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English summary 

Background and problem definition 
Future climate change is expected to have major impacts on river systems around the world, and 
could cause changes in discharge and flood frequency, and soil erosion and the delivery of sediments 
to river channels. An analysis of a recent set of global climate change simulations shows that Europe 
is amongst the Earth’s most sensitive regions to future climate change, with model projections of 
increased winter precipitation in north-west Europe of between 5% and 20%. Changes in basin 
hydrology, however, depend not only on climate but also on land use. Changes in land use are the 
result of complex interactions between physical, socio-economic, and political processes, including 
climatic change. It is now widely acknowledged that past decreases in forest cover have caused 
significant increases in discharge and soil erosion around the globe. 
 
In the Netherlands, the importance of research into the effects of climate change on hydrology has 
been recognised since at least the late 1980s. For the Meuse basin, this was given added impetus by 
the major floods of 1993 and 1995. In those years the Meuse overflowed its banks, leading to 
extensive flood damage in the riparian states. For example, the direct financial losses associated with 
the floods of 1993 were estimated to be above €100 million for the Netherlands alone. Since then, 
numerous studies have been carried out to examine hydrological changes in the catchment over the 
last century. These studies show that whilst mean annual and monthly discharge have remained fairly 
stable over the course of the 20th Century, annual and winter maximum daily discharge have been 
significantly higher since the mid-1980s than during the rest of the 20th Century. Numerous 
hydrological models have also been used to assess the impacts of climate change on Meuse 
hydrology in the future. These studies suggest that the anticipated climate change of the 21st Century 
will lead to an increase in flood frequency, especially in the winter half-year (November-April). Much 
less research has been carried out to examine the effects of changes in forest cover in the Meuse 
basin because the forested area has remained relatively stable at the basin scale over the course of 
the last century. 
 
In the Meuse basin, as in many medium to large catchments, research into the effects of climate and 
land use change on soil erosion and sediment delivery at the basin scale are lacking. This is despite 
the fact that these processes now have an important position on the political agendas of local, 
national, and European policy makers, can lead to a plethora of environmental problems, and can 
pose substantial financial 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. The 
delivery of sediments eroded from agricultural areas is also responsible for the supply of nutrients, 
pesticides, and heavy metal contaminants to river channels, which can have an impact on the water 
quality of rivers and coastal areas. Sediment delivery also impacts on channel and floodplain 
morphology; the ecological functioning of floodplains; and sediment deposition rates in reservoirs and 
ponds. Changes in soil erosion and sediment delivery can be assessed by analysing the sediment 
yield of rivers (i.e. the amount of sediment passing a certain position in the river channel over a given 
period of time). 
 
To date, studies which have been carried out to examine changes in Meuse discharge and sediment 
yield at the basin scale have either been based on observed records of the last century, or have used 
models calibrated against observations for that period to simulate changes in the 21st Century. 
However, when studying long-term changes (centennial to millennial) this is problematic. Firstly, 
accurate daily measurements of Meuse discharge have only been made since 1911, and since 1995 
for sediment yield. These records are too short to evaluate the effects of long-term climatic changes. 
Secondly, the performances of these models have not been validated for periods in which 
environmental conditions were different to those during the last century. Thirdly, at a basin scale the 
forested area has been relatively stable over the last century, so it is difficult to assess the effects of 
large-scale changes in land use. 



A useful way to address the lack of long-term observed measurements is to examine the hydrological 
response to environmental changes prior to the period in which instrumental measurements were 
taken. This field of study is known as palaeohydrology. The relevance of data from the period prior to 
instrumental records in the study of global change is recognised in the Fourth Assessment Report of 
the Intergovernmental Panel on Climate Change. 
 
Studies of palaeohydrology provide a dataset for the validation of model response on millennial 
timescales. They also enable us to simulate the response of discharge and sediment yield to changes 
in climate over longer timescales, to greater amplitudes of climatic change, and to more extensive 
changes in land use. Furthermore, the use of millennial timescales allows for a more realistic 
investigation of extreme events with low return frequencies. Moreover, by simulating discharge and 
sediment yield during time-periods in which human influence on the environment was negligible, the 
effects of anthropogenic activities can be assessed in relation to natural reference conditions. 
However, the modelling of Holocene discharge and sediment yield at the basin scale is in its infancy. 
A process-based numerical model has been used to simulate long-term (> 100 year) changes in 
mean Meuse discharge during the last Glacial-Interglacial transition, but simulations at a higher 
temporal resolution, or for periods in the more recent Holocene period, remain elusive, not only for the 
Meuse but also for rivers around the globe. As with simulations of discharge, simulations of Meuse 
sediment yield during the Holocene are also currently lacking. The development and application of 
such models therefore forms an interesting challenge, and one from which much information on the 
effects of long-term changes in climate and land use could be derived. 
 
Objectives and research questions 
In order to respond to the issues raised above, the main objectives of this Ph.D. study are to assess 
the long-term trends and changes in discharge, flood frequency, and sediment yield of the River 
Meuse during the late Holocene and the 21st Century in response to natural and anthropogenic 
changes in climate and land use, and to compare the relative impacts of these factors on different 
timescales. Assessments of this nature are of great importance for the Meuse basin, since the 
damages associated with flooding and soil erosion are high. Moreover, relatively long records of 
climate and discharge provide reliable datasets for the calibration of models. In order to address these 
objectives, the following key research questions have been formulated: 
 

1. Can we develop a coupled climate-hydrological modelling approach to simulate long-term 
changes in palaeodischarge? To what extent can multi-proxy data be used to test the 
performance of such models as tools for palaeodischarge assessment? 

2. How has the discharge and flood frequency of the River Meuse changed between a natural 
reference period when the natural climate forcings were similar to those of today and 
human influence on land use was minimal (4000-3000 BP), and a period influenced by 
anthropogenic changes in land use (1000-2000 AD) and greenhouse gas and sulphate 
aerosol emissions (post industrial revolution)? What mechanisms caused these changes in 
discharge and flood frequency? 

3. What are the relative effects of climate change and land use change on the discharge and 
flood frequency of the Meuse during the 21st Century? How do these compare to the effects 
of long-term natural and anthropogenic change over the late Holocene? 

4. What effects have changes in land use and climate had on soil erosion and sediment yield 
in the Meuse basin during the late Holocene? What effects can be expected in the 21st 
Century? 

 

Answers to the research questions 

The use of a coupled climate-hydrological model to assess palaeodischarge 
Prior to this study, the coupling of a climate model with a spatially distributed hydrological model had 
not been used to assess changes in palaeodischarge over the Holocene. Hence, before setting up a 
detailed model for the Meuse, the first step in this thesis (Chapter 2) involved setting up a low 



resolution model (0.5˚ x 0.5˚) with a monthly time-step to simulate the discharge of 19 rivers around 
the globe (Amazon, Congo, Danube, Ganges, Krishna, Lena, Mackenzie, Mekong, Meuse, 
Mississippi, Murray-Darling, Nile, Oder, Rhine, Sacramento-San Joaquin, Syr Darya, Volga, Volta, 
Zambezi). This research served as a pilot study to examine the usefulness of such a coupled 
modelling approach in the assessment of long-term changes in (palaeo)discharge. The climate model 
ECBilt-CLIO-VECODE was coupled offline with the hydrological model STREAM to simulate the 
discharge of these rivers in three time-slices, namely: Early Holocene (9000-8650 BP), Mid Holocene 
(6200-5850 BP), and Recent (1750-2000 AD). The model results were compared to palaeodischarge 
estimates based on multi-proxy records available in the literature in order to test the model’s skill in 
retrodicting the changes over the Holocene. The quality of the proxy data for each basin, in terms of 
the confidence that they reflect the actual palaeodischarge situation of the river in question during the 
relevant time-slice, was classed as good, reasonable, or low. Of the model runs for which the proxy 
data were good or reasonable, 72% were in good agreement with the proxy data, and 92% were in at 
least reasonable agreement. The agreement between model and proxy data was especially good for 
sub-tropical basins influenced by northern hemisphere monsoons, and mid-latitude European basins 
with (varying degrees of) maritime influence.  
 
Since the modelling approach proved useful in the retrodiction of monthly palaeodischarges, it was 
subsequently applied to the Meuse basin (Chapter 3). The spatial resolution was increased to 2’ x 2’ 
(ca. 2.4 km x 3.7 km), and a daily time-step was implemented in order to assess long-term changes in 
flood frequency. In addition, more detailed estimates were made of the long-term changes in land use, 
compared to the pilot study. Again, the results of the simulations were in good agreement with 
qualitative long-term signals derived from various multi-proxy records. 
 
These applications of the coupled climate-hydrological modelling approach show that the method 
forms a useful tool for the assessment of long-term changes in palaeodischarge. Multi-proxy data 
provide a means to verify model performance against periods in which environmental conditions were 
different to those during the period of instrumental measurements. As a result, our confidence in the 
ability of such models to simulate future changes in discharge and flood frequency is improved 
compared to models calibrated and validated only against instrumental records from the last century. 
 
Late Holocene discharge and flood frequency of the River Meuse: effects of climate 
and land use change 
The coupled climate-hydrological model was used to simulate the daily discharge of the Meuse river 
over two periods: 4000-3000 BP and 1000-2000 AD (Chapter 3). The period 4000-3000 BP was 
selected as a ‘natural reference period’, as the natural climatic forcings at that time were broadly 
similar to those of today, whilst human influence on land use was minimal. The period 1000-2000 AD 
was heavily influenced by human activities, namely changes in land use throughout the period, and 
greenhouse gas and sulphate aerosol emissions since the industrial revolution. By comparing the 
changes in discharge characteristics between these two periods it was therefore possible to examine 
the effects of anthropogenic changes in both climate and land use. It was assumed that the basin was 
almost fully forested during the period 4000-3000 BP. For 1000-2000 AD land use change was 
reconstructed based on historical sources. 
 
The results presented in this thesis show that the mean discharge and flood frequency of the Meuse 
were significantly greater in the last millennium than in the natural reference period 4000-3000 BP. 
The mean annual discharge increased by 6.6% between 4000-3000 BP (244.8 m3 s-1) and 1000-2000 
AD (260.9 m3 s-1); the most marked increase occurred in the summer half-year (May-October) 
(+21.6%). The recurrence time of high-flow events with a discharge in excess of 3000 m3 s-1 (i.e. 
similar in magnitude to during the floods of 1926 and 1993), decreased from 77 years in the period 
4000-3000 BP, to 65 years in 1000-2000 AD. On this timescale the increases in mean discharge and 
flood frequency can be almost fully attributed to the effects of decreased evapotranspiration as a 
result of the large-scale deforestation of the basin. On this millennial timescale, climatic change had 
an insignificant effect on late Holocene Meuse discharge. However, between the 19th and 20th 
Centuries, climate change overwhelmed land use change as the most important mechanism forcing 



changes in discharge and flood frequency. Although evapotranspiration was higher in the 20th Century 
than in the 19th Century (due to reforestation and increased temperature), the mean discharge was 
greater in the 20th Century (270 m3 s-1) than during any preceding century, and 2.5% greater than in 
the 19th Century. Moreover, the occurrence of high-flow events greater than 3000 m3 s-1 was almost 
twice as frequent during the 20th Century than during the natural reference period 4000-3000 BP. The 
increases in mean discharge and flood frequency in the 20th Century (compared to the 19th Century) 
are the result of a strong increase in annual and winter precipitation, probably related to 
anthropogenic climate change. 
 
A comparison of the discharge results for the Meuse derived from the detailed model (Chapter 3), with 
the results derived from the global model (Chapter 2), further illustrates these conclusions. The results 
of the global model show that long-term changes in orbital forcing had little effect on Meuse discharge 
between the periods 9000-8650 BP, 6200-5850 BP, and 1750-2000 AD. The results of the detailed 
model show that the effects of long-term climatic change on discharge were small between 4000-
3000 BP and the last millennium. Since anthropogenic changes in land use were not accounted for in 
the global model, the effects of large-scale deforestation between the Mid Holocene and last 
millennium were not simulated in that model configuration. 
 
Projected changes in discharge and flood frequency of the Meuse in the 21st Century 
Simulations of daily Meuse discharge were carried out for the 21st Century (Chapter 4). The climate 
runs were based on forcings described in the Special Report on Emission Scenarios (SRES) of the 
Intergovernmental Panel on Climate Change. SRES scenarios A2 and B1 were used as these lie 
towards the upper and lower end of the full spectrum of IPCC scenarios respectively (in terms of 
atmospheric concentrations of 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 21st Century land use configurations 
were derived from the EURURALIS 2.0 project; the ‘Continental Market’ and ‘Global Cooperation’ 
scenarios were used. The concept storylines of these scenarios correspond to those of SRES 
scenarios A2 and B1 respectively (and are therefore referred to thusly in this thesis), although the 
storylines were elaborated for land use issues and agricultural policies typical for Europe. These 
scenarios show relatively small changes in land use between the 20th and 21st Centuries, the most 
significant change being an increase of forested area by ca. 2% in scenario B1 (and concurrently a 
decrease in agricultural area of ca. 2%) compared to the 20th Century. 
 
The simulations for the 21st Century show increases in mean annual temperature, precipitation, and 
discharge, to values far greater than those simulated in either the period 4000-3000 BP or 1000-2000 
AD. The simulated increases in mean discharge between the periods 1950-2000 AD and 2050-2100 
AD (+16.6% for A2, and +12.7% for B1) are greater than the increase in mean discharge over the 
entire period 4000-3000 BP to 1950-2000 (+10.0%). Furthermore, the frequency of high-flows with a 
discharge in excess of 3000 m3 s-1 at Borgharen (similar in magnitude to the discharge during the 
major floods of 1926 and 1993) increases from once per 40 years in the 20th Century to once per 20 
years in the 21st Century under scenario A2, and once per 25 years under scenario B1. For both 
mean discharge and flood frequency, the increases simulated under scenario A2 are significantly 
greater than those simulated under scenario B1, although the increases between the 20th and 21st 
Centuries under the more optimistic B1 scenario are also large and statistically significant. On this 
timescale the effects of the modest land use change projected for the 21st Century are small; almost 
all of the modelled increase in mean annual discharge and high-flow frequency is the result of climatic 
change. Between the period 4000-3000 BP and the 20th Century, there was little change in the 
frequency of extreme floods (return period 1250 years); the large-scale deforestation of the basin had 
only a minor effect on the magnitude of such events. However, for the 21st Century, increases are 
projected under both scenarios A2 and B1 due mainly to increased winter precipitation, with the 
increases under the former scenario being highly significant. 
 



Meuse basin sediment yield: effects of climate and land use change over the late 
Holocene and 21st Century 
In order to examine the effects of long-term changes in climate and land use on the sediment yield of 
the River Meuse, the spatially distributed soil erosion and sediment delivery model WATEM/SEDEM 
was used to simulate changes in 50-yr mean sediment yield (Chapter 6). The model was forced using 
the climate output of ECBilt-CLIO-VECODE, and land use configurations were determined from 
historical records and future projections of the EURURALIS project. The sediment yield of the Meuse 
River increased significantly over the course of the late Holocene. During the natural reference period 
4000-3000 BP, the mean 50-yr sediment yield was fairly constant, with a mean value of ca. 92,000 
Mg a-1. For the last millennium, the mean 50-yr sediment yield increased more than three-fold to ca. 
306,000 a-1. Over the course of the last millennium the mean 50-yr sediment yield was far from 
constant, showing a very strong positive trend between the 11th and 19th Centuries inclusive, with a 
peak of ca. 388,000 Mg a-1 in the 19th Century. These results are in agreement with the limited 
regional multi-proxy data available. On a millennial timescale almost all of this increase in sediment 
yield can be ascribed to the effects of anthropogenic land use change, and mainly the conversion of 
forest to arable land. In the 20th Century, planned reforestation and rapid urbanisation led to a 
reduction in simulated mean annual sediment yield to ca. 281,000 Mg a-1. This finding is in contrast to 
the results of two earlier works, which suggest that an increase in sediment yield occurred between 
the late 19th and 20th Centuries. In Chapter 5, it is shown that the increase in sediment yield noted in 
the aforementioned studies may be caused by either interannual differences, or by the methodologies 
used in those studies, rather than being indicative of a systematic increase. However, it is also 
possible that the endikement and regulation of the Meuse between Namur and Liège over the course 
of the 20th Century did indeed lead to an increase in sediment yield over that time period. It would be 
useful to carry out detailed geomorphological fieldwork in the floodplain to investigate what effects the 
endikement and regulation of the river have had on sediment yield, in relation to the decrease 
simulated in response to land use change. 
 
For the 21st Century, sediment yield 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 sediment yield compared to the 20th Century of ca. 12% 
and 8% respectively. However, the associated land use change scenarios force decreases in 
sediment yield of 26% and 46% respectively, especially due to the replacement of arable land with 
pasture and grassland. The net effect is thus a decrease of sediment yield compared to the 20th 
Century. 
 
The results of sensitivity analyses show that although land use change acts as the primary control on 
long-term changes in sediment yield, the sensitivity of sediment yield to changes in climate increases 
as the percentage of deforested land increases. 
 
Final outcomes 
Changes in both land use and climate have major impacts on the discharge, flood frequency, and 
sediment yield of the River Meuse. Over the course of the last 4000 years, the large-scale 
deforestation of the basin has been the dominant mechanism causing increases in these three 
parameters, whilst millennial scale (natural) changes in climate have played only a secondary role. 
Nevertheless, whilst deforestation has led to increased high-flow frequencies over the late Holocene, 
it has had little effect on the most extreme flood events (e.g. those with a return period of 1250 years 
and longer). In the 21st Century, simulated mean annual temperature and precipitation in the Meuse 
basin are far greater than the values simulated for the last 4000 years. As a result, further and large 
increases in discharge and high-flow frequency are simulated, even for the most extreme flood events. 
The effects of the modest changes in 21st Century land use on discharge and flood frequency are 
small. Nevertheless, land use change continues to be the dominant factor controlling changes in 
sediment yield in the 21st Century. Despite a relatively large increase in the erosivity of rainfall, 
sediment yield is expected to fall in relation to that of the 20th Century. This is because the increases 
in soil erosion and sediment yield attributable to enhanced rainfall erosivity are more than 



compensated for by the decreases attributable to 21st Century land use change (mainly the 
replacement of arable land with pasture). In terms of sediment yield, even modest changes in land 
use have a great impact, especially conversions of arable land to either forest, pasture, or urban area). 
Moreover, the sensitivity of sediment yield to changes in climate increases as the proportion of the 
basin covered by forest decreases. 
 
Implications for water management 
Large-scale changes in the percentage forest cover of the basin can have significant impacts on 
discharge, flood frequency, soil erosion, and sediment yield. However, in the Meuse basin large-scale 
reforestation is not expected to occur in the 21st Century, due to the high economic demand on land 
and the attention to the preservation of cultural landscapes. Whilst the potential for reforestation to 
help reduce flood frequency in the Meuse basin by increasing evapotranspiration is therefore limited, 
the benefits of converting even a few percent of agricultural land to forest are great in terms of the 
effects on soil erosion and sediment yield. The effects of reforestation on the timing of peak flows 
(due to the reduction of runoff velocities and buffering) has not been examined in this study. 
 
Although the effects of 21st Century land use change on high-flow frequencies may be small, this does 
not necessarily mean that the effects of land use change on flood risk are small. Assessments of flood 
risk must also examine potential flood damage, which may be highly dependent on land use change, 
particularly urbanisation. Future studies should be carried out to assess the effects of land use 
change (and climate change) on flood risk, as well as on high-flow frequencies. 
 
Changes in discharge, flood frequency, and sediment yield in the 21st Century are all highly sensitive 
to the future climate scenario used. Even under the relatively optimistic B1 scenario, the simulated 
increases in discharge and flood frequency over the coming century are large. Hence, these effects 
may be unavoidable, even if a concerted and immediate effort were undertaken at the global scale to 
mitigate greenhouse gas emissions. This highlights the need for adaptation strategies to reduce the 
possibility of flooding in the future. Such strategies must be robust in terms of their flexibility towards 
the future, being able to deal explicitly with uncertainties, and providing a range of benefits under a 
whole range of future scenarios. Examples of such measures include multifunctional land use 
planning options whereby the land use in risk-prone areas is harmonious with intermittent inundation. 
For example, along the section of the Meuse between the Dutch and Belgian borders (Grensmaas), 
gravel is currently being extracted from an area of ca. 1100 ha., in order to enlarge the river channel 
and create a more appealing landscape. Aside from the benefits for nature conservation and tourism, 
such projects increase the flow capacity of the channel during high-flows, and provide additional 
areas for flood retention. The results of the present study underscore the need for adaptation 
measures of this nature, since they provide increased protection against flooding under all future 
scenarios. 
 
The simulated reduction in the sediment yield of the Meuse in the 21st Century compared to the 20th 
Century could be beneficial for a number of existing and proposed Meuse flood defence measures. 
For example, an international flood action plan which was drawn up by the riparian states in 1998 
includes 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. A reduction in sediment yield could 
mean that less dredging would be needed in the future in order to maintain these measures. 
 
At present, water management laws in the Netherlands state that water defences must safely 
withstand a design water level, which is defined as the water level with a given return period in years. 
Currently, the return period for embanked river sections of the Netherlands is once per 1250 years, 
and once per 250 years for unembanked sections. Since the introduction of the Water Defence Act in 
1995, this water level must be reassessed every five years. At present this occurs based on the so-
called design discharge, i.e. the discharge which occurs at Borgharen once per 1250 years. At 
present this design discharge is estimated by fitting statistical distribution functions to observed 
annual discharge maxima, and then extrapolating to the required return period. However, the results 



of this study show that the discharge associated with such low frequency events will increase in the 
future, and hence estimates of design discharge based on observations from the past will be too low. 
The use of multi-scenario ensemble simulations of discharge, such as those performed in this study, 
could assist in the estimation of design discharges under a range of future climate and land use 
change scenarios. 
 
Not only are the implications great for water management in the Meuse basin, but also in basins 
around the world, as major changes in discharge characteristics can also be expected elsewhere over 
the coming century. The sensitivity of sediment yield to relatively small changes in land use in the 
Meuse basin highlights the importance of carrying out basin scale studies of this parameter around 
the world. In order to provide meaningful assessments of 21st Century sediment yield, detailed 
research on future land use change at the basin scale is a prerequisite. 
 
One of the main values of using coupled models to simulate changes in discharge, flood frequency, 
and sediment yield over millennial timescales is that it facilitates a delineation of the effects of 
changes in climate and land use, thereby assisting in the identification of important causal 
mechanisms. The approach allows for the examination of the effects of anthropogenic activities 
against a natural reference period, which is not possible when only examining observed records or 
simulations of the last century and the coming century. Furthermore, the results of the coupled 
palaeodischarge models can be verified against multi-proxy evidence for periods in which 
environmental conditions were different to those of the present day. For these reasons the 
methodologies presented in this thesis form promising approaches for assessing the effects of past 
and future changes in climate and land use on hydrology and sediment yield in other basins around 
the world. 


