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Abstract
Many river systems are regulated by dams, which causes an altered flow regime and sediment deficit in the downstream 
reach. The Rur dam (North Rhine-Westphalia, Germany), constructed from 1900 to 1959, serves as a model example of the 
impact of a large dam in a European low mountain area on downstream morphology. Today, a new equilibrium incorporates 
flow regulations, a deficit in suspended sediment supply, and an increased mean sediment diameter downstream of the dam. 
A hybrid examination of field measurements and numerical modelling shows that the sediment deficit and increased mean 
sediment diameters downstream of the Rur dam are superimposed by the lithostratigraphy and the sediment supply of tribu-
taries. However, the discharge regulations lead to floodplain decoupling downstream of the dam. Furthermore, the Rur dam 
functions as a pollutant trap. Overall, more studies on the impact of damming on downstream reaches are needed to classify 
the impact depending on the river type for sustainable water management.

Keywords  Long-time impact of large dam · Downstream morphodynamics · Dams in context of pollutants · Floodplain 
decoupling

1 � Background

Today, 60% of the world’s rivers’ runoff is affected by dams 
(Nilsson et al., 2005). Since the mid-twentieth century, dam 
construction has been booming worldwide. In the 1960s and 
1970s, the peak of dam construction was reached with about 
150 km3 of new storage from 130 new reservoirs per year 

(Wisser et al., 2013). By 2010, 40% of the worldwide land 
surface drain into dams (Wisser et al., 2013). However, most 
of the reservoirs worldwide are relatively small, since a lot 
of them have a residence time of water renewal of less than 
a year (Wisser et al., 2013).

The main reasons for dam construction worldwide are 
balancing floods and droughts to provide a steady water sup-
ply and reduce flood damage (e.g., Beaumont, 1983; Dai & 
Liu, 2013). In addition, almost two-thirds of all reservoirs 
also serve to generate electricity from hydropower (Wisser 
et al., 2013). In the nineteenth century, adjacent industries 
on the Rur River were affected by yearly flood events as well 
as dry seasons during the summer (Wasserverband Eifel-
Rur, 1999). The increased water demand of local industries 
led to a water crisis and ultimately to the construction of 
large dams on the Rur River from 1900 onwards (Lehmkuhl, 
2011; Nilson & Lehmkuhl, 2006; Paul, 1994). Hence, the 
Rur and Urft dams were built for water supply, flood control 
as well as energy supply (Intze, 1906; Wasserverband Eifel-
Rur, 1999).

Reservoirs function as a sedimentation basin, and not 
only coarser sediment but also parts of the fine fraction are 
retained (Kondolf, 1995). Wisser et al. (2013) found, that 
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worldwide, the mean reservoir loss due to sedimentation 
is 0.55% of the storage volume per year. Therefore, a lot of 
studies investigate reservoir sedimentation and storage loss 
(e.g., Annandale, 2013; Issa et al., 2015; Rahmani et al., 
2018; Saam et al., 2019; Wisser et al., 2013; Yang et al., 
2007, 2014). In addition, many researchers investigate estu-
ary and coastal erosion caused by sediment deficits down-
stream of dams (e.g., Dai & Liu, 2013; Kondolf, 1997; Luo 
et al., 2012; Rovira & Ibàñez, 2007; van Maren et al., 2013; 
Walling, 2012; Yang et al., 2014). Many studies as well focus 
on morphologic channel changes due to dam construction 
(e.g., Adib et al., 2016; Assani & Petit, 2004; Brousse et al., 
2020; Dai & Liu, 2013; Dai & Liu, 2013; Grams et al., 2007; 
Nelson et al., 2013; Petts, 1979; Phillips et al., 2005; Yang 
et al., 2014), in river systems which are rich in fine materi-
als, or dam removal as well as dam failure (e.g., Major et al. 
2012; East et al., 2015; Kibler et al., 2011). Possible impacts 
on downstreams’ morphology are summed up in Table 1. 
Studies incorporating numerical modelling downstream of 
large dams mainly focus on case scenarios of dam failure, 
dam deconstruction, or the impact of sediment flushing or 
storage loss (e.g., Elsaeed et al., 2018; Gelfenbaum et al., 
2015; Mool et al., 2017; Morgan & Nelson, 2019; Saam 
et al., 2019), but not on long term impacts of large dams. 
Out of only six fitting results for “large dam(s), “numerical 
model” or “simulation” and “river” on Web of Science, only 
one study examines the morphological impact downstream 
of a large dam (Sanyal et al., 2021). However, this study by 
Sanyal et al. (2021) examines the Godavari River (India) 
which is rich in clay and silt and transports large amounts 
of suspended matter (Biksham & Subramanian, 1988). The 
other studies cover risk assessments, biodiversity and reser-
voir management. Concluding, a research gap exists in deter-
mining the long-time impact of large dams on downstream 
reaches, especially in river systems rich in coarse materials.

1.1 � Impact of the regulated sediment transport 
and discharge

Changes the in composition of transported sediments start 
upstream of the dam following a sedimentation pattern, 

in which first non-cohesive sediment, such as gravel and 
sand, gets deposited. Subsequently, sediment composition 
gets finer closer to the dam (Ziegler & Nisbet, 1995), since 
finer sediments are deposited due to reduced flow veloci-
ties (Ziegler & Nisbet, 1995). The output of a dam to the 
downstream river can be divided into an altered water flow 
and a reduced sediment discharge (Brandt, 2000; Schmidt 
& Wilcock, 2008). Williams and Wolman (1984) detected 
reduced suspended sediment concentrations (SSCs) down-
stream of large dams. Consequently, the riverbed coarsens, 
because fine bed material is eroded downstream of the 
dam, but is not replaced (Kondolf, 1997). Therefore, an 
increase in the mean particle diameter often is observed 
over time (Williams and Wolman 1984; Yang et al., 2014), 
as in the Glen Canyon, where the mean diameter increased 
from 0.25 to 20 mm within 43 years after dam construction 
(Grams et al., 2007). However, impacts can be different for 
river systems, which are rich in fine materials (e.g., van 
Maren et al., 2013).

The development of an amour layer comes with coarsen-
ing of the riverbed, often caused by a deficit in fine sedi-
ments downstream of large dams (e.g., Bunte, 2004). Bed 
armouring and clustering of particles also occurs when 
the discharge is constant over a longer period (Sutherland, 
1987). Higher discharges are necessary to mobilize sedi-
ments when an armour layer has formed (e.g., Kondolf, 
1997; Petts, 1979; Rollet et al., 2014; Rovira & Ibàñez, 
2007).

Bunte (2004) has observed reductions of high flows 
down to 10–20% and an increase in baseflow up to 50–100% 
downstream of large dams. However, channel degradation 
downstream of dams as a result of general sediment deficits 
caused by dams is very common (Petts, 1979), but depends 
on various factors. Hence, Williams and Wolman (1984) 
detected bed degradations varying from neglectable depths 
to about 7.5 m. They also detected varying changes in chan-
nel width from an increase of 100% to a decrease of 90% 
(Williams & Wolman, 1984). In any case, in the long run, 
an equilibrium will form between the flow capacity, released 
sediments from the reservoir, and the erosivity of the flow 
together with the erodibility of river banks (Brandt, 2000).

Table 1   Summary of possible impact of damming on downstreams’ morphology

Possible impact of damming on 
downstreams morphology

Due to… Sources

Coarsening of the riverbed, 
increase of mean particle 
diameter

Sediment deficit Grams et al., (2007), Kondolf (1997), Williams and 
Wolman (1984) and Yang et al., (2014)

Bed armouring Sediment deficit, discharge regulation Bunte (2004) and Sutherland (1987)
Bed narrowing Reduction of flood events Kondolf (1997)
Bed degradation Sediment deficit Petts (1979) and Williams and Wolman (1984)
Pollutant reduction Sediment trapping Palanques et al., (2014) and Ziegler and Nisbet (1995)
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1.2 � Dams in the context of pollutants

Trace elements such as Cu and Pb occur naturally in soils 
and rocks, depending on the geological setting. The con-
centrations vary highly, depending on the region (Fauth, 
1985). Anthropogenic sources such as mining, industries, 
traffic, settlements, or agriculture cause enrichments and 
subsequent distribution in the environment (Clark et al., 
2014; Anderson, 1996; Callender, 2005; Hillenbrand et al., 
2005; Legret & Pagotto, 1999; MKULNV NRW, 2015; 
Monaci & Bargagli, 1997; UMWELTBUNDESAMT, 
2001; Meybeck et al., 2007).

In certain concentrations, different trace elements are 
necessary for organisms (Kabata-Pendias, 2011); higher 
concentrations can be toxic and pollute the environment 
(Foulds et al., 2014; MacDonald et al., 2000). The dis-
tribution of trace elements or pollutants, which are espe-
cially bound to the fine sediment fraction, is connected 
to sediment transport in river catchments (Cofalla, 2015; 
Salomons & Förstner, 1984). Their concentration depends 
on the location and the type of sources (Walling et al., 
2003). Due to natural fluvial processes, the contaminants 
can be transported over long distances (Miller et al., 1999) 
as well as stored in the riverbed, floodplains, or in paleo 
channels for long time (Dhivert et al., 2015; Walling et al., 
2003). Hence, contamination can be traced back to his-
torical periods, such as industrialization, which was char-
acterized by strong environmental pollution (Resongles 
et al., 2014). Through remobilization during flood events, 
contaminated sediments can enter again into the fluvial 
system (Ciszewski & Grygar, 2016; Hollert et al., 2014). 
Nevertheless, the re-input of contaminated sediments 
can be reduced by water engineering measures, such as 
channelization (Ciszewski & Grygar, 2016). As discussed 
before, dam construction does not only modify the natural 
water discharge of a river, it influences the sediment flux 
as well. Sediments and sediment-bound trace elements 
can be stored within the reservoir (Palanques et al., 2014; 
Ziegler & Nisbet, 1995). Thus, sediment samples taken 
in reservoirs represent catchment representative trace 
element concentrations, consisting of natural and anthro-
pogenic signals (Frémion et al., 2016; Palanques et al., 
2014; Sojka et al., 2019; Szarek-Gwiazda et al., 2011; 
Zhao et al., 2013).

On one side, the storing of sediments connected with 
a reduction of trace elements can improve environmental 
issues downstream (Bi et al., 2014). On the other side, 
the reduction of essentials trace elements can have nega-
tive effects on creatures, such as copepods (Turner et al., 
1998). Nevertheless, in times of sediment release from 
dams, sediment flux can be characterized by high enrich-
ments of pollutants (Bi et al., 2014). In case of environ-
mental and human health issues downstream, the removal 

of contaminated dam sediments can be necessary (Pal-
anques et al., 2014).

1.3 � Scope of the study

Different research studies show that sediment deficits pre-
dominate downstream of dams (e.g., Williams & Wolman, 
1984; Brousse et al., 2020, Dai & Liu, 2013; Schmidt & 
Wilcock, 2008). In addition, an increase in the grain size 
diameter is observed in rivers rich in coarse materials (e.g., 
Williams & Wolman, 1984; Kondolf, 1997). Last, dams alter 
the flow regime, often reducing the mean annual discharge 
(e.g., Chen et al., 2001; Ibàñez et al., 1996). Hence, the 
main influences of dams are sediment deficit and reduced 
mean annual discharge combined with reduced peak flows. 
The sediment deficit can lead to higher riverbed erosion and 
channel degradation, whereas the reduced discharge can 
lead to channel narrowing. Linked effects to the sediment 
deficit are riverbed erosion, bed armouring, and an increased 
mean particle diameter. Changes in the amount and charac-
teristics of sediment flux have impacts on the dispersion of 
sediment-bound pollutants. In our study, we aim to evaluate 
the three main impacts of the Rur dam, (1) sediment deficit, 
(2) flow alteration, and (3) increase in grain size diameter, 
on the downstream morphodynamics. Since the causes of 
river degradation and poor ecological quality are often not 
obvious, but many rivers are dammed, a greater understand-
ing of processes is needed to improve stream development in 
the future. Knowledge of the described impact factors should 
be included in future projects, such as river restoration, even 
for river types rich in coarse sediments, which’s affection by 
damming is not obvious at first sight, since the retained fine 
fraction is low.

2 � Study area

In this study, we are investigating 54 km out of the 165 km 
long Rur River in the 2361 km2 large Rur catchment (North 
Rhine-Westphalia, Germany). The Rur River is a typical 
European upland-to-lowland river with its source and upper 
reach in the mid-mountainous area of the northern Eifel 
Mountains. The sources are located in the swamp “High 
Fens” in Belgium at 600 m.a.s.l. The middle and lower reach 
of the Rur River are located in the lowlands of the Lower 
Rhine Embayment in Germany. At 30 m.a.s.l., in the Dutch 
city of Roermond, is its mouth into the Maas River (Nilson, 
2006a; Polczyk, 1999a; Wasserverband Eifel-Rur, 1999) 
(see Fig. 1).

Corresponding to the characteristics of typical mid-
mountain rivers, the morphodynamical processes of the Rur 
River are shaped by highly variable discharges (Polczyk, 
1999a). In the past, contradictory scenarios, such as flood 
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events or the lack of water caused problems for water-inten-
sive industries, agriculture, and settlements along the Rur 
River (Paul, 1994). To combat this, large dams on the Urft 
and Rur River were constructed and hydraulic construction 
methods were conducted (Polczyk, 1999b). First, the Urft 
dam was constructed from 1900 to 1905 with a volume of 
45.51 hm3 (Polczyk, 1999a) then the Rur dam, called Rurtal-
sperre Schwammenauel, was constructed from 1934 to 1938 
and upgraded from 1955 to 1959 (Wasserverband Eifel-Rur, 
2017a). Together with the Rur dam, the Heimbach reser-
voir and Obermaubach basin were constructed in 1934/1935 
(Wasserverband Eifel-Rur, 2017b, 2017c). Today, the Rur-
talsperre Schwammenauel is the main reservoir (Polczyk, 

1999a), composed of two dams, dividing the area into an 
upper lake and the main lake (Wasserverband Eifel-Rur, 
2017a). The reservoir has an upstream auxiliary dam (Was-
serverband Eifel-Rur, 2017a) and, therefore, no problems 
with siltation. Two main rivers flow in the reservoir, the Rur 
River itself and the Urft River. The Rurtalsperre Schwam-
menauel has a capacity of 203 hm3 (Wasserverband Eifel-
Rur, 2017a). Immediately, this basin is followed by the 
Heimbach reservoir, which is connected with the Urft res-
ervoir through an adit called “Kermeterstollen” (see Fig. 1). 
Approx. 18 river km (rkm) after this dam, the last basin 
in Obermaubach follows (Ministerium für Umwelt, Land-
wirtschaft, Natur- und Verbraucherschutz NRW 2021).

Fig. 1   Overview over the Rur 
catchment, A Rur catchment 
with potential sources for pollu-
tion, B source: own illustration; 
DEM: Bezirksregierung Köln 
(2021), river system: Geofabrik 
GmbH (2018), country borders: 
Eurostat (2020), sources for pol-
lution: Esser (2020) and Wolf 
et al. (2021)
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The area upstream of the Rur dam has a mean annual 
precipitation of 1000 mm, of which 55 to 60% are relevant 
for runoff (Polczyk, 1999a). The dams have a total volume 
of 300 million m3. 70 million m3 of the total volume is for 
flood prevention, 80 million m3 water per year is used for 
water supply (Polczyk, 1999a).

Over time, the sediment budget of the Rur River in the 
upper reach was influenced by diverse land use changes, 
such as deforestation, reforestation, changes from arable land 
to grassland, and hydraulic constructions (Nilson, 2006b; 
Wolf et al., 2021). In the nineteenth century, soil erosion as 
consequence of deforestation for the high industrial wood-
demand caused serious problems for the water management 
in the study area. Large amounts of bedload are reported 
(Paul, 1994). During the last 200 years, morphologic indi-
cators show a trend toward more stable sediment dynamics 
due to human impact (Wolf et al., 2021). Connected with 
sediment fluxes are sediment-bound pollutants derived from 
anthropogenic sources, such as mining sites and industry 
(Esser et al., 2020). In the study area, different industrial 
sectors were established over time (cf. Figure 1). The city 
of Monschau was an important centre of textile companies 
causing water pollution (Paul, 1994; Scheuch, 1967). Vari-
ous substances were used for textile dyeing, such as “Kup-
ferroth” (mineral Cuprite; Cu2O). Lead and copper ore 
mining and its processing were important industries in the 
sub-catchment of the Urft River (Blass & Graf, 1995; Weiss, 
1990a). In the east of the Obermaubach basin, lead- and cop-
per-ore were mined and in the north, lead-ore was extracted 
(Weiss, 1990a). Between the cities of Kreuzau and Düren 
a centre of paper industries was established leading to the 
introduction of wastewater into the river (Scheuch, 1967).

3 � Methods

To evaluate the impact of the mail influences of the Rur 
dam, sediment deficit, reduced mean annual discharge and 
increased mean particle diameter downstream of the dam, 
we use different interdisciplinary methods for different sub-
questions that together yield overarching insights. These can 
be divided into (1) sedimentary studies and (2) modelling 
studies:

The suspended sediment transport upstream, within and 
downstream of the dammed area to determine the sediment 
deficit in the suspension load (cf. Figure 2). Effects on mean 
particle diameters and sediment deficits in larger grain size 
fractions are evaluated from bulk samples of the riverbed 
and bed of the auxiliary dam of the reservoir Schwam-
menauel (Fig. 2). In addition, we use heavy metals as mark-
ers to evaluate the sediment transport. For that, different 
sediment samples from the riverbed of the Rur River and 
dam sediments were analysed. Sediment samples of recent 

sediments were taken at the same locations at which the sus-
pended sediment concentration in the Rur River was repeat-
edly measured (cf. Figure 2).

The effect of discharge regulation is examined in a 
numerical simulation using Delft3D. Furthermore, with the 
numerical case study, the impact of the dam on downstream 
erosion and sedimentation can be evaluated, since the model 
does not cover an overlap with impacts of the lithostratigra-
phy and slope erosion.

3.1 � Sediment studies

The conducted sediment studies include research on differ-
ent sediment fractions deposits. Three types of samples can 
be distinguished to evaluate different transport processes and 
characteristic (cf. Figure 2):

Fig. 2   Sampling points of different samples in this study; red: sam-
ples of type 1, investigating the short-time transported sediments, 
labels show rkm at sampling location, orange: samples of type 2, 
investigating the sedimentological riverbed composition, labels show 
the number of sample, blue: samples of riverbed accumulations, A to 
D taken in a previous study in the auxiliary dam of the Rur dam, U 
taken in the Urft reservoir in a currently ongoing study (unpublished)
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Type 1, short-time transported sediments, includes fine 
sediments, which are easily mobilized. They are transported 
in suspension and stored in intermediate storages within the 
riverbed for a short duration of time. During flood events, 
these sediment fractions can be deposited on floodplains. 
Sediments of type 1 give an insight in highly responsive 
sediment fractions. Type 2 includes sampling and evaluating 
the sedimentological riverbed composition. For type 2 not 
the dynamic transport processes, but the current status of 
the riverbed composition is of interest. Type 3 are samples 
of dam accumulations. Those samples provide additional 
information, which helps with the evaluation and interpreta-
tion of samples of type 1 and 2.

3.1.1 � Type 1: short‑time transported sediments

Type 1 samples consist of water samples containing sus-
pended sediments (SSC) and sediment samples from the 
riverbed embankments. Both samples were sampled in com-
bined field trips from October 16th, 2019 until July 22nd, 
2021. Samples were taken at low and high discharge, fol-
lowing an annual discharge pattern. Sampling of sediments 
from the riverbed embankments was not possible in some 
areas with bank protection (cf. Supplement A, Tables 1 and 
2). Furthermore, an extreme flood event in the mid of July 
2021 was sampled. During this flood event, inflows of up to 
500 m3/s into the Rur dam were recorded (Reichert, 2021). 
According to initial projections, the event is s considered to 
be a 1000-year flood (Reichert, 2021). Sampling was carried 
out during the event and after the flood had subsided, but 
discharge from the dams was still high as dam discharge was 
increased (Reichert, 2021; Wasserverband Eifel-Rur, 2021). 
During the flood event, on July 15th, 2021, some sampling 
sites were not accessible (cf. Supplement A, Table 2).

3.1.2 � SSC

For investigating SSC, in total 119 samples of 2 × 0.5 or 1 L 
(sample and reference sample) from 17 sampling sites were 
taken along the Rur River and in the dammed area from 
October 16th, 2019 until July 15th, 2021 (Supplement A, 
Table 1 and Fig. 2, please note, that two samples were taken 
at the spillway at rkm 123.20 and rkm 111.05 during the 
flood event). This includes samples from a sampling point 
before the backwater of the Rur dam influences the river’s 
flow and samples from two sampling points downstream of 
the second reservoir, the Obermaubach basin. On October 
11th, 2020 the auxiliary basin of the Rur basin Schwam-
menauel was fallen dry for maintenance reasons, why we 
could not access sampling points from rkm 127.70 to rkm 
123.20. In addition, the sampling of the dammed section of 
the Rur River was included in a larger sampling campaign 
along the Rur River, wherefore more samples exist from 

river sections up- and downstream of the dammed area (rkm 
138.4, rkm 97.70–rkm 84.1).

The sediment concentration of the water samples was 
determined by filtration using a vacuum pump as described 
in Maaß and Schüttrumpf (2019b).

3.1.3 � Highly mobile riverbed accumulations

In this study, we use the sediment-bound trace elements 
Pb and Cu. Composite samples of riverbed sediments were 
taken from the upper first centimetre of the riverbed and 
flood sediment accumulations were sampled on the flood-
plains after the flood events in January 2021 and in July 
2021. Sampling locations can be found in Supplement A, 
Table 2.

For XRF-Analysis all sampled were sieved (< 63 μm), 
the fine fraction < 63 μm was dried at 105 °C for 12 h, and 
8 g of sieved material and 2 g wax (Fluxana Cereox) were 
mixed, homogenized, and pressed to a pellet (pressure of 
19.2 MPa for 120 s). All pellets were analysed twice using 
an energy dispersive polarized Spectro Xepos X-ray fluores-
cence (XRF) device. Afterwards, mean values were calcu-
lated from the two measurements (cf. SPECTRO, 2007 for 
further information).

3.1.4 � Data evaluation

Afterwards, samples are sorted by discharge conditions pre-
sent during sampling. With data from the nearest gauging 
station, the values were divided into samples taken at low to 
mid discharge and samples taken at mid to high discharge 
(cf. Supplement A, Table 3). Discharges below mean dis-
charge (MQ) are considered low to mid discharge and dis-
charges above MQ are considered mid to high discharges. 
No values exceeded flood events with a 5-years annularity 
(HQ5) or were below an average low discharge between 
October 2019 to February 2021. The recent flood event in 
July 2021 exceeded all flows in the previous sampling peri-
ods and is evaluated separately.

3.1.5 � Type 2: Sedimentological riverbed composition

Bulk samples of the riverbed were taken at eight sampling 
points along the Rur River from the uplands to the lowlands 
(cf. Figure 2 and Supplement A, Table 4). Since the riverbed 
contains a high fraction of coarse sediments, samples were 
taken with spades with a depth between 5 and 15 cm along 
cross-sections.

Samples were dried at 40 °C up to 2 weeks. Then, sam-
ples were dry sieved using mesh sizes from 0.63 to 63 mm. 
Stones larger than 63 mm were individually weighted and 
measured by hand, measuring their length, width and depth 
(3 axis). In addition, all samples were divided into fine 
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fraction (diameters up to 0.063 mm) and coarse fraction 
(diameters between 0.063 and 63 mm) and Ф distributed 
after Krumbein and Pettijohn (1939). In addition, the skew-
ness was computed according to Krumbein and Pettijohn 
(1939).

The grain size of the fine fraction up to 0.63 mm was 
measured with a Laser Diffraction Particle Size Analyzer 
(Beckman Coulter LS 13 320). Sediments were treated with 
0.70 ml of 30% H2O2 at 70 °C to remove organic matter, and 
afterwards, with 1.25 ml Na4P2O7 for 12 h on an overhead 
shaker (DIN ISO 11277; Pye & Blott, 2004). The Laser Dif-
fraction Particle Size Analyzer calculates the frequency of 
grain sizes in 116 classes in percentage between 0.04 and 
2000 μm with an error of 2%. The accuracy was increased 
by measuring four times with two different aliquots (Schulte 
et al., 2016). In addition, the fine fraction was analysed 
by XRF as described above in “Highly mobile sediment 
accumulations”.

3.1.6 � Type 3: Dam accumulations

Dam accumulations in the Urft reservoir and the auxiliary 
dam of the Rur dam were sampled and evaluated in former, 
respectively, parallel projects. Four bulk samples were taken 
in 2012 from the auxiliary dam of the Rur dam (cf. Fig-
ure 2) with a Van-Veen sampler in the upper 0.4 m (Henkel 
et al., 2012). Henkel et al. (2014) found, that sediments up 
to 2 mm were the main fraction deposited in the auxiliary 
dam of the Rur dam and, therefore, evaluated sampled sedi-
ments ≤ 2 mm with dry sieving. For geochemical analysis of 
the Urft reservoir and of the Rur dam (auxiliary dam) data 
from the DFG-Project “115 years of sedimentation in the 
Urft reservoir” was used, which was sampled with manual 
sediment core samplers (Stauch et al., 2021). Samples were 
collected near the dam and cores had lengths of about 4 m 
(Stauch et al., 2021).

In this work, vertical or horizontal variations of concen-
trations of dam sediments are not of interest. Here, only the 
minima and maxima are used to compare the concentration 
with the other sediment data sets. The treatment of sediment 
samples for XRF-analysis is the same as described above in 
“Highly mobile sediment accumulations”.

3.2 � Case study with Delft3D

Using the hydrodynamic modelling software Delft3D 
(Delft3D Flow, Version 4.04.01), we systematically investi-
gate floodplain sedimentation caused by the Rur dam.

3.2.1 � Model area

The model area covers two focus regions between the Rur 
dam and the Obermaubach basin (cf. Figure  3). Focus 

region 1 features a slightly sinuous 1.6 km long river sec-
tion towards the uplands with floodplains used as pasture 
land. Focus region 2 covers 2 river-km further towards the 
lowlands (cf. Figure 3). Here, floodplains are settled or used 
as a campground and the river is partly regulated. Choosing 
two focus regions with different anthropogenic impacts on 
floodplains allows us to evaluate the spatial validity of the 
results obtained in the simulation. In Model 1, an area of 
0.26 km2 (without the riverbed itself) is covered by 4106 
cells and in model 2, 0.39 km2 (without the riverbed itself) 
is covered by 9150 cells. The models have a resolution of 
2.5–18.5 m. Overall, the resolution is highest in the area of 
the riverbed and lowest towards the contours. Model 1 has 
a width of 220 m and model 2 has a width of about 300 m.

The model is based on an open-source DEM1 (digital 
elevation model with a resolution of 1 × 1 m) from data of 
image flights from 2019 (Bezirksregierung Köln, 2021). A 
uniform depth for the riverbed as well as the Q–H-outlet 
boundaries are based on cross sections measured and pro-
vided by the Bezirksregierung Köln (Bezirksregierung Köln, 
2011). A uniform Chezy roughness of 31 m1/2/s is applied 
to the riverbed. Furthermore, critical shear stress for ero-
sion �erosion,bed of 50 N/m2 is applied to the channel, com-
puted after Shields from the d50 of the complete sample, and 

Fig. 3   Overview over model areas; own illustration; shading based on 
DEM25: (Bezirksregierung Köln, 2021), CLC land use data: (Euro-
pean Environment Agency, 2016), River course: (Geofabrik GmbH, 
2018)
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�erosion,f loodplain of 17 N/m2 is applied to the floodplains, com-
puted after Shields from the d50 up to 63 mm. The critical 
shear stress, below which sedimentation starts, is 1000 N/m2 
for floodplains ( �deposition,f loodplain ) and 1 N/m2 for the river-
bed ( �deposition,bed ). Values are in good agreement with Maaß 
and Schüttrumpf (2019b).

3.2.2 � Scenarios

In three scenarios, the impacts of damming the Rur River 
are build up. As worked out in the background, large dams 
usually alter the discharge, cause a sediment deficit down-
stream and lead to a coarsening of the riverbed. First, condi-
tions before dam constructions, hence, conditions without 
sediment deficit, are evaluated (scenario 1) (cf. Table 2). 
Afterwards, the situation after construction of the dams is 
evaluated (scenario 2) (cf. Table 2). After construction the 
dam, we assume that a sediment deficit immediately sets in. 
We further assume, that it takes a few years of adaption until 
the mean sediment diameter of the fine fraction increases 
in the dammed area and a new equilibrium has set up. This 
state of a new equilibrium incorporates today’s parameters, 
including a deficit in the suspended sediment supply and 
an increased diameter in the fine fraction (scenario 3) (cf. 
Table 2).

3.2.3 � Discharge input data

For generating inflow discharge data, for pre-dammed condi-
tions, a tailored timeline, which is the sum of the inflow to 
the Rur reservoir and the inflow to the Urft reservoir is used 
covering 10 years, 2010–2020 (cf. Supplement B, Fig. 1a)). 
For dammed conditions, the actual discharge data of the 

Heimbach reservoir from 2010–2020 is used (cf. Supple-
ment B, Fig. 1b)). From those time series, the minimal dis-
charge, Qmin, the maximal discharge, Qmax, and the discharge 
at 75%-percentile, Q75, are computed. Those characteristic 
discharges are the input data for the model, whereas Qmin 
and Q75 are applied for 3 months to represent a dry and a wet 
season, and Qmax are applied in form of a flood wave resp. 
a block discharge for regulated discharge conditions for a 
week (cf. Table 3).

Using an morphological scale factor of 800, the morpho-
logical impact of 800 times 3 months is computed (cf. Maaß 
& Schüttrumpf, 2018). Hence, the impact of Qmin and Q75 
is evaluated over a morphological duration of 200 years. 
Furthermore, the impact of 800 accumulated flood events 
were modelled.

3.3 � Sedimentological input data

A layer of sediments with the settling velocity characteris-
tic for d50 of the fine fraction from the riverbed samples is 
applied to the simulation area. In addition, suspended sedi-
ment transport based on the samples taken from October 
2019 to July 2021 are applied (cf. Figure 4). In scenario 1 
conditions without a sediment deficit are resembled, and 
therefore, the value for the suspended sediment concentra-
tion measured at rkm 128, before the auxiliary dam. Further-
more, the settling velocity corresponds with the d50 of the 
fine fraction of sample 2 is computed after Cheng (1997). 
The settling velocity is 0.117 m/s in scenarios 1 and 2. As 
the results show, the d50 of the fine fraction increases from 
0.013 mm to 0.014 between samples 2 and 3 and 0.022 for 
sample 4 (cf. Table 5). Therefore, a mean value of sample 3 
and sample 4 is applied for computing the settling velocity 

Table 2   Simulation scenarios in Delft3D

Scenario Description Inflow—discharge Inflow–cohesive sediment Cohesive sediment settling veloc-
ity determined by

1 Pre-dam conditions Pre-dam discharge scenarios No sediment deficit Small mean sediment diameter
2 Impacts after dam closure; sediment 

deficit has set in
Post-dam discharge scenarios Sediment deficit Small mean sediment diameter

3 Today’s situation; sediment deficit has 
set in; mean sediment diameter has 
increased

Post-dam discharge scenarios Sediment deficit Increased mean sediment diameter

Table 3   Model scenarios for 
discharge input data

Model discharge Pre-dammed 
conditions

Regulated 
discharge

Model application

Qmin [m3/s] 1.87 2.47 Constant over 3 months
Q75 [m3/s] 15.28 10.20 Constant over 3 months
Qmax [m3/s] 249.52 59.90 Flood peak over a week for pre-dammed conditions, 

block discharge over a week for dammed condi-
tions;
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in scenario 3, which is 0.22 m/s. In scenarios 2 and 3 inflow 
concentrations are averaged from two sampling stations 
downstream of the Rur dam, at rkm 103.5 and 97.7. For the 
outlet condition, mean values from sampling sites at rkm 
85.45 and rkm 84.1 are applied. Values for the sedimento-
logical input data are shown in Table 4.

3.3.1 � Data evaluation

The model results do not serve to determine an annual sedi-
ment growth rate, but to outline changes in sedimentation 
patterns due to the influences of damming on discharge data 
and sediment supply. Evaluated are the percentage of the 
floodplain and riverbank area affected by sedimentation 
as well as a mean height of sedimentation. By multiplying 
the percentage of the affected area with its mean height of 
sedimentation, an impact factor for sedimentation is gen-
erated. Sedimentation impact values on the floodplain and 

riverbanks are summed up for all three model scenarios (cf. 
Table 2). Afterwards, values are standardized in regard to 
scenario 1, pre-dammed conditions. With this, changes are 
expressed in percentage in comparison to pre-dammed con-
ditions, since scenario 1 is assigned with the value 1.

4 � Results

4.1 � Suspended sediment transport

Overall, SSC at high discharge is higher than SSC at low dis-
charge. The average SSC at low to mid discharge is 0.002 g/l 
and at mid to high discharge 0.009 g/l. During the flood 
event in mid of July 2021, suspended sediment concentra-
tions were the highest in our data set, with an average value 
of 0.033 g/l (cf. Figure 4). The highest value was measured 
on July 15th, 2021 with 0.22 g/l downstream of the Ober-
maubach basin. The highest suspended sediment concen-
tration besides the flood event in July 2021 was measured 
upstream of the dammed area at rkm 138.4 with 0.04 g/l 
(cf. Figure 4) during a mid to high discharge of 18.6 m3/s. 
A week after the flood event, on July 22nd, 2021, discharge 
from the Rur dam was still very high with values around 
60 m3/s (Reichert, 2021). Suspended sediment concentra-
tions on July 22nd, 2021 range around values of mid to high 
discharge upstream of the Rur dam, but are elevated down-
stream of the Rur dam with a maximum value of 0.061 g/l 
at rkm 94.45. The overall pattern shows a decline of SSC 

Fig. 4   Suspended sediment 
concentrations measured in 
the dammed section of the Rur 
River between October 2019 
and February 2021, divided into 
samples taken at low to mid and 
mid to high discharge as well as 
during and shortly after a flood 
event mid July 2021

Table 4   Model values for the suspended sediment concentration

Model discharge Model suspended sediment concentration [g/l] 
for

Pre-dammed 
conditions

Regulated discharge Outlet

Qmin 0.00137 0.00131 0.00254
Q75 0.00327 0.00203 0.00461
Qmax 0.0583 0.0114 0.0835
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towards the Rur dam, slowly increasing suspended sediment 
concentrations between the Rur dam and the Obermaubach 
basin, and again, lower values downstream of the Obermau-
bach basin. Therefore, the lowest concentrations, all below 
0.002 g/l, were measured at rkm 111.05, downstream of the 
Rur dam (cf. Figure 4). Values downstream of the Heimbach 
reservoir at rkm 103.5 are the second lowest, except during 
the flood event.

4.2 � Sedimentological riverbed composition

Grading curves of all eight sampling points include results 
from dry sieving and Laser Diffraction Particle Size Analy-
sis (Fig. 5). Samples in the uplands are represented with 
black curves, and samples in the lowlands are represented 
with grey curves. On all eight sampling points, the Rur River 
is dominated by coarse sediments with fine fractions of less 
than 1%. Samples 1, 3, and 4 are the coarsest, sample 8 is the 
finest and especially high in medium-sized gravel in com-
parison to all the other seven samples. The grading curves 
of all samples have similar shapes, except for sample 8, due 
to its comparably high fraction of medium gravel and sam-
ple 1, which contains a high fraction of boulders. However, 
a strict displacement downstream with samples becoming 
consistently finer is not observed. Instead, sample 2 is sig-
nificantly shifted to the finer, and sample 5 is significantly 
shifted towards the coarser (cf. Figure 5).

In the dammed area, a clear shift in the retained sediments 
in the auxiliary dam from coarse to fine can be observed (cf. 
Figure 6). First, at sampling site A, the sedimented sedi-
ments contain of over 90% of sand. Close to the dam (sample 

D), the sample contains of about 95% of clay and silt. How-
ever, the retained sediments in the auxiliary dam are not a 
mayor part of the whole sediment spectrum in the riverbed 
upstream and downstream of the Rur dam, since this sedi-
ment fraction roughly makes 5% of the riverbed sediments.

Since the fine fraction is so small, the fractions from 0 to 
63 µm, and the fraction from 63 µm to 63 mm are observed 
separately. The fine fraction is suited to give an insight in the 
sediment deficit caused by the dam and the coarser fraction 
is suited to look at general shifts of the grading curve and 
effects, such as bed armouring. In addition, the fine fraction, 
0–63 µm is evaluated separately, since this fraction most 
likely is transported in suspension.

Upstream of the Rur dam, the mean sediment diameter of 
the sediment fraction between 0 and 0.063 mm is 0.015 mm 
in the uplands at sampling point 1, and 0.013 mm at sam-
pling point 2, where floodplains are wider. The mean sedi-
ment diameter of the sediment fraction between 0 and 2 mm 
is 0.940 mm at sampling point 1 and 0.940 mm at sampling 
point 2. Downstream of the Rur dam, the mean sediment 
diameter of the sediment fraction between 0 and 0.063 mm 
changes to 0.014 mm (sample 3) and 0.022 mm (sample 4).

The fine fraction as Φ-distributed grading curve shows, 
that samples from sampling points 2 and 3, right before and 
right after the Rur dam, contain the highest silt fractions (cf. 
Figure 7). In addition, they are almost linear, while grading 
curves from sampling points 4, 5, 6, 7, and 8 show a convex 
shape. The grading curve from sampling point 1 shows a 
high fraction of coarser silt.

The grading curve of sample 8 shows a high fraction of 
mid to coarse gravel (cf. Figure 8). In addition, sample 8 

Fig. 5   Grading curves of riverbed samples



Long‑time impact of a large dam on its downstream river’s morphology: determined by sediment…

1 3

contains slightly higher amounts of sand, compared to the 
other grading curves. Sample 1 shows the lowest sand frac-
tion. The riverbed samples from the sampling points 4 and 
5, before and after the Obermaubach basin, are the coarsest. 
Samples 2, 7, and 8 are relatively fine in comparison to the 
other samples.

Table 5 shows the mean diameter of the samples as well 
as statistical parameters according to Krumbein and Pet-
tijohn (1939). The mean diameter of the whole sample con-
tains hand-measured cobbles as well. The diameter of all 
fractions ≤ 63 mm contains sieved and laser-measured frac-
tions. Comparing the d50 of the whole sample, overall, the 
diameter declines, except for an interim increase between the 
Rur dam and the Obermaubach basin (samples 3 and 4). The 
d50 of the sediments ≤ 63 mm show a similar development. 
However, the fine fraction is showing an increase in d50 from 
sample 1 to sample 8. The Φ50 of the fine fraction shows a 
coarsening from sample 1 to sample 8 as well. Results are 
comparable as expected, since d50 and Φ50 can be converted 
into each other.

The skewness of samples was computed using Ф25 
(respectively, Q1), Ф50, and Ф75 (respectively, Q3), accord-
ing to Krumbein and Pettijohn (1939) (cf. Table 5). Overall, 
the skewness (Sk) of all samples ranges from 0.70 (sam-
pling point 7) to 0.99 (sampling point 8) and does not fol-
low a clear pattern. Upstream of the dam, sediments have a 
skewness of 0.80 (sample 1) and 0.74 (sample 2). Sediments 
downstream of the dam, have a skewness of 0.76 at sampling 
point 3 and 0.85 at sampling point 4. Downstream of the 
Obermaubach basin (sampling point 5), sediments have a 
skewness of 0.88. In the lowlands, at sampling points 6 and 

Fig. 6   Grading curves of riverbed samples before and after the Rur dam and grading curves of bed samples taken from the auxiliary dam in 2012

Fig. 7   Φ-Distribution of sediments ≤ 63 µm, consisting silt and clay

Fig. 8   Φ-Distribution of sediments ≥ 63 µm up to 63 mm, consisting 
sand and gravel
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7, sediments have a skewness of 0.83 and 0.70, whereas 
downstream of the Inde River tributary, sediments have a 
skewness of 0.99.

4.3 � Sediment‑bound pollution transport

Figure 9 shows Cu- and Pb-concentrations of different sedi-
ment samples along the Rur River. Pb and Cu concentrations 
follow a similar pattern; the lowest value ranges upstream 
of the Rur reservoir, higher concentrations in retained sedi-
ments in the Urft reservoir, increased concentrations in 
floodplain sediments downstream of the Obemaubach basin, 
and decreasing values further downstream.

Upstream of the valley Monschau (rkm 151.5 and 147.6), 
Pb concentration of riverbed sediments, varies between 67.7 
and 153.4 mg/kg. Downstream of the village Monschau, the 
value range of Pb concentrations from riverbed sediments, 
grading curves and flood sediments lies between 96.8 and 
214.2 mg/kg, while the value range of floodplain sediments 
(depth profiles) lies between 19.9 and 25.9 mg/kg. The Cu 
values of all samples increase slightly as well between the 
sampling site at rkm 151.5 and 128.0 (values between 17.1 
and 61.5 mg/kg).

The min-value (87.4 mg/kg for Pb, 37.7 mg/kg for Cu) 
and max-value (178 mg/kg for Pb, 70.7 mg/kg for Cu) of 
sediments taken in the auxiliary dam represent the value 
range of almost all sediment samples from upstream. How-
ever, the max-value of the Urft reservoir sediments is with 
1153 mg/kg the highest value of this data set for Pb, and 
shows an elevated concentration for Cu with 125.9 mg/kg. 
Between the Rur reservoir and the Obermaubach basin the 
Pb concentrations of riverbed sediments, grading curve 
sediments, and flood sediments range between 105.4 and 
367.5 mg/kg. The grading curve sediments at rkm 108.1 
show with 155.7 mg/kg higher Cu concentration than the 
riverbed sediments, grading curve sediments, and flood 

sediments between rkm 103.5 and Obermaubach basin 
(23.1–51.4 mg/kg).

Downstream of the last reservoir, Obermaubach 
basin, the Pb concentration values of riverbed sedi-
ments (104.5–496.4  mg/kg), grading curve sediments 
(112.6–208.2 mg/kg) and flood sediments (58.5–240.4 mg/
kg) are more elevated compared to the upper reach of the 

Table 5   Mean diameters of 
riverbed samples

Sample d50 [mm] Φ50 Q1 Q3 Sk

Whole sample  ≤ 63 mm Fine fraction Fine frac-
tion ≤ 63 µm

Coarse frac-
tion ≤ 63 mm

 ≤ 63 mm, accord-
ing to Krumbein 
and Pettijohn 
(1939)

1 59.9 29.4 0.017 6.1 − 4.8 − 3.4 − 5.4 0.80
2 49.9 21.3 0.016 6.3 − 4.4 − 2.6 − 5.3 0.74
3 63.1 26.5 0.016 6.3 − 4.6 − 3.0 − 5.4 0.76
4 58.7 31.7 0.031 5.6 − 5.0 − 3.8 − 5.5 0.85
5 51.4 32.5 0.024 5.8 − 5.0 − 4.0 − 5.5 0.88
6 31.1 25.0 0.028 5.6 − 4.6 − 3.2 − 5.4 0.83
7 34.1 24.4 0.030 5.4 − 4.5 − 2.6 − 5.4 0.70
8 15.0 14.8 0.036 5.3 − 3.9 − 3.0 − 4.9 0.99

Fig. 9   Longitudinal profile of Pb and Cu concentrations along the 
Rur River based on different sampling methods
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river. Downstream of the Obermaubach basin to rkm 66, 
the riverbed sediments vary between 38.9 and 196.8 mg/kg 
for Cu, whereas the contents of the grading curve sediments 
and flood sediments in these river reaches vary between 
69.1 and 80 mg/kg. By trend, flood sediments show slightly 
decreasing values with increasing flow path (value range 
26.4–68.1 mg/kg).

4.4 � Numerical case study

A graphical presentation of floodplain sedimentation in 
model area 1 and model area 2 is presented in the supple-
ment, in Supplement C, Figs. 2 and 4. In addition, water 
depths for the three discharge scenarios are provided (cf. 
Supplement C, Figs. 3 and 5).

Sedimentation is evaluated on the floodplains and on the 
riverbanks in both model areas (cf. Table 6). In pre-dammed 
conditions (scenario 1), areas of sedimentation, as well as 
the mean sedimentation rate are at its highest in both model 
areas. Both parameters decline with dam construction (sce-
nario 2) and the area of floodplain sedimentation is on its 
lowest in today’s scenario (scenario 3). However, in scenario 
3, the mean sedimentation rate is slightly higher than in sce-
nario 2. Sedimentation is higher with higher discharges. In 
addition, the area affected by sedimentation as well as the 
sedimentation rate are higher in model area 1 than in model 
area 2.

Figure 10 shows the standardized changes for floodplain 
sedimentation which’s origin is described in Sect. “Case 
Study with Delft3D, Data Evaluation”. Sediment accumu-
lation on floodplains and on riverbanks is reduced after dam 
closure (cf. Figure 10). In model area 1, after dam closing 
(scenario 2), sedimentation drops to 1.9% if pre-dammed 
conditions in model area 1 and 2.6% of pre-dammed condi-
tions in model area 2. After the d50 of the fine fraction has 
increased (scenario 3), floodplain sedimentation increases to 
2.6% of pre-dammed conditions in model area 1 and 3.4% 
in model area 2.

5 � Discussion

5.1 � Influence of dams on suspended sediment 
and pollutant transport

As expected, the suspended sediment concentration in the 
Rur River is higher at higher discharges with an average of 
0.009 g/l at mid to high discharge and 0.033 g/l at the flood 
event in July 2021. This general relation between discharge 
and suspended sediment transport is well known for decades 
(e.g., Ferguson, 1986, McBean & Al‐Nassri, 1988; Walling, 
1977). In addition, we can see a reduction in suspended sedi-
ments downstream of the Rur dam, as expected in compari-
son to various other dams (e.g., Pal, 2016, Walling, 2012, 
Williams & Wolman, 1984; Yang et al., 2014, Pal, 2016). 
The behaviour of the suspended sediment concentration 
along the Rur River is similar for low to mid and for mid 
to high discharge (cf. Figure 4). During the flood event in 
mid-July 2021; however, we measured an increased suspen-
sion load downstream of the Obermaubach reservoir. We 
believe, that the increased values are caused by the high 

Table 6   Sedimentation on floodplains and riverbanks in model 1 and 
model 2 in three different scenarios for Qmin, Q75 and flood event

Results for 200 years of discharge event or 800 flood events

Floodplain and riverbank sedimentation

Scenario 1 2 3

Qmin

 Modell 1 area [%] 1.7 1.6 0.5
mean [cm] 2 2 5

 Modell 2 area [%] 0.8 0.8 0.7
mean [cm] 6 6 8

Q75

 Modell 1 area [%] 2.1 1.8 0.6
mean [cm] 4 2 4

 Modell 2 area [%] 0.7 0.5 0.5
mean [cm] 25 10 13

Flood
 Modell 1 area [%] 46.3 16.8 14.6

mean [cm] 257 13 21
 Modell 2 area [%] 15.9 1.5 1.5

mean [cm] 60 10 14
Explanation Pre-

dammed 
condition

Shortly after 
dam construc-
tion

Today’s 
sce-
nario Fig. 10   Change of sedimentation on the floodplains and riverbanks 

after dam closure (scenario 2) and after new equilibrium has formed 
(scenario 3) in comparison to pre-dammed conditions (scenario 1)
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amounts of flotsam, which accumulated at the tilting weir. 
The water samples were collected when the weir was over-
flowing (cf. Figure 11). The Obermaubach basin, which can 
hold a water volume of 1.65 Mio m3 (Wasserverband Eifel-
Rur, 2017c), is significantly smaller than the Rurtalsperre 
Schwammenauel, which can store 202.6 Mio m3 (Wasserver-
band Eifel-Rur, 2017a) and an additional 1.12 Mio m3 in the 
Heimbach reservoir (Wasserverband Eifel-Rur, 2017b). In 
addition, the Obermaubach basin is located in a stretched 
valley, whereas the Rur reservoir is located in a sinuous 
valley. Consequently, in the Obermaubach basin, organic 
components as drifting materials were accumulated on the 
reservoir’s surface close to the dam in a higher extent than 
in the Schwammenauel basin or the Heimbach reservoir. The 
accumulations increased the suspended matter concentration 
in the spillover of the dam. In addition, riverbank sediments, 
which are usually not affected by the flow, were mobilized 
due to high water levels downstream of the dam. In addition, 
we assume, that sediment settling in the reservoir itself was 
reduced due to the draining. Bi et al., 2014 in Ciszewski and 
Grygar (2016) found that sediments are easily re-suspended 
during water release from reservoirs, and Walling (1977) 
stressed that organic matter does play an important role in 
the SSC. The spillway of the Rur dam, however, was hardly 
activated with only 20 m3/s (Reichert, 2021). Therefore, 
the Rur dam still caused a sediment deficit during the flood 
event in mid-July 2021, as we can see in our data.

Furthermore, during the flood event, concentrations of 
suspended sediments increased upstream of the backwa-
ter of the Obermaubach basin. In this area, the Kall River 
flows into the Rur river. During fieldtrips, we often observed 
higher turbidity in the water of the Kall River in comparison 
to the Rur river. Hence, it is likely, that activation of the sub-
catchment by the flood event can be observed in the SSC-
Data. The Kall River is a coarse material-rich, siliceous low 
mountain stream with some agricultural land use in its rather 

steep valley and it is common for those tributaries to be a 
sediment source for receiving waters with wider river val-
leys (Bogaart et al., 2002), as the Rur river is in this section. 
Nevertheless, as the results show (cf. Figure 4), suspended 
sediment concentrations are generally higher upstream of the 
Rur reservoir than in the section between the Rur dam and 
the Obermaubach basin (Fig. 12).

The natural concentration of sediment-bound trace ele-
ments such as Cu or Pb depends on the geological setting. 
Thus, regions with ore deposits have in general higher 
natural background concentrations. River catchments with 
diverse geological realities, such as the Rur catchment, can 
show variations. The value ranges of Pb and Cu concentra-
tions at the auxiliary dam represent the concentrations meas-
ured in almost all riverbed sediments collected upstream, 
which include natural background concentrations (Szarek-
Gwiazda et al., 2011) and anthropogenic impact, e.g., of the 
textile industry in Monschau. This indicates that the recent 
sediment transport affects and controls the value ranges 
of Cu and Pb of auxiliary dam sediments. Nevertheless, it 
might be that the changes in grain size between the begin-
ning of the backwater zone and the dam (Ziegler & Nisbet, 
1995) may influence the concentrations (Sojka et al., 2019; 
Zhao et al., 2013).

Tributaries such as the Urft River can play an important 
role as source regions for pollutants, especially in mining 
areas (Schintu et al., 1991). The value ranges of the Urft sed-
iments are the highest between the source of the Rur River 
and the inflow of the Urft River, caused by historical Pb- 
and Cu-ore mining and its processing (Blass & Graf, 1995; 
Weiss, 1990a). For Pb, the reservoir sediments show the 
highest concentrations of the whole data set (1153 mg/kg), 
which shows, that each reservoir carries its characteristics 

Fig. 11   Overflow over the tilting weir at the Obermaubach basin on 
July 15th 2021, picture was taken while collecting water samples for 
SSC measurements (Verena Esser, 2021)

Fig. 12   Differences in turbidity between the Kall River (tributary) 
on the right and tis receiving water, the Rur River (on the left) on 
dd.mm.2021 after a rainfall event (Verena Esser 2021)
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of pollutant fingerprints (Sojka et al., 2019). Decreasing 
concentrations of riverbed sediments between the two dams 
and the subsequent anthropogenic pollution sources show 
retention of contaminated sediments (Bi et al., 2014; Pal-
anques et al., 2014), which verifies a disruption of sediment 
transport. This interruption correlates with the reduced 
SSC downstream of the Rur dam (cf. Figure 4), since the 
suspended sediment transport is closely linked to sediment-
bound pollution transport. At the Rur River, the next detect-
able source is historical Cu-, Pb, and Zn-ore mining next to 
the villages of Leversbach (pit Aurora) and the village Horm 
(pit Maubacher Bleiberg) (Weiss, 1990b). In these areas, 
small creeks draining the mining sites may play an important 
role in the input of heavy metals (Schintu et al., 1991).

5.2 � Influence of dams on riverbed composition

Since the Rur River is dominated by coarse fractions and 
only transports a small part of its sediment as suspended 
load, the fine fraction, d < 63 µm, and the fraction d > 63 µm 
are evaluated separately (cf. Figure 13). On one hand, we see 
a sediment deficit, concerning the fine fraction, downstream 
of the Rur dam in our data (cf. Figure 4), but on the other 
hand, East et al. (2015) found changes in sediment composi-
tion up to cobble and boulder size after the removal of the 
Elwha dam in Washington, USA. Therefore, both, the fine 
and the coarse fraction of the riverbed seem to be affected 
by damming. Since smaller Φ-values correspond to larger 
particle diameters, slight coarsening in the fine fraction after 
dammed areas can be observed. This result is already used 
for the input data for Delft3D and is a common phenomenon 

of dams (Williams and Wolman 1984). Overall, the fine frac-
tion shows only small changes. However, the change in the 
fine fraction from Φ50,fine = 6.1 to Φ50,fine = 5.3 between sam-
pling points 1 and 8 do not show the typical effect of down-
stream fining along a river, whereas the change in the coarser 
fraction from Φ50,coarse = − 4.8 to Φ50,coarse = − 3.9 does (cf. 
Table 5, Fig. 13). Those developments can only be explained 
in the context of sedimentology and adding tributaries (cf. 
Figure 13, see Supplement D, Fig. 6 for classification of 
the tributaries). Contradictory, the gates of the Saint-Sau-
veur dam on the Buëche River in southern France enable 
higher sediment loads to pass during flood events, but due to 
sedimentation of coarser fractions in the backwater zone, a 
sediment deficit, especially in coarser fractions downstream 
exist nevertheless (Brousse et al., 2020). Even though the 
direct impact of the Rur dam and the Saint-Sauveur dam are 
different, both impacts can only be observed over a short 
downstream reach (Brousse et al., 2020).

The uplands are dominated by clay-slate (Elfers), which 
is easy to erode. This causes high fine fractions besides very 
large cobbles in the riverbed. Therefore, although the fine 
fraction at sampling point 1, Φ = 9 up to Φ = 4, makes up a 
very small fraction of the riverbed (cf. Figure 8), it contains 
of over 20% of clay (cf. Figure 7). Accordingly, the Φ50 
of the coarser fraction is rather small with Φ50,coarse = − 4.8 
(cf. Table 5, Fig.  13). Both samples taken upstream of 
the dammed area show higher clay and fine silt contents. 
Therefore, the cohesive fractions are larger in samples taken 
upstream of the dam (cf. Figure 7). The grading curves of the 
fine fraction of samples taken in the uplands (samples 1–4) 
have a lower slope in the cumulative curve of their fine frac-
tion, than samples 5–8 (cf. Figure 5), which means, that they 
are better sorted (Weller, 1988). According to Weller (1988), 
fossil sediments have higher suspended sediment fractions 
which are rather poorly sorted. In addition, the slope of the 
Rur River decreases towards the Rur dam and the valley 
becomes wider leading to a more sinuous course (cf. Sup-
plement A, Table 4). Hence, particle diameters decrease due 
to the reduced flow velocity. Downstream of the Rur dam, at 
sampling sites 3 and 4, particle diameters increase, probably 
due to the overlapping of the trapping effect by the Rur dam 
with the change in lithostratigraphy from mostly silt and 
clay embossed to sand and gravel embossed. In addition, two 
tributaries rich in coarse materials function as a sediment 
source. Downstream of the Obermaubach basin, at sampling 
site 5, the Φ50 of the fine fraction increases due to the change 
in background lithostratigraphy to silt and clay dominated. 
In addition, the valley becomes wider at sampling site 5, and 
flow velocities decrease in comparison to sampling site 4 
(cf. Supplement A, Table 4). In addition, the area becomes 
more urban and agriculturally influenced, which leads to 
increased fine sediment input into the river (e.g., Panagos 
et al., 2020; Szatten & Habel, 2020). The Φ50 of the coarse 

Fig. 13   Development of Φ50 of the fine and coarse fraction of river-
bed samples in relation to the rivers background lithostratigraphy and 
tributaries as sediment sources
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fraction, however, slightly increases. The very small change 
could be caused by inaccuracies or due to the formation of 
gravel bars in the comparatively wide riverbed.

Towards the lowlands, downstream of the Obermaubach 
basin, an increase in fine material can be observed in the 
Rur River, corresponding with tributaries rich in loess and 
loam (cf. Figure 13).

Downstream of sampling site 5, two loess and loam domi-
nated lowland streams, flow into the Rur River, probably 
leading to the steady decrease of the Φ50 of the fine frac-
tion in sampling sites 6, 7, and 8, besides the sand domi-
nated geological background. In addition, the sand-prone 
Inde River flows through the agricultural-dominated area 
and carries, therefore, higher fractions of silt, which could 
explain the further decrease of the Φ50 of the fine fraction. 
However, the Φ50 of the coarse fraction decreases due to the 
sand embossed geological background and the inflow of the 
Inde River. Overall, the findings agree Frings (2004), who 
found that tributaries with high sand input into receiving 
waters lead to significant coarsening.

When looking at the skewness of the samples (cf. 
Table 5), sediments from sampling sites 2, 3, and 7 show 
similar values to glacial till, since they have a skewness 
of 0.74, 0.76, and 0.70, whereas 0.75 is characteristic for 
glacial till (Krumbein & Pettijohn, 1939). Sediments from 
sampling sites 1, 4, 5, and 6 have a skewness of 0.8, 0.85, 
0.88, and 0.83, which means that they are shifted towards 
coarser sediments. Sediments from sampling site 8 have the 
same skewness as beach gravel, being 0.99 (Krumbein & 
Pettijohn, 1939).

The skewness of the samples upstream of the Rur dam 
very likely shows values characteristic of glacial tilt, since 
the sediment composition of the lower rhine embayment 
was influenced by the last permafrost in the late Pleisto-
cene, resulting in the 3rd main terrace (Boenigk, 1978). 
Especially in the low mountain area, rivers are incised in 
a Paleozoic gravel embossed bedrock, whereas floodplains 
are dominated by deposited brown soil and gley, which have 
a finer granularity (Lehmkuhl, 2011). The high fraction in 
coarse-grained materials and larger stones were probably 
derived from the Meuse catchment during the Pleistocene 
(Westerhoff et al., 2008).

Downstream of the Rur dam the skewness is increased 
compared to upstream and the grain size distributions are 
shifted to the coarser (cf. Figure 6), which is characteris-
tic of bed armouring (cf. Sutherland, 1987). In addition, a 
change to a more “S-shaped” distribution is common with 
bed armouring (Sutherland, 1987). We cannot see the signif-
icant “S-shaped” cumulative curve typical for bed armouring 
(Sutherland, 1987) (cf. Figures 6, 7, 8); however, both the 
fine fraction and the coarse fraction become more concave, 
which tends towards a “S-shape”. Therefore, the sediment 
deficit through damming as well as the flow alterations 

leading to uniform flow over longer periods seem to have 
caused bed armouring downstream of the Rur dam.

Overall, the main driver for changes in the riverbed 
composition is a strong geological impact caused by val-
ley shapes, the background sedimentology, and the inflow 
of tributaries with different river types. Our findings con-
firm the findings of Milliman and Syvitski (1992) who state 
that topographic relief, sediment erodibility, depending on 
lithostratigraphy and land use, are the main drivers for sedi-
ment transport. In addition, Ziliani and Surian (2012) found 
that the sediment deficit caused by numerous check dams 
on the Tagliamento River, a large gravel-bed river in north-
eastern Italy, was equalized by local hillside erosion and, 
therefore, had almost no morphological impact. The sec-
ond most important impact seems to be the flow alteration 
together with the sediment deficit. Since usually sediment is 
not transported directly through the rivers into the ocean, but 
the majority finds its sink within the river system (Walling, 
2012), they, therefore, have its source within the river system 
as well. Accordingly, Collins et al. (1997) state that surface 
erosion in a sub-basin may be the most important source of 
fine sediment in the water body. Hence, at least for typical 
European rivers, we assume, that the sediment deficit has a 
short sphere of action. Hence, in our case, it can be assumed, 
that anthropogenic impact is overlaid by natural factors.

5.3 � Influence of discharge regulations 
on morphodynamical river development

Results from the numerical case study with Delft3D show, 
that floodplain sedimentation is drastically decreased after 
dam construction (cf. Figure 10). After the dam construction, 
the mean sediment diameter of the fine fraction increases 
due to coarsening effects described in the background and 
shown in our data. The impact of sediment coarsening is 
evaluated in the comparison between results from scenario 
2 and scenario 3. Here, floodplain sedimentation increases 
again, but by less than 1%. For model area 1 and model area 
2 this development is the same and almost identical fac-
tors for sedimentation development were obtained (Fig. 10). 
Hence, the discharge regulation by the dam causes the high-
est impact on downstream morphology. The Siemianówka 
Reservoir also significantly changed the flow regime of 
the coarse-material-rich Narew River, which will probably 
impact the riparian vegetation and lead to a reduction of 
anabranches downstream of the reservoir (Marcinkowski & 
Grygoruk, 2017).

High discharge is connected with a higher sediment 
supply, which was considered in our model by coupling 
discharge and sediment input data. As our results show, 
dam construction leads to a significant reduction in 
floodplain sedimentation. Our results are confirmed by 
Maaß and Schüttrumpf (2019b), who describe floodplain 
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decoupling in relation to mill weirs on the Wurm River, a 
main tributary of the Rur river. Floodplain decoupling in 
connection with discharge regulation in the Rur catchment 
was also detected by Lehmkuhl (2011), who additionally 
described the loss of soil types of bog gleys and fens, 
which are fertile soil types (Benke et al.). Bunte (2004) 
describes floodplain decoupling after the construction of 
hydroelectric dams in gravel embossed rivers as well. As 
a consequence of reduced floodplain flooding, hardwood 
develops and leads to increased riverbank stabilisation, 
which hinders the sediment availability within the stream 
(Bunte 2004).

Reduced flooding was one of the main goals of river 
regulation on the Rur River (Paul, 1994, 1999) and 
one of several goals for dam construction (Franzius & 
Proetel, 1927). Decoupling of floodplains occurs inde-
pendently of the topological characteristics of the two 
model areas. Model area 1 has lower floodplains, and 
therefore, wider areas are affected by flooding and sedi-
ment deposition than in model area 2 (cf. Supplement 
C, Figs. 2, 3, 4). Maaß and Schüttrumpf (2019b) and 
Maaß and Schüttrumpf (2018) concluded as well, that 
greater flood events led to higher sedimentation rates on 
floodplains. The highest sedimentation rates are detected 
closer to the riverbed, which agrees with Maaß and Schüt-
trumpf (2019a), who found that sedimentation rates on 
floodplains are highest close to the river’s channel. When 
sediment coarsening sets in (scenario 3), sedimentation 
slightly increases again, but affected areas decrease. Since 
an increased sediment diameter leads to a higher settling 
velocity, it can be assumed, that larger amounts of sedi-
ments settle earlier, leading to slightly higher accumu-
lations. Overall, we assume, that the sediment deficit 
caused by the dam is quickly balanced out by local sedi-
ment supply and tributaries. Furthermore, the regulation 
of high flood evens leads to floodplain decoupling, prob-
ably over the complete reach from the Heimbach reservoir 
to the Obermaubach basin.

In addition, the Rur dam has a high storage capacity 
and can buffer large flood events. As we could observe 
in our SSC-Data (cf. Figure 4), the Obermaubach basin, 
which is significantly smaller, behaved differently from the 
Rur reservoir. Hence, a comparison of smaller and larger 
dams would be interesting, either within the catchment 
of the Rur River itself, which holds several smaller res-
ervoirs, or worldwide. Nevertheless, it can be assumed, 
that floodplain decoupling is the main impact of dams 
of different sizes on rivers rich in coarse materials, since 
Maaß and Schüttrumpf (2019b) obtained similar results 
for mill dams. Hence, the impact of dams on downstream 
reaches in coarse-material-rich rivers seems to be similar 
on micro- and meso-catchment scale, as they are described 
in Maaß et al. (2021).

6 � Conclusions

In this study, the morphological impact of the Rur dam, as 
model example for a large dam in a European low moun-
tain area on the transition area to the lowlands, was evalu-
ated by a hybrid examination of field measurements and 
numerical modelling using Delft3D. Field studies included 
sampling of three different types: short-time transported 
sediments, including fine sediments from the riverbed, 
floodplains, and suspended sediment samples (type 1), 
riverbed samples evaluating the current riverbed compo-
sition (type 2), and samples of dam accumulations (type 
3). Results from the sediment studies were incorporated 
into the numerical model, which investigates the effects 
of discharge regulation, sediment deficit, and an increased 
sediment diameter in two model areas downstream of the 
Rur dam. Discharge data for the last 10 years was evalu-
ated to determine the effect of discharge regulation caused 
by the Rur dam. Pollutant transport along the Rur River 
was evaluated from samples type 1 and type 2.

Dam construction on the Rur river started in 1900 and 
today, a new equilibrium incorporating flow regulations, a 
deficit in the suspended sediment supply, and an increased 
diameter in the fine fraction has set in. In addition, the 
Rur catchment holds a long history of industrial develop-
ment and mining, which leaves various sources for heavy 
metal pollutants up to today. Since those pollutants are 
sediment-bound transported, they can function as markers 
for morphodynamical development.

The main findings of this study are:

–	 Field data shows a coarsening of the riverbed, as well 
as a reduction in the SSC downstream of the Rur dam. 
Hence, the impact of sediment retention is of interest 
even for coarse-material-rich river types.

–	 However, local lithostratigraphy and tributaries are 
an important sediment source, which balances out the 
sediment deficit caused by damming.

–	 The numerical model shows that the impact of the 
increased mean sediment diameter as well as the reduc-
tion in the SSC is very small compared to the impact of 
flow regulation by the Rur dam.

–	 Reduced flood events caused by discharge regulations 
through damming leads to floodplain decoupling down-
stream of the dam.

–	 Pollutant profiles along a river are highly dependent on 
local sources and therefore, the impact of a dammed 
area can be covered by downstream sources. For the 
Rur River, the reservoir functions as a pollutant trap, 
which is beneficial for the downstream reach.
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Our results are specific for a large dam on a river rich 
in coarse sediments in a low mountain area and the transi-
tion region to lowlands. The influence of a large dam highly 
depends on the riverbed composite and the local lithostratig-
raphy. Therefore, the sediment deficit caused by a dam can 
have a much more significant impact on downstream river 
morphology for different river types. A national and inter-
national comparison of smaller and larger dams would be 
interesting, since we expect smaller reservoirs to respond 
differently, especially during flood events. Overall, more 
studies on the impact of damming on downstream reaches 
incorporating field data as well as numerical modelling are 
needed to classify the impact depending on the river type. 
Knowledge of the impact of damming on the downstream 
reach is crucial for sustainable water management.
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