
volumes were taken into account during the calibration, this would
simply lead to higher values of the ktc coefficient, andwould not affect
the relative changes in SY between the time-periods studied.

5. Results and discussion

5.1. Land use change

The land use of the Meuse basin has changed significantly over the
course of the late Holocene; these changes have had a profound effect
on the susceptibility of the underlying soil to erosion, as expressed by
the crop factor (C) (Fig. 7). In the period 4000–3000 BP, the mean
basin-wide value of C was extremely low (0.001), since the basin was
almost fully forested (98%) at that time (e.g. Gotjé et al., 1990; Tallis,
1990; Lefevre et al., 1993; Bunnik, 1995), with a few small areas
covered by wetlands and water bodies. By the 11th Century, C had
increased to 0.090, in response to the reduction of forest area (to ca.
54%) in the intervening years; the forest had been replaced by pasture
and arable land. The conversion of forest to pasture and arable land
continued until the end of the 19th Century, at which point C shows a
peak value of 0.147. It should be noted that the changes assumed here
are based partly on linear extrapolation between the 11th and 18th
Centuries due to the lack of detailed information for that period (Ward
et al., 2008). In reality some centuries will have seen faster/slower
rates of land use change, and the long-term deforestationmay at times
even have been checked by external influences such as the bubonic
plague (e.g. Lang et al., 2003; Ruddiman, 2003). However, since this
study mainly aims to assess the long-term trends in SY, rather than to
reconstruct exact estimates of SY per century, more accurate
centennial land use maps are not required. Reforestation and rapid
urbanisation in the 20th Century led to a decrease in C compared to
the peak value of the 19th Century. For the 21st Century, both the A2
and B1 scenarios of EURURALIS lead to a further decrease in C, with
the strongest decline in the latter. These reductions are mainly caused
by the expected reduction in arable land, and the expected changes in
forest and urban area are small.

5.2. Long-term changes in late Holocene sediment yield

The results of our long-term simulations of Meuse basin SY show a
striking increase between the period 4000–3000 BP (ca. 92000Mg a−1)
and the last millennium (ca. 306000Mg a−1), despite an increase in R of
just 3% between those periods (Fig. 8). Over the period 4000–3000 BP,
SY and R show little change, and in neither case can a linear trend
be identified (MK-test=0.454, p=0.650 in both cases). However,
between the 11th and 19th Centuries inclusive, Fig. 8 suggests a strong
increasing trend in SY from ca. 258000Mg a−1 in the 11th Century to ca.
388000 Mg a−1 in the 19th Century. The trend is highly significant
according to theM-K test (M-K=5.265, pb0.0001) and Spearman's rank
test (Spearman's rho=0.983, pb0.001); for the same period no
significant trend in R is noted (M-K=0.568, p=0.570; Spearman's
rho=0.185, p=0.463).

Within the framework of increasing SY over the last millennium,
the 20th Century is anomalous, since the average SY in this period is
ca. 281000 Mg a−1, some 28% lower than the 19th Century peak value.
Studies carried out in the late 20th Century by Close-Lecocq et al.
(1982) and Lemin et al. (1987), conclude that the SY of the Meuse
increased significantly between the late 19th and late 20th Centuries.
These studies were based on estimates of SY derived from daily
measurements of Meuse discharge and suspended sediment load at
Liège, compared to similar estimates by Spring and Prost (1883) a

http://eusoils.jrc.it/ESDB_Archive/pesera/pesera_cd/index.htm
http://eusoils.jrc.it/ESDB_Archive/pesera/pesera_cd/index.htm


Fig. 8. Long-term (50-yr) changes in mean annual sediment yield and rainfall erosivity factor (R) over the periods 4000–3000 BP and 1000–2000 AD, and projected changes for the
21st Century according to climate model results forced by the SRES emission scenarios A2 and B1. For the 21st Century, the model runs have been carried out with estimates of future
land use according to the A2 and B1 scenarios of EURURALIS (shown by ‘+’ symbols), and with land use held constant to that of the 20th Century (shown by triangle symbols). Note
that land use changes are prescribed per century, whilst R is prescribed per 50-yr period.
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century earlier. However, the results of Close-Lecocq et al. (1982) and
Lemin et al. (1987) are based on observations carried out for periods of
less than a year, and in the case of Lemin et al. (1987) mainly during
high-flows. The results of Spring and Prost (1883) are based on
observations taken during one year. Ward (2008) examined observed
time-series of Meuse SY for the period 1995–2005, and found the
interannual variability to be greater than the differences between the
three former studies. Hence, Ward (2008) argues that these studies do
not provide evidence of increased SY over that time-period, since the
discrepancy could easily be explained by methodological differences
(e.g. the bias towards measurements during high-flows) and natural
climatic variations alone (due to the (sub-)annual observation periods).
Based on a conceptual assessment of the potential effects of climate and
land use change on SY, Ward (2008) suggests that Meuse SY in the late
20th Century was lower than that of the late 19th Century; the findings
of the present study support this suggestion.

Since the change in R has been very small over the course of the
late Holocene, it can be assumed that the large increase in SY can be
mainly ascribed to the effects of land use change. In order to delineate
the effects of climate variability (R) and land use change on the SY of
the last century we carried out a further simulation whereby the
climate data for the period 4000–3000 BP were used in combination
with the 20th Century land use map, and the 20th Century climate
data were used in combination with the Holocene land use map. The
results of these simulations (Table 3) show that the increase in R
between these two time-periods forced an increase in SY of ca. 9%,
whilst the changes in land use forced an increase in SY of some 198%.
Table 3
Absolute and percentage change in sediment yield (SY) between 4000–3000 BP and the
20th Century as a result of climate change only, land use change only, and climate and
land use change together

Change in SY between 4000–3000 BP
and 20th Century

δSY (Mg a−1) δSY (%)

Climate change only +8000 +9
Land use change only +181000 +198
Climate and land use change +190000 +207

On this timescale the large increase in SY can mainly be attributed to the effects of land
use change (and mainly the conversion of forest to arable land).
Thus, on this timescale almost all of the increase in SY can be ascribed
to the effects of land use change.

In order to further investigate the relative effects of climate and
land use change on SY, two sensitivity analyses were carried out to
examine the relative effects of: (a) changes in R and the conversion of
forest to arable land, and (b) changes in R and the conversion of forest
to pasture. Thiswas achieved by individually varying the inputmaps of
R and land use. A synthetic range for values of R was chosen to cover
the full range of basin-wide values of R simulated in the periods 4000–
3000 BP and 1000–2000 AD (1000–1225 MJ mm m−2 h−1 a−1), with
simulations being carried out for increments of 25 MJ mmm−2 h−1 a−1

within this range. Land use maps were created to show incremental
decreases in forest cover from 100% to 0%, with the remaining land
being assigned as either arable (Fig. 9a), or pasture (Fig. 9b). The land
usemapswere created byassuming a reference situation of 100% forest
cover, and then simulating land use changes according to the methods
described in Section 3.2.4. Within the range of climate variability
simulated over the late Holocene, changes in land use clearly have a
much greater effect than changes in R. Moreover, conversion of forest
to arable land has a much larger impact on SY than conversion to
pasture. Interestingly, the results in Fig. 9 show that as the percentage
cover of forest decreases, the effect of an incremental increase in R
increases. Therefore, whilst land use change (and namely the conver-
sion of forests to arable land) acts as the primary control on long-term
changes in SY, the sensitivity of SY to changes in climate increases as
the amount of deforested land increases.

5.3. Comparison with multi-proxy evidence

Our findings of a large increase in Meuse basin SY between the last
millennium and the more or less natural situation at 4000–3000 BP
are in line with the findings of a number of field studies carried out in
the Rhine-Meuse delta. Beets and Van der Spek (2000) examined the
amount of bed load deposited in the main branch of the Rhine
between 4000 BP and 1700 BP, and the evolution of channel
morphology in the Rhine-Meuse delta during the Holocene. Based
on these findings they postulate that the supply of fluvial sediments
was low at that time. Erkens et al. (2006) reconstructed the long-term
sediment delivery to the Rhine delta between 9000 and 1000 BP (with
increments of 1000 years) by establishing the volume of stored
sediments in the delta area based on DEMs and over 200000 corings.
For the period 9000–1000 BP they estimate that the mean suspended



Fig. 9. Bubble plots showing the individual effects of changes in land use and rainfall erosivity factor (R) (MJmmm−2 h−1 a−1). a) Effects of forest conversion to arable land. b) Effects of
forest conversion to pasture. Sediment yields show a greater response to changes in land use than changes in rainfall erosivity, although the relative influence of changes in rainfall
erosivity increases as the total forest coverage decreases, especially when converted to arable land.

Table 4
Absolute and percentage change in sediment yield (SY) between the 20th and 21st
centuries as a result of climate change only, land use change only, and climate and land
use change together, according to the A2 and B1 emission scenarios of the IPCC, and the
associated land use change scenarios of EURURALIS

Change in SY between the 20th and 21st Centuries

A2 scenario B1 scenario

δSY (Mg a−1) δSY (%) δSY (Mg a−1) δSY (%)

Climate change only +34000 +12 +23000 +8
Land use change only −73000 −26 −130000 −46
Climate and land use change −39000 −14 −106000 −38
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sediment delivery rate to the delta was ca. 1.0 Mton a−1, compared to
ca. 3.4 Mton a−1 in the period 1970–2000 AD. Whilst these results
refer to the Rhine delta only, which has different characteristics to the
neighbouring Meuse, the increase between long-termmean Holocene
and present-day sediment delivery rate is of the same order of
magnitude as our simulated increase in SY.

Based on detailed geomorphological reconstructions and sediment
deliverymodelling, DeMoor and Verstraeten (2008) conclude that the
SYof the Geul River (a small Meuse tributarywhich enters theMeuse a
few kilometres north of Maastricht in the Netherlands) increased
more than eight-fold between themid Holocene and the period 1000–
1500 AD. This increase is even greater than that simulated in the
present study, but this can be explained by the higher erodibility of the
mainly loess soils of the Geul basin, and the fact that ca. 86% of the
basin is estimated to have been cultivated by 1000 AD, as opposed to
44% of the Meuse basin.

The importance of land use change on SY has also been noted in
numerous other basins around the world (e.g. Trimble, 1999; Keesstra
et al., 2005; Nearing et al., 2005; Lang and Bork, 2006; Kettner et al.,
2007). A permanent vegetation cover protects soils from direct rainfall
impact, crusting, and sealing, and can reduce the amountof surface runoff
significantly. Furthermore, since areas under forestshave ahigh sediment
trapping efficiency, forested areas cause deposition on the flow path
between erosional areas and river channels (Van Rompaey et al., 2002).

5.4. Potential changes in sediment yield under future scenario conditions

For the 21st Century our simulation results are highly sensitive to
the scenario (both land use and climate) used (Fig. 8), with decreased
SY in the 21st Century compared to the 20th Century when both
climate and land use change are considered, and increased SY when
only climate change is considered. The effects of land use and climate
change have been delineated and are shown for each scenario in
Table 4. The simulated increase in R (due to an increase in both mean
annual precipitation and intense rainfall events) is greater under the
more extreme A2 emission scenario than under the B1 scenario. As a
result, the effects of climate change on SY are greater under the A2
climate change scenario. The effects of projected land use change
under scenarios A2 and B1 are relatively large, forcing decreases in SY
of 26% and 46% respectively (relative to the 20th Century). Since the
changes in the percentage cover of forest and urban area are expected
to be relatively modest in the 21st Century (Fig. 7), most of this land
use change effect can be ascribed to the expected large decrease in
arable land at the expense of pasture and grassland in the 21st
Century. The combined effects of climate and land use change force
large decreases in SY in the coming century for both scenarios, partic-
ularly for the B1 scenario, since the increase as a result of augmented
rainfall erosivity is less than the decrease as a result of land use
change. It should be noted that land use pertaining to 2030 AD has
been used in the simulations for the entire 21st Century, whilst
separate values of R have been used for 2000–2050 AD and 2050–
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2100 AD. Since land use change is dependent on socio-economic and
political decisions, and also on physical characteristics (Van Rompaey
et al., 2002; Verburg, 2006), it is difficult to simulate meaningful
scenario changes for a longer timeframe, and therefore the results
shown here for the late 21st Century are highly sensitive to future
socio-economic and political decisions and preferences. However, the
results are indicative of the possible long-term trend relative to that of
the last millennium.

For the Rhine basin, Asselman (1997) used a model of soil loss
based on the Universal Soil Loss Equation (USLE) to investigate the
effects of future climate change (by 2050 AD) on SY under the Business
as Usual (BaU) scenario of the IPCC (1992). She found that climate and
land use may force a small decrease (ca. 3%) in SY, with an 18%
decrease and 15% increase associated with land use and climate
change respectively. Whilst these figures cannot be directly compared
to our estimates for the Meuse, due to differences in basin charac-
teristics, scenarios used, and methodologies, the signs of the changes
are in agreement with our findings.

A reduction in Meuse SY could be beneficial for a number of
existing and proposedMeuse flood defencemeasures. For example, an
international flood action plan for the Meuse which was drawn up by
riparian states in 1998 includes a number of measures to reduce the
vulnerability of the basin to flooding including the construction of
retention basins, the recovery or construction of floodplains, and the
increase of the discharge capacity through the widening of the river
channel and floodplains (De Wit et al., 2007). A reduction in SY could
mean that less dredging would be needed in the future in order to
maintain these measures.

6. Conclusions

According to the results of this study, SY of the Meuse River has
increased significantly over the course of the late Holocene. Prior to
significant anthropogenic influence (4000–3000 BP), the annual mean
of SY was fairly constant, with a mean value of ca. 92000 Mg a−1. For
the last millennium, mean annual SY increased more than three-fold
to ca. 306000 Mg a−1. During this period mean SY was far from
constant, showing a very strong positive trend between the 11th and
19th Centuries inclusive, followed by a significant decrease in the 20th
Century. The results are in agreement with the limited regional multi-
proxy data available. On the millennial timescale almost all of the
increase in SY can be ascribed to the effects of anthropogenic land use
change. Sensitivity analyses show that although land use change acts
as the primary control on long-term changes in SY (and especially the
conversion of forest to arable land), the sensitivity of SY to changes in
climate increases as the amount of deforested land increases.

The mean of SY of the 20th Century is some 28% lower than that of
the 19th Century, as a result of planned reforestation and rapid
urbanisation. These findings are in contrast to those of two earlier
works (Close-Lecocq et al., 1982; Lemin et al., 1987) which suggest an
increase in SY between the late 19th and 20th Centuries. It is likely
that the increase in SY observed in those studies was obtained due to
natural climatic variations and methodological differences, rather
than being indicative of a structural increase in SY.

For the near-future (21st Century), SY is highly sensitive to the
scenario (both climate and land use) used. Relatively large increases in
rainfall erosivity over the coming century, under both the A2 and B1
emission scenarios, force increases in SY compared to the 20th Century
of ca. 12% and 8% respectively. However, the land use change scenarios
associatedwith these two scenarios force decreases in SYof 26% and 46%
respectively, especially due to the replacement of arable land with
pasture and grassland. Although the scenarios used here do not
represent the full range of possible future changes, they do lie towards
the upper and lower end of the full range of IPCC scenarios respectively,
and therefore give a good idea of the potential range of uncertainty in
future SY. Given this large uncertainty, robust management strategies
should be employed for the future, although the potential reduction in
SY compared to the 20th Century could be beneficial to themaintenance
of existing and proposed flood defence measures. It is encouraging
that in none of the combinations of future scenarios used here did
the simulated SY of the 21st Century exceed the peak value of the 19th
Century. Since the majority of catchments around the world are ex-
pected to experience increasing rainfall erosivity over the coming
century, this studyhighlights thepotentially significantefficacyof sound
land use planning as a tool tomitigate the negative effects of soil erosion
and increased sediment delivery to rivers.
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