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1. Introduction
Primary controls of channel response in an alluvial river system are the flow duration curve, downstream base 
level, and grain size-specific sediment supply (Blom et al., 2016; Blom, Arkesteijn, et al., 2017; Gilbert, 1877; 
Lane,  1955; Mackin,  1948). A change of these controls modifies the equilibrium state, resulting in channel 
adjustment toward this new equilibrium state. The equilibrium channel characteristics comprise the channel bed 
slope, channel width, and bed surface grain size distribution or surface texture. Here we consider engineered 
river systems (i.e., rivers where planform and width are fixed). Such fixed planform and banks limit the degrees 
of freedom for a channel to respond to natural change or human interventions. As a result, an engineered river 
responds through adjustment of channel slope by tilting and changing bed surface texture.

Bifurcations exist where the water discharge and sediment flux of a single channel are partitioned over two 
branches or bifurcates. They occur in environments such as deltas, braided and anabranching rivers, lowland 
rivers, and alluvial fans (Kleinhans et al., 2013). The partitioning of water and sediment at a bifurcation affects 
the larger river system, as the river bifurcation is the upstream boundary regarding water discharge (Arkesteijn 
et al., 2019) and sediment flux (Bolla Pittaluga et al., 2003; Wang et al., 1995) for the bifurcates and the down-
stream boundary for the upstream reach. The latter is affected by the bifurcation through backwater effects 
(Arkesteijn et al., 2019). The sediment partitioning depends on, for instance, the upstream water discharge, branch 
width (Wang et al., 1995), transverse bed slope (Bolla Pittaluga et al., 2003), bifurcation angle (Dutta et al., 2017), 
branch slope and planform upstream (Kleinhans et al., 2008) (see Schielen and Blom (2018) for an extensive list).

Abstract A bifurcation in an engineered river system (i.e., fixed planform and width) has fewer degrees 
of freedom in its response to interventions and natural changes than a natural bifurcation system. Our 
objective is to provide insight into how a bifurcation in an engineered river responds to peak flows and human 
interventions. To this end, we analyze the change in hydraulics, bed level, and bed surface grain size in the 
region of two bifurcations in the upper Rhine delta in the Netherlands over the last century. We show that, 
over the last two decades, the water discharge in one bifurcate (the Waal branch) has steadily increased at 
the expense of the other. This gradual increase in the water discharge of the first branch is associated with its 
erosion rate being larger than the other branch. The quick succession of two or three peak flow events (1993, 
1995, and 1998) caused rapid sediment deposition over the upstream part of the bifurcate that has gradually lost 
discharge, which seems to have triggered the slow change in flow partitioning.

Plain Language Summary A river bifurcation is where a river splits into two branches. Water 
and sediment from the upstream channel are divided between the bifurcation's downstream branches. This 
division is important for flood risk, freshwater supply, and navigation. Here we investigate the flow division 
and related changes in bed level and bed surface grain size in the bifurcation region in the upper Rhine delta in 
the Netherlands over the last century. We find that, over the last two decades, one branch (the Waal branch) has 
gradually received a larger share of the water discharge at the expense of the other branch. This gradual increase 
in the water discharge of the first branch seems to be associated with its erosion rate being larger than the other 
branch. This slow change in the division appears to be triggered by two or three successive peak flows (1993, 
1995, and 1998), which caused sediment to deposit at the upstream end of the branch that subsequently started 
losing discharge gradually. Our analysis shows that peak flows can play a large role in bifurcation development 
in engineered river systems.
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River channels respond to peak flows in several ways: (a) deepening of narrow reaches accompanied by depo-
sition in wide sections (Cenderelli & Wohl, 2003; Hauer & Habersack, 2009; Sholtes et al., 2018); (b) channel 
bed erosion in backwater reaches associated with a more or less constant base level alternating with deposition 
under base flows (Arkesteijn et al., 2019; Chatanantavet & Lamb, 2014; Chatanantavet et al., 2012); (c) sediment 
deposition in floodplains resulting from overbank flow (McKee et al., 1967; Ten Brinke et al., 1998); (d) outer 
bank erosion and inner bank deposition (Parker et al., 2010; Pizzuto, 1994; Van de Lageweg et al., 2014); and (e) 
in some cases channel widening (Huckleberry, 1994; Yousefi et al., 2018).

In natural river systems, peak flows can cause significant changes in bifurcation planform and width 
(Bertoldi, 2012). The supply of bed material load from upstream increases, and sediment waves migrate into the 
bifurcation area (Frings & Kleinhans, 2008). Peak flows can initiate avulsions, creating a bifurcation or a new 
river course (Kleinhans et al., 2013; Syvitski & Brakenridge, 2013). Engineered bifurcation systems typically do 
not allow for such planform change, so that their response is limited to change in bed level and bed surface texture. 
Observations over the Pannerdense Kop bifurcation of the Rhine River during a peak flow event in 1998 illus-
trated dune migration, scour upstream of the bifurcation, and hysteresis of bedload and suspended load transport 
(Frings & Kleinhans, 2008; Kleinhans et al., 2007). Rapid succession of peak flows can influence sediment trans-
port rates in gravel bed rivers (Mao, 2018), and dune sorting may influence bed surface and subsurface texture 
by forming remnant gravel layers at the base of dunes or re-entraining them (Blom et al., 2003; Kleinhans, 2005).

Wang et al. (1995) were the first to illustrate that a bifurcation system with two bifurcates is not necessarily stable. 
Here, stable indicates a configuration where both bifurcates remain open with no systematic change of flow and 
sediment partitioning over time, and unstable means a configuration where one branch is characterized by an 
increasing discharge at the expense of the other branch. Such instability is associated with sediment deposition in 
one bifurcate and, eventually, its abandonment (Kleinhans et al., 2013; Schielen & Blom, 2018). The associated 
timescale of closure varies largely (Kleinhans et al., 2013).

A prime example of an engineered river is the Rhine River. It flows from the Swiss Alps to the North Sea and 
is among the most heavily engineered river systems in the world. River training along the Rhine in the 19th and 
20th centuries comprised channel narrowing by 30%–40% (Havinga, 2020; Hesselink, 2002; Van de Ven, 1976; 
Wolfert,  2001; Ylla Arbós et  al.,  2021), which has resulted in a decrease of the equilibrium channel slope 
(Ylla Arbós et al., 2021). This is because, in a narrower channel, a smaller slope suffices to transport the supplied 
sediment downstream (Blom et al., 2016; Blom, Arkesteijn, et al., 2017; De Vriend, 2015; Mackin, 1948). The 
decrease of the equilibrium slope results in channel bed erosion (De Vriend, 2015; Quick et al., 2020; Visser, 2000; 
Ylla Arbós et al., 2021). Similar channel incision has been observed in other engineered rivers such as the Missis-
sippi (Alexander et al., 2012), Rhône (Petit et al., 1996), and Danube (Habersack et al., 2016). Furthermore, the 
channel bed surface has coarsened with time (Frings et al., 2009; Ylla Arbós et al., 2021).

The upper Rhine delta in the Netherlands has two bifurcations, the Pannerdense Kop or Pannerden bifurcation 
and the IJsselkop bifurcation. Our objective is to provide insight on the response of this engineered river bifur-
cation system to peak flows and human interventions. We choose this system as a case study because of its long 
history of interventions and availability of field data for over half a century. We address the following research 
questions: (a) How has the bifurcation region in the upper Rhine delta developed (regarding flow partitioning, 
bed level, and bed surface grain size) over the last century? and (b) Which role have peak flows had in this 
development? To answer these questions, we inventorize past interventions and analyze field observations on bed 
level, bed surface grain size, and hydraulics over the last century. Section 2 describes the field site, past interven-
tions, and flow duration curve. Results are subdivided among flow and sediment partitioning over the bifurcates 
(Section 3), change in bed level (Section 4), change in bed surface grain size (Section 5), and sediment supply 
versus sediment transport capacity (Section 6).

2. Field Site
We use the name Lower Rhine to indicate the set of Rhine River reaches of the Niederrhein (Germany), Boven-
rijn, Waal, Nederrijn-Lek, and IJssel branches (Figure 1). The Niederrhein is the downstream part of the German 
Rhine, which enters the Netherlands near Lobith (river km 858), from where it is called the Bovenrijn. The Dutch 
part of the Rhine basin is known as the Rhine delta.

The Bovenrijn bifurcates into the Waal and Pannerden Canal branches at the Pannerden bifurcation (river km 
867.5), the latter of which is located 10 km downstream of the German-Dutch border. We refer to the 11 km reach 
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between the Pannerden and IJsselkop bifurcations (river km 878.5) as the Pannerden Canal. Only the upstream 
6 km of this reach was dug, and the downstream part is formally called the Nederrijn. At the IJsselkop bifurca-
tion, the Pannerden Canal bifurcates into the Nederrijn and IJssel branches. The Waal is the widest and IJssel the 
narrowest of the bifurcates (Appendix A, Figure A1). At both bifurcations, the combined channel width of two 
bifurcates is larger than that of the upstream channel.

Figure 1. Human intervention in the bifurcation region of the upper Rhine delta since the 18th century. Numbers between parentheses indicate river km. Inset at the 
right-hand side shows the Rhine River basin.
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The bifurcation region is characterized by an extensive list of interventions (Figure  1, also see Ylla Arbós 
et al., 2021). Before 1700, the bifurcation apex was located 10 km upstream of its current location. It was moved 
to its current position by digging the Pannerden Canal in the early 1700s (Ten Brinke, 2005; Van de Ven, 1976). 
The Pannerden bifurcation developed as part of the Rhine network in the late Holocene, and the abandonment 
of the Nederrijn branch was the reason for digging the Pannerden Canal (Kleinhans et al., 2011). In the 18th 
century, the planform of the IJsselkop bifurcation was such that the IJssel branch took off from an inner bend. 
This configuration led to sediment deposition at the upstream IJssel, hampering navigation. In the late 1770s, 
the IJsselkop bifurcation was moved 1 km upstream, where it takes off from an outer bend, to prevent sediment 
deposition (Frings & Kleinhans, 2008; Schielen et al., 2007).

In the period between 1950 and 1970, three weirs were constructed in the Nederrijn-Lek branch (at Driel, Amer-
ongen, and Hagestein, see Figure 1). The purpose of the Driel weir, in particular, is to control the flow partition-
ing at the IJsselkop bifurcation to maintain sufficient navigable depth in the IJssel branch and freshwater supply 
during low flows (Ten Brinke, 2005). Bends in the IJssel branch were cut off within the same period at Doesburg 
(in 1954) and De Steeg-Rheden (in 1969) for navigation purposes. These cut-offs led to a shortening of the IJssel 
branch by 8.6 km (Visser, 2000).

Fixed layers were constructed in outer bends of the bifurcation region at Nijmegen (1985) and Spijk (2014) and 
bendway weirs were placed at Erlecom (1996). Their purpose is to increase navigable width in sharp river bends 
(Havinga, 2020). Fixed layers and bendway weirs modify bend flow such that the inner bend deepens (Havinga, 2020).

In the Niederrhein, coarse sediment nourishments have been undertaken to mitigate channel bed erosion. In the 
period between 1991 and 2010, 8.4 Mt sediment (2 Mt fine gravel and 6.4 Mt coarse gravel and cobbles) was 
supplied with the largest quantities between river km 815–855 (Frings et al., 2014). Two sediment nourishment 
field tests were conducted in the Bovenrijn branch (river km 862–864) in 2016 and 2019 (Ylla Arbós et al., 2021).

Over the period 2007–2018, the intervention program “Room for the River” was conducted, focusing on increas-
ing flood conveyance and nature restoration. Its extensive set of measures includes groyne and floodplain lower-
ing, floodplain width increase, side-channel construction, channel bed deepening, and removal of obstacles 
(Havinga, 2020; Van Stokkom et al., 2005; Ylla Arbós et al., 2021).

The water discharge in the Lower Rhine is dominated by snow-glacier melt and rainfall (Pinter et  al.,  2006; 
Te Linde et al., 2010). At Lobith, the mean annual water discharge is approximately 2,210 m 3/s, and the mean 
annual peak flow is 6,540 m 3/s. Figures 2a and 2b show the Lobith hydrograph (data since 1901) and the asso-
ciated flow duration curve. The highest discharge ever recorded at Lobith is 12,600 m 3/s in 1926, and Figure 3 
shows the 15 largest peak flow events since 1901 with recurrence period ranging from 4 to 120 years.

According to a treaty in the 18th century, the Waal, Pannerden Canal, Nederrijn, and IJssel branches, respec-
tively, should receive approximately 2/3, 1/3, 2/9, and 1/9 of the Lobith discharge (Ferrand, 1847; Stumpe, 2009; 
Van de Ven, 1976). The Driel weir aims to maintain a minimum water discharge of 285 and 30 m 3/s in IJssel and 
Nederrijn, respectively. For Lobith discharges smaller than 1,500 m 3/s, the priority is to maintain the 30 m 3/s 
discharge in the Nederrijn (with the IJssel discharge sometimes being smaller than 285 m 3/s).

Bend sorting (Parker & Andrews, 1985) can be an important mechanism regarding sediment partitioning at a bifur-
cation. Secondary flow in a bend induces a near-bed sediment flux toward the inner bend, which deepens the outer 
bend relative to the inner bend. The associated transverse bed slope induces a component of the gravitational force 
down the transverse slope. The sum of the drag force (acting in the streamwise direction) and the transverse compo-
nent of the gravitational force results in the fact that (a) coarse sediment is preferentially transported through the 
outer bend and finer sediment in the inner bend and (b) the bed surface sediment in the outer bend is coarser than 
in the inner bend (Parker & Andrews, 1985). With the Pannerden Canal and IJssel taking off from an outer bend of 
the upstream channel, bend sorting favors coarse sediment to be supplied to the Pannerden Canal and IJssel bifur-
cates (Frings & Kleinhans, 2008). As the bed surface grain size distribution is strongly related to the sediment flux 
(Blom et al., 2016; Blom, Arkesteijn, et al., 2017), the bed surface of the Pannerden Canal is coarser than the Waal. 
The bed surface of the upstream end of the IJssel is the coarsest among the bifurcates (Frings & Kleinhans, 2008).

The bed surface in the bifurcation region has coarsened over the past few decades (Ylla Arbós et al., 2021). This change 
in bed surface grain size is associated with the downstream migration of the Rhine gravel-sand transition (GST) and 
sediment nourishments in the German Rhine. Ylla Arbós et al. (2021) noted a significant advance (30–40 km) and 
flattening of the Rhine River GST: the length of the GST zone increased from about 50 km (river km 820–870) in 
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1997 (Frings, 2011) to about 90 km (river km 840–930) in the Bovenrijn-Waal in 2020 (Ylla Arbós et al., 2021). The 
advance of a GST is a natural process (Blom, Chavarrías, et al., 2017), and advance of the Rhine River GST has likely 
been enhanced by the relatively coarse sediment nourishments in the Niederrhein (Ylla Arbós et al., 2021).

3. Partitioning of Water and Sediment Discharge
Under low flow conditions (i.e., a closed Driel weir), the Waal discharge is approximately 80% of the 
Lobith water discharge (Figure 2c). The weir at Driel is completely open for water levels at Lobith above 

Figure 2. Water discharge characteristics in the bifurcation region: (a) measured water discharge at Lobith from 1901 to 2020 (source: Rijkswaterstaat); (b) associated 
flow duration curve at Lobith; (c) ratio of water discharge (measured using Ott current meter and Acoustic Doppler Current Profiler) at the upstream Waal and IJssel 
branches to the Lobith discharge; (d) ratio of measured and computed Waal discharge to measured Lobith discharge in 2017–2018. Orange dots in (a) indicate the peak 
flows shown in Figure 3. In (c) vertical lines indicate the 2016 weir opening program, and horizontal lines refer to the agreed flow partitioning according to a treaty 
in the 18th century, which states that the Waal and IJssel branches should receive approximately 2/3 and 1/9, respectively, of the Lobith discharge (Ferrand, 1847; 
Van de Ven, 1976).
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10  m  +  NAP (where NAP denotes Normal Amsterdam Level), partially open for water levels between 
8.60 m + NAP and 10 m + NAP, and fully closed for water levels below 8.60 m + NAP (Van Doornik 
et  al.,  2019). The relative Waal discharge under open weir conditions varies between 65% and 70% and 
decreases slightly for values of the Lobith discharge above 8,000 m 3/s. Figure 2c confirms that the Driel weir 
functions as its design was intended: the relative IJssel discharge increases at the expense of the Nederrijn 
when the weir is closed.

Backwater effects in the bifurcates can significantly affect the flow partitioning at a river bifurcation 
(Edmonds, 2012; Kleinhans et al., 2008, 2011). The Waal and Nederrijn-Lek flow out into the North sea, and 
the IJssel branch flows out into the IJsselmeer Lake. Backwater effects due to the North Sea and IJsselmeer Lake 
do not reach the bifurcation region (Figure 4). This does not imply that sea level and past changes in sea level 
do not affect the bifurcation region: current water level at the Pannerden bifurcation equals the sum of sea level 
and the integral of bifurcate channel slope times distance. The backwater effect due to the Driel weir does reach 

Figure 3. Fifteen largest water discharges at Lobith since 1901. The table indicates the date and magnitude of the recorded 
peak of the waves.
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both bifurcations (Figure 4b) increasing the relative water discharge in the Waal and IJssel during low flow rates 
(Figure 2c). Pannerden Canal is governed by two opposing backwater effects: the Driel weir causes a streamwise 
increase in flow depth and the backwater due to the IJsselkop bifurcation leads to a streamwise decrease in flow 
depth. The latter is due to the fact that the IJssel water level is low relative to the Nederrijn. During low flows, 

Figure 4. Water level (24 hr-averaged values) for various water discharge values at Lobith in 2017–2018 along the (a) 
Niederrhein (NRH)-Bovenrijn (BR)-Waal, (b) Niederrhein-Bovenrijn-Pannerden Canal (PC)-Nederrijn-Lek, and (c) 
Niederrhein-Bovenrijn-Pannerden Canal-IJssel. The right inset in (c) shows the 2017–2018 Lobith hydrograph. Bed 
level (black line) in the Niederrhein and the Dutch reaches corresponds to bathymetric surveys of years 2010 and 2020, 
respectively. Left insets show the bed steps at the bifurcations. Sources of water level data are Rijkswaterstaat and German 
Federal Waterways and Shipping Administration (WSV).
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the Driel weir backwater dominates and flow depth in the Pannerden Canal 
increases in the streamwise direction. During peak flows, the Driel weir is 
lifted, and the only backwater effect is the one due to the IJsselkop bifurca-
tion. This means that during peak flows, the flow depth over the Pannerden 
Canal decreases with streamwise position (Figure 4b), and the flow spatially 
accelerates.

We compute the annual mean flow partitioning ratio based on measurements 
using Ott current meters and Acoustic Doppler Current Profiler (ADCP) 
(Figure 5). We refer to Appendix A for details on discharge measurements 
and data analysis. We distinguish between two discharge regimes to assess 
whether the flow partitioning shows any temporal trend: (a) a low flow regime 
in which the Driel weir is fully closed (QLobith < 1,500 m 3/s where QLobith 
denotes the Lobith water discharge), and (b) a high flow regime in which the 
Driel weir is entirely open (QLobith > 2,500 m 3/s). For both discharge regimes, 
the ratio of Waal to Lobith water discharge was stable between 1970 and the 
early 1990s, and has increased since the peak flows of 1993–1995–1998 by 
0.2%–0.4% per year (Figure 5). Text S1 in Supporting Information S1 shows 
various fits to the time series of the Waal fraction of the Lobith discharge: (a) 
a moving average window (window size of 20 years), (b) the Loess method 
(Cleveland, 1979) (with data span equal to 0.6), and (c) a piecewise linear 
regression with imposed breakpoints at 1993 and 1998. The data are charac-
terized by significant scatter to which the Loess method is relatively sensi-
tive, as it requires a dense data set (Text S1 in Supporting Information S1). 
The moving average and Loess methods confirm a breakpoint around the 
1993–1995–1998 peak flows. For the flow partitioning in the intermediate 
regime where the Driel weir is partially closed, we refer to the Text S2 in 
Supporting Information S1.

There have been limited field studies (in 1998, 2002, and 2004) measuring the sediment flux and its partitioning 
over the bifurcates (Frings & Kleinhans, 2008; Frings et al., 2015, 2019; Kleinhans et al., 2007). The uncertainty 
associated with these data ranges between 40% and 100%. Table 1 compares the sediment partitioning over the 
branches with the associated flow partitioning. The relative sand flux received by the Waal branch is significantly 
larger than its share of the Lobith discharge. This is because of bend sorting (Section 2). Immediately upstream 
of the Pannerden bifurcation, the near-bed sand flux is directed toward the inner bend and, as a result, to the 
Waal branch (Frings & Kleinhans, 2008; Parker & Andrews, 1985). The partitioning of the clay-silt fraction was 
assumed to be equal to the flow partitioning (Frings et al., 2019). For the other grain size classes, the IJssel frac-
tions of the Lobith sediment fluxes are significantly smaller than its share of the Lobith discharge. This is because 
both the Pannerden Canal and IJssel branches take off from an outer bend, which reduces their sediment flux.

4. Spatial and Temporal Change in Bed Level
Over the last century, the entire domain of the Lower Rhine has undergone 
channel incision (Figure 6). The region of the Pannerden bifurcation (from 
roughly 5  km upstream down to 10–15  km downstream) has eroded by 
2–3 m, about twice as much as the surrounding area. For the Waal branch, the 
total amount of erosion gradually decreases with streamwise position, which 
reflects a gradual channel slope decrease or channel tilting (Figure 6a). The 
total amount of erosion is the largest over the Pannerden Canal (Figure 6b).

A bifurcation is typically associated with a discontinuity in bed level (see 
insets of Figures 4 and 7). Such a bed step equals the difference in flow depth 
between the upstream branch and downstream branch, as water level, by defi-
nition, is continuous. The difference between the upstream and downstream 
flow depth results from the change in water discharge and channel width over 
the bifurcation (Asmerom, 2001; Kleinhans et al., 2013). The Waal bed step 

Figure 5. Ratio of Waal to Lobith water discharge as a function of time. 
The green dots outside the time axis indicate the measurements of Brunings 
in 1790–1792 (Hesselink et al., 2006). Red dotted lines at the top indicate 
the peak flows indicated in Figure 3, with the 1993–1995–1998 peak flows 
extending downward.

Table 1 
Flow and Sediment Partitioning at the Pannerden and IJsselkop 
Bifurcations, Expressed as Water Discharge Relative to Associated Lobith 
Discharge and Grain-Size Specific Annual Sediment Fluxes Relative to 
Associated Lobith Fluxes

Relative 
water 

discharge
Clay and silt 
<0.063 mm

Sand 
0.063–2 mm

Fine 
gravel 

2–16 mm

Coarse 
gravel 

16–63 mm

Waal 68%–70% 70% 88% 65% 75%

IJssel 13%–14% 15% 7% 7% 6%

Note. Sediment partitioning is based on Frings et al. (2015, 2019). Uncertainty 
regarding sediment fluxes ranges between 40% and 100%. Flow partitioning 
values relate to open Driel weir conditions.
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is smaller than the other bed steps in the bifurcation region. The difference in bed level between the bifurcates 
(i.e., the inlet step) yields a transverse bed slope upstream of the bifurcation that leads to a transverse flux of bed 
material load to the deeper bifurcate due to gravity (Bolla Pittaluga et al., 2003; Kleinhans et al., 2013).

We hypothesize that the break in the flow partitioning trend observed in Figure 5 is due to sediment deposition in 
parts of the bifurcation region resulting from a rapid succession of peak flows. To test this hypothesis, we analyze 
the temporal change of bed level in the bifurcation region and assess whether bed level shows a sudden temporal 
change. To this end, we look into the time variation of bed level at various positions (at 0.5, 1.5, 4.5, and 7.5 km) 
upstream and downstream of the Pannerden bifurcation (Figure 7).

Figures 7a and 7b illustrate that the rapid succession of the 1993–1995–1998 peak flows have caused sediment 
to deposit over the upstream part of the Pannerden Canal. In other words, during these peak flows the sediment 
supply into the Pannerden Canal exceeded its sediment transport capacity. Data uncertainty complicates attribut-
ing the changes to one, two or all of the 1993–1995–1998 peak flows. The Bovenrijn bed level right upstream of 
the Pannerden bifurcation decreased following the peak flows (Figure 7a).

Prior to the 1993–1995–1998 peak flows, the erosion rate in the upstream Pannerden Canal was slightly larger 
than the upstream Waal (Figure 7). Besides sudden deposition, the 1993–1995–1998 peak flows led to a decrease 

Figure 6. Bed level in (a) Niederrhein (NRH)-Bovenrijn (BR)-Waal, and (b) Niederrhein-Bovenrijn-Pannerden Canal (PC)-IJssel branches over the past century. The 
shaded areas indicate zones of intense erosion. The black dots indicate the locations for which temporal change in bed level is shown in Figure 7.
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Figure 7. Bed level as a function of time at (a) 0.5 km upstream (river km 867) and downstream of the Pannerden bifurcation (river km 868), (b) 1.5 km upstream 
(river km 866) and downstream (river km 869) of the Pannerden bifurcation, (c) 4.5 km downstream of the Pannerden bifurcation (river km 872), and (d) 7.5 km 
downstream of the Pannerden bifurcation (river km 875). Subplot (e) shows bed steps in 1992 and 2002. Linear fits in (a) and (b) were applied to Pannerden Canal bed 
level data for the periods 1960–1993 and 1998–2020 to indicate the bed level discontinuity. Here, bed level data are averaged over 1 km. Red dotted lines at the top 
indicate the peak flows indicated in Figure 3, with the 1993–1995–1998 peak flows extending downward.
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of the erosion rate in the upstream Pannerden Canal. Since these peak flows, the upstream Waal has eroded at a 
larger rate than the upstream Pannerden Canal.

The rapid aggradation in the upstream Pannerden Canal (Figure 7a) followed by an ever-increasing Waal share 
of the Lobith discharge (Figure 5) and differential erosion rate between the Waal and Pannerden Canal (Figure 7) 
seems to have not occurred for the other peak flows shown in Figure 3.

The upstream Waal eroding faster than the upstream Pannerden Canal co-occurs with the continued change 
of the flow partitioning at the Pannerden bifurcation (Figure 5). The fact that a differential erosion rate of the 
upstream bifurcates is associated with a continued change of the flow partitioning can be understood from 
the one-dimensional conservation equations for flow (Saint Venant,  1871). Under stationary conditions, the 
Saint Venant equations reduce to the backwater equation Sd = (S − Sf)/(1 − Fr 2), where Sd denotes the streamwise 
gradient of flow depth H (Sd = dH/dx), S is the channel bed slope, Fr is the Froude number, and Sf is the friction 
slope (Sf = cfFr 2 where cf is the non-dimensional friction coefficient). Replacing Fr 2 by 𝐴𝐴 𝐴𝐴2

𝑤𝑤∕
(

𝑔𝑔𝑔𝑔2𝐻𝐻3
)

 (where Qw 
denotes the water discharge, g the acceleration due to gravity, and B the channel width), the backwater equation 
for a compound channel takes the following form:

𝑄𝑄𝑤𝑤𝑤𝑤 = 𝐵𝐵𝑤𝑤

√

𝑔𝑔𝑔𝑔3
𝑤𝑤

𝑆𝑆 − 𝑆𝑆𝑑𝑑𝑤𝑤

𝑐𝑐𝑓𝑓𝑤𝑤 − 𝑆𝑆𝑑𝑑𝑤𝑤

 (1)

where subscript i denotes one of the three compartments of a compound channel: main channel, groyne field, or 
floodplain. The water discharge integrated over a cross-section then becomes 𝐴𝐴 𝐴𝐴𝑤𝑤 =

∑3

𝑖𝑖=1
𝐴𝐴𝑤𝑤𝑖𝑖 . The faster erosion 

rate for the upstream Waal increases the flow depth H relative to the one in the upstream Pannerden Canal 
because of water level continuity over the Pannerden bifurcation. As a result, a differential erosion rate (Figure 7) 
is accompanied by a continued change in flow partitioning (Figure 5).

Equation 1 also illustrates the importance of backwater effects in the bifurcates regarding the flow partitioning at 
a bifurcation. As described in Section 3, the backwater effects in the Pannerden Canal stem from two opposing 
effects: the Driel weir (only during low flows) and the IJsselkop bifurcation (see Text S3 in Supporting Informa-
tion S1). We apply Equation 1 to the 2018 hydrograph in Figure 4c to assess the importance of backwater effects 
in the Pannerden Canal. We compare the Waal discharge (here taken as Lobith discharge minus the Pannerden 
Canal discharge) using Equation 1 with and without accounting for the flow depth gradient Sd in the Pannerden 
Canal (Figure 2d). We use a cf value of 0.004 for the main channel corresponding to a Chézy friction coefficient 
of 50 m 1/2/s (Sloff & Mosselman, 2012). We assume the groyne field and floodplain to be rougher than the main 
channel and adopt a cf value equal to 0.010 (Chézy friction coefficient of 30 m 1/2/s). Total water discharge appears 
to be insensitive to the latter friction value, as the groyne fields and floodplain do not significantly contribute to 
flood conveyance under these conditions. Strictly speaking, the assumption that the cf value does not depend on 
the flow rate is not realistic, as form drag due to bedforms varies with the flow rate. Here, however, the assump-
tion of a constant cf value suffices as a first estimate to assess the relative importance of backwater effects on  the 
flow partitioning. Figure 2d shows a match between the computed and measured Waal fraction of the Lobith 
discharge when accounting for the flow depth gradient in the Pannerden Canal, Sd. This confirms the large role 
of backwater effects in the bifurcates regarding flow partitioning at a bifurcation.

The rapid succession of peak flows also caused sudden sediment deposition immediately downstream of the 
IJsselkop bifurcation in both the Nederrijn and IJssel bifurcates (Text S4 in Supporting Information S1). Here, 
both upstream bifurcates aggraded with a similar magnitude, which may have stabilized the flow partitioning at 
the IJsselkop (Figure S4 in Supporting Information S1).

In summary, our analysis shows that the rapid succession of two to three peak flows has caused sudden sediment 
deposition over the upstream part of the Pannerden Canal. This has resulted in a breakpoint in both the flow 
partitioning and the relative erosion rate over the upstream part of the bifurcates. More specifically, the sudden 
aggradation in the upstream Pannerden Canal has resulted in (a) the Waal fraction of the Lobith discharge gradu-
ally increasing with time ever since and (b) the upstream Waal eroding faster than the upstream Pannerden Canal. 
The latter two effects logically co-occur, as explained above.
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5. Change in Bed Surface Grain Size
During peak flows, the bed surface and subsurface sediment is reworked through dune migration and dune sorting 
(Blom, 2008; Blom & Parker, 2004; Blom et al., 2003; Kleinhans, 2001, 2005). A flood wave may form a coarse 
layer at the base of dunes and leave a remnant gravel layer, and subsequent peak flows may rework remnants 
of previous years (Blom et al., 2003; Kleinhans, 2001, 2005). Our current analysis does not shed light on these 
dynamics, as the temporal density of bed surface grain size data is insufficient. We are, however, able to assess 
changes in bed surface grain size over a longer time scale. Over recent decades the bed surface sediment of the 
Rhine branches has coarsened (Frings, 2011; Frings et al., 2009; Ten Brinke, 1997; Ylla Arbós et al., 2021). 
In addition, Ylla Arbós et al. (2021) pointed at the downstream advance of Rhine River GST (Section 2). The 
coarsening of the channel bed surface has been attributed to the natural migration of the GST and coarse sediment 
nourishments in the German Rhine (Blom, Chavarrías, et al., 2017; Ylla Arbós et al., 2021). This temporal bed 
surface coarsening in the Rhine River originates from at least 900 years ago (Frings et al., 2009).

Here we focus on the change in channel bed grain size within the bifurcation region, and compare width-averaged 
50th and 90th percentiles of grain size (D50 and D90, respectively) of the bed surface sediment (Figure 8). The 
channel bed surface is a mobile armor, which compensates for the mobility difference between coarse and fine 

Figure 8. The 50th and 90th percentiles of width-averaged bed surface grain size (D50 and D90): (a) D50 at Bovenrijn-Waal, 
(b) D50 at Bovenrijn-Pannerden Canal-IJssel, (c) D90 at Bovenrijn-Waal, and (d) D90 at Bovenrijn-Pannerden Canal-IJssel. Bed 
surface grain size is averaged over a window of 10 km.
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sediment by allowing for sufficient transport capacity of the coarse sediment (Blom et  al.,  2016; Parker & 
Klingeman, 1982; Parker & Sutherland, 1990). Presence of a mobile armor is reflected by the fact that the bed 
surface sediment is coarser than the subsurface sediment. This holds particularly for the Pannerden Canal and 
IJssel branches (Gruijters et al., 2001, 2003). Since the late 1990s, the bed surface within the bifurcation region 
has coarsened (Figure 8). Bed surface coarsening suggests temporal coarsening of the sediment supply from 
upstream, as the bed surface grain size distribution is strongly related to the grain size distribution of the sediment 
flux (Blom, Arkesteijn, et al., 2017; Blom et al., 2016; Parker & Toro-Escobar, 2002). Width-averaged 50th and 
90th percentiles of grain size of the bed surface sediment for the Pannerden Canal-Nederrijn-Lek are provided in 
the Text S5 in Supporting Information S1.

The authors believe that the bed surface coarsening within the bifurcation region and associated temporal coars-
ening of the sediment flux may explain (a) the sudden sediment deposition at the upstream Pannerden Canal 
associated with the rapid succession of peak flows (1993–1995–1998), as bend sorting upstream of the Pannerden 
bifurcation provides a coarser sediment supply to the Pannerden Canal, and (b) the bifurcation region showing a 
reduced erosion rate following the rapid succession of peak flows. We will elaborate on this in Section 7.

6. Sediment Supply Versus Sediment Transport Capacity
A bifurcation can be considered the upstream boundary for water and sediment discharge of the downstream 
bifurcates (Bolla Pittaluga et al., 2003; Schielen & Blom, 2018; Wang et al., 1995). Over the upstream part of 
each bifurcate, the variable flow rate induces an upstream boundary segment (An, Cui, et  al., 2017; An, Fu, 
et  al., 2017; Arkesteijn et  al., 2019, 2021; Blom, Arkesteijn, et  al., 2017). In an upstream boundary segment 
(sometimes called hydrograph boundary layer), the instantaneous difference between the sediment supply from 
upstream and the sediment transport capacity leads to the formation of downstream migrating adjustment waves 
regarding bed level and bed surface grain size. The adjustment waves tend to (but not necessarily) diffuse while 
they migrate downstream, and therefore they are typically limited to a certain distance (An, Cui, et al., 2017; An, 
Fu, et al., 2017). Here we determine the 5-year averaged (moving window) aggradation rates since 1960 to assess 
whether such adjustment waves originate at the two bifurcations (Figure 9).

Each peak flow in Figure 3 seems to initiate a downstream migrating erosion wave originating at the Pannerden 
bifurcation down the Waal branch (white lines in Figure 9). An erosion wave implies that, during peak flows, 
the sediment transport capacity of the Waal exceeds the sediment supply from upstream. The sediment supply to 
each of the bifurcates depends on the grainsize-specific sediment partitioning at the bifurcation. We hypothesize 
that the behavior of adjustment waves along the Waal branch is associated with it being relatively narrow given 
its water discharge.

Earlier adjustment waves seem to migrate faster than more recent waves (Figure 3). This temporal decrease of the 
migration celerity seems to be related to the temporal coarsening of the sediment flux and bed surface sediment 
(Figure 8). This hypothesis can be tested using a simple analysis using the conservation equations of water mass, 
streamwise momentum, and sediment continuity (Exner, 1920) using the sediment transport relation of Engelund 
and Hansen (1967). In such a case, the celerity of a bed level disturbance is proportional to the sediment trans-
port rate per unit width. As the sediment transport rate is inversely related to the median grain size (Engelund & 
Hansen, 1967), bed surface coarsening can indeed reduce the celerity of bed disturbances (see Jansen et al. (1979) 
for a detailed analysis).

Some of the adjustment waves in Figure 9 may originate from further upstream (e.g., in the Niederrhein), but 
the limited temporal resolution of the Niederrhein data does not allow for such verification. The numerous engi-
neering interventions in the system induce adjustment waves, as well (e.g., the downstream migrating waves 
originating at the fixed layers at Nijmegen and St. Andries in the Waal branch). The dredging in the 1980s 
(Visser, 2000) has led to intense erosion over the Bovenrijn and Waal branches. Information on the aggradation 
rate for other branches is provided in the Text S6 of Supporting Information S1. Celerity of the downstream 
migrating waves along the Waal ranges between 0.6 and 1.7 km/yr, Pannerden Canal between 0.7 and 1.4 km/yr, 
Nederrijn between 0.5 and 1.2 km/yr, and IJssel between 0.7 and 0.9 km/yr. It can be expected that the engineer-
ing interventions have also led to upstream migrating adjustment waves, but these cannot be clearly distinguished.

Figure  10 shows a conceptual representation of sediment supply versus sediment transport capacity at the 
upstream end of the bifurcates and associated bed level change during mean flow and peak flows. The balance 
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of sediment supply versus sediment transport capacity under mean flow conditions is based on annual sediment 
flux data (Frings et al., 2015). The balance of sediment supply versus sediment transport capacity under peak 
flow conditions (Figure 10) is based on the assumptions that (a) both the sediment supply and sediment transport 
capacity increase relative to the above mean flow conditions, and (b) for all branches except for the Waal, the 
sediment supply increases more strongly than the sediment transport capacity, which matches bed level change 
resulting from the rapid succession of the 1993–1995–1998 peak flows (see Figure 7 and Figure S4b in Support-
ing Information S1).

7. Discussion
The relative increase of the Waal discharge feeds back on the larger-scale river dynamics. The sediment supply to 
the Waal bifurcate does not sufficiently increase with its increasing flow rate during peak flows. This mismatch 
between sediment supply and sediment transport capacity further increases its relative fraction of the Lobith 
water discharge. The changing flow partitioning may continue to decrease the equilibrium channel slope for the 
Waal branch. The associated decrease of the Waal channel slope adds to the ongoing river response (i.e., slope 
decrease and associated channel bed erosion) to past training works and channel narrowing.

The current development of the Pannerden bifurcation indicates that it is in an unstable situation where one 
branch (the Waal) grows at the expense of the other branch (the Pannerden Canal). Without interventions, this 
may eventually lead to the abandonment of the Pannerden Canal (Kleinhans et al., 2013; Schielen & Blom, 2018; 
Wang et al., 1995).

Other peak flows in Figure 3 seem to have induced a different system response than the rapid succession of the 
1993–1995–1998 peak flows. Researchers have defined thresholds for peak flows to initiate certain channel 
response, for instance thresholds related to peak flow magnitude, peak flow frequency (Lisenby et al., 2017), 
peak flow duration (Gervasi et al., 2021), streampower (Magilligan, 1992; Yochum et al., 2017), and sediment 

Figure 9. Five-year averaged aggradation rates for Niederrhein-Bovenrijn-Waal. The right-hand side shows the associated 
time series of Lobith water discharge. Dots in the hydrograph indicate the peak flows of Figure 3. The white lines indicate 
downstream migrating erosion waves initiated at the Pannerden bifurcation for peak flows after 1960 listed in Figure 3. The 
aggradation rate is determined based on a 2-km moving average window.
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flux volume (East et al., 2018; Lisenby et al., 2017). However, the significance of these thresholds and their rela-
tive role during peak flows are not generically valid and often unclear.

We come up with three possible explanations on why the system response to the 1993–1995–1998 peak flows 
seems to have been different from other peak flows. The first explanation concerns the role of the quick succes-
sion or net duration of the peak flow events. The rapid succession of peak flows may have resulted in insufficient 
time for the flow to disperse deposited sediment during inter-flood periods. Our second explanation relates to 
the temporal coarsening of the sediment flux and bed surface sediment in the bifurcation region. This temporal 
coarsening of the sediment flux together with bend sorting right upstream of the Pannerden bifurcation may 
have resulted in an increased coarse sediment supply to the upstream Pannerden Canal branch, which led to sedi-
ment deposition due to insufficient sediment transport capacity. The third explanation relates to both phenomena 
(hypotheses 1 and 2) co-occurring. The explanations will be investigated in future research.

Sudden channel bed aggradation during peak flows, as observed during the peak flows of 1993–1995–1998, 
is not accounted for in current flood risk management, and may increase flood risk beyond expected levels. 
Furthermore, the subsequent slow change of the flow partitioning affects flood risk in the bifurcates. In addition, 
the gradually decreasing flow in one bifurcate may increasingly hinder freshwater supply and navigability during 
low flow conditions.

Flow and sediment partitioning at a bifurcation are influenced by the upstream hydrograph and downstream base 
level, both of which will change in the future due to climate change. Currently, peak flows and interventions 
dominate the bifurcation response over sea level rise (SLR). In the future, the impact of SLR on the bifurcation 
region will increase through backwater effects and associated upstream-migrating bed level adjustment. However, 
we expect that the increased probability of extreme precipitation and flow events associated with climate change 
(Klein Tank et al., 2014; Sperna Weiland et al., 2015) will affect the bifurcation region more strongly than SLR 

Figure 10. Conceptual representation of sediment supply and sediment transport capacity at the upstream part of the 
bifurcates and associated bed level change during mean and peak flow conditions.
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(Ylla Arbós et al., 2023). In addition, the sediment supply from the Niederrhein may coarsen further. As a result, 
we anticipate that more frequent and extremer peak flow events, maybe in combination with a coarser sediment 
supply, will impact the bifurcation dynamics, resulting in possibly accelerated change of the flow partitioning at 
the Pannerden bifurcation. These effects will be addressed in our future work.

River bifurcations are present in almost every medium-size and large river around the world with differ-
ent levels of engineering: the Mezcalapa-Samaria-Carrizal system in Mexico (Mendoza et  al.,  2019,  2021), 
Ganga-Padma–Hooghly system in India (Gupta et al., 2014), the Bala-Lower Old Danube system in Romania 
(Yossef et al., 2016), and the Mississippi-Atchafalaya system in the USA (Edmonds, 2012). Planform, geometry, 
sediment characteristics, hydrograph, and interventions vary among them. For example, sediment retention and 
homogenization of the hydrograph due to upstream dams influence the flow partitioning at the Mezcalapa river 
bifurcation (Mendoza et al., 2021), the Farakka Barrage in the Ganga-Padma system affects the flow partitioning 
at the bifurcation upstream of Hooghly river (Gupta et al., 2014), and the Old River Control Structure determines 
the flow partitioning at the Mississippi-Atchafalaya bifurcation (Edmonds, 2012). Long-term observations of 
flow partitioning and bed level dynamics will be required to understand how these different bifurcations respond 
to peak flows and climate change.

8. Conclusions
Semi-centennial observations in the bifurcation region in the engineered upper Rhine delta have shown that the 
Waal bifurcate takes an increasing fraction of the upstream water discharge at the expense of the other bifurcate 
(Pannerden Canal).

The gradual increase of the Waal discharge co-occurs with the Waal channel eroding faster than the Pannerden 
Canal bifurcate.

Both these gradual changes are possibly triggered by the rapid succession of two to three peak flows (1993, 1995, 
and 1998).

The rapid succession of the 1993–1995–1998 peak flows resulted in sudden sediment deposition over the upstream 
part of the bifurcate that is subsequently characterized by a gradually decreasing fraction of the upstream chan-
nel's water discharge. This sudden sediment deposition and associated bed level increase seem to have triggered 
the above changes in flow partitioning and relative erosion rates.

The system response to the 1993–1995–1998 peak flows seems to have been different from other peak flows, 
which we believe to be due to the quick succession or net duration of the peak flows (resulting in insufficient time 
to disperse the deposited sediment during inter-flood periods) and the temporal coarsening of the sediment flux 
and bed surface sediment.

The temporal bed surface coarsening seems to be due to a temporal coarsening of the sediment supply from 
upstream, as the two have been shown to be strongly related. The bed surface coarsening has likely reduced the 
celerity of the downstream migrating adjustment waves that originate at the bifurcation.

It is generally assumed that peak flows do not lead to significant bed level change due to (a) the difference in 
timescale between peak flows and bed level change, and (b) the limited probability of peak flows (i.e., their 
limited share in the flow duration curve). Our findings illustrate that peak flows can play a large role through 
sudden and local sediment deposition that may trigger a slow change in flow partitioning and bed level among 
the bifurcates.

Appendix A: Methods
Our analysis is based on field data on bed level, bed surface grain size, water level, and water discharge. Some 
data sets span over a century. Logically there have been several temporal changes in measurement techniques 
(e.g., single-beam to multibeam echo sounders for bed level). In addition, as the Rhine River spans across borders, 
techniques also vary spatially. Such temporal and spatial changes in measurement techniques increase the uncer-
tainties in the measured data. Details on bed level and bed surface texture data collection and treatment used 
in  this study can be found in the Supporting Information of Ylla Arbós et al. (2021).
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Bed level (Figure 6) and bed surface grain size data are averaged over 5 and 10 km, respectively, unless indicated 
differently. Associated moving average windows do not extend across bifurcations to allow us to differentiate 
between the characteristics of the upstream and downstream reaches.

Water level data used in Figure 4 originate from gauging stations in Germany and the Netherlands. We adjusted 
the reference level to NAP (where NAP denotes Normal Amsterdam Level) for all stations and averaged the 
data over 24 hr to filter the effect of tides for the downstream stations. Flow depth gradient (Sd) in Equation 1 is 
computed based on water level measured at stations Pannerdense Kop, Looveer Huissen, and IJsselkop, and 2018 
bed level along the Pannerden Canal.

Water discharge data were collected by Rijkswaterstaat. For discharge measurements, Ott current meters were 
used until 1999. ADCP has been adopted since 2000. The Ott current meter measurements have a larger inac-
curacy (smaller than 20%) than ADCP measurements (smaller than 10%). The ADCP transects were traversed 
repeatedly at least 10 times, within at least 5% agreement to the mean discharge value. Water discharge was 
measured at cross-sections roughly 3–4 km upstream of the Pannerden bifurcation for Bovenrijn, approximately 
1 km downstream of the Pannerden bifurcation for the Waal and Pannerden Canal, and roughly 1 km downstream 
of IJsselkop for Nederrijn and IJssel. We exclude water discharge data from measured water level at gauging 
stations, as the associated uncertainty is large (Gensen et al., 2020) and the Waal gauging station is not represent-
ative of the Waal branch due to its slightly upstream position.

The water discharge measurements do not strictly satisfy the water balance (i.e., water discharge upstream does 
not equal the sum of bifurcate discharges). This is because the measurements were not performed simultaneously 
in all branches, and floodplain discharge is typically estimated using a ratio interpolation, as vessels cannot access 
the shallow floodplain (Mueller et al., 2013). We compute the discharge ratio for individual measurements in the 
bifurcates and remove outliers that deviate by more than 10% from the mean ratio in that discharge regime. In 
Figure 5, each year in the x-axis represents a hydrologic year (e.g., year 1990 represents the time from 1 October 
1989, to 30 September 1990).

The annual mean water discharge ratio in each discharge regime in Figure 5 was fitted using a piecewise linear 
regression with the quick succession of the 1993–1995–1998 peak flows as a breakpoint. The existence of 

Figure A1. Main channel width (thick lines) and floodplain width (thin lines) of the Lower Rhine branches. Floodplain 
width is averaged over a moving window of 10 km.
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the breakpoint was confirmed using a moving average fit and the Loess method (see Text S1 in Supporting 
Information S1).

Data on channel width for the Dutch branches were provided by Rijkswaterstaat. For the German Rhine, these 
data were extracted from the IKSR Rhine Atlas (IKSR Rhine Atlas 2020, 2020). We have averaged the floodplain 
width over a 10 km window, and no averaging was applied to the main channel width. The main channel width 
indicates the distance between the groyne tips (Figure A1).

Data Availability Statement
Bed level and bed surface grain size data for the Bovenrijn and Waal (1926–2018) are from Ylla Arbós (2021). 
Bed level data from the German Rhine are from Quick et al. (2020). The water level data from the German Rhine 
and Dutch Rhine are available through German Federal Waterways and Shipping Administration (WSV) and 
Rijkswaterstaat Central Information Service (CIV), respectively. Bed level and bed surface grain size along the 
Pannerden Canal, Nederrijn, and IJssel branches, and the water discharge data for the Waal and IJssel branches 
are available at https://doi.org/10.4121/19650873, hosted at the 4TU.ResearchData repository (Chowdhury 
et al., 2022).
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