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Abstract19

Deltas and estuaries worldwide face the challenge of capturing sufficient sediment to keep20

up with relative sea level rise. Knowledge about sediment pathways and fluxes are cru-21

cial to combat adverse effects on channel morphology, e.g. erosion which enhances risk22

of bank collapse and increasing tidal penetration. We constructed sediment budgets which23

quantify annual changes for the urbanized delta of the Netherlands affected by fluvial24

and coastal fluxes of sediment, engineering works and dredging and dumping activities.25

The Rhine-Meuse delta shows a negative sediment budget in recent decades due to an-26

thropogenic intervention. Following a large offshore port expansion, dredging in ports27

and harbours in the region has doubled in the past five years, likely due to the induced28

change in net sediment fluxes. In addition, the deeper navigation channels, ports and29

harbours are trapping siltier sediment than before, changing sediment composition in30

the mouth. The removal of sediment from the system through dredging is adverse to the31

necessity for sediment in heavily eroding branches. To allow for sustainable sediment man-32

agement in the future and to cope with sea level rise, further measurements are required33

to properly quantify the amount of incoming sediment from the rivers and the seaward34

boundary and the mechanisms of transport which are key to solving the sediment issues35

in the delta. The varied response of the branches has important consequences for nav-36

igation, ecology and flood safety and management of the sediment in the system will be37

of pivotal importance in coming decades and for other deltas worldwide.38

Plain Language Summary39

Deltas need sufficient sediment to grow with sea level rise and counteract subsidence.40

A sediment budget calculates if a delta is net gaining sediment or if it is losing sediment41

over a long time period. The Rhine-Meuse Delta has a negative budget i.e. it is losing42

sediment. The reason for this negative budget is the high amounts of sand removed for43

navigation to inland ports and harbours which are periodically removed by dredging. As44

a result some of the channels in the area degrade rapidly which causes issues for river45

functions such as water quality, flood safety and ecology. Other deltas worldwide are sim-46

ilarly managed like the RMD and will therefore face the same sediment issues. As the47

RMD further develops, managers must think about a strategy to deal with bed degra-48

dation and find ways to maintain sediment in the system.49

1 Introduction50

Coastal regions and particularly deltas are home to half the world’s population, act-51

ing as major ports and important global economic hotspots. These regions record and52

are subject to intense global natural and anthropogenic environmental change (Bianchi53

& Allison, 2009). They are also at the highest risk of climate change-induced sea level54

rise (Giosan et al., 2014; Elliott et al., 2019). One of the key factors in determining if55

and how urbanized deltas will cope with sea level rise is sediment management and in56

particular actions that can increase sedimentation at desired locations (Tessler et al., 2015).57

To maintain their elevation in the face of sea level rise, deltas need sufficient sediment58

(Syvitski et al., 2009; Giosan et al., 2014). A lack of sediment in a delta leads to a myr-59

iad of problems including channel deepening causing salinity intrusion (Eslami et al., 2019),60

increased flood risk from tidal penetration and surges and a loss of ecologically rich ar-61

eas (Best, 2019).62

Human interventions in rivers and deltas often cause a lack of sediment (Dunn et63

al., 2019; Leuven, Pierik, et al., 2019; Nienhuis et al., 2020). To quantify the amount of64

sediment lost or gained by deltas sediment budgets are often used (Tessler et al., 2018).65

Despite their relative simplicity, sediment budgets are still arguably the best way to en-66

compass the recent sediment dynamics of a system on a timescale of decades, assuming67

the correct method is applied and there is both sufficient data coverage and accurate data68
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available. Parsons (2012) and Frings and Brinke (2018) summarize the main reasons to69

continue to use sediment budgets for river and delta management. Here we use it as a70

diagnostic instrument to assess and evaluate the main factors determining the chang-71

ing sediment budget of the Rhine-Meuse Delta (RMD).72

Here we focus on the urbanized Rhine-Meuse Delta (RMD), which has undergone73

extensive human interventions of various kinds (see table 1). As such it no longer resem-74

bles a classic delta or estuary system. Almost the entire area is embanked and used for75

anthropogenic benefit (housing, industry, shipping etc.) with a focus on navigation to76

the extensive Port of Rotterdam, and closure of one of the two main estuaries in the 197177

as part of the Delta Works engineering project commenced after the great flood of 1953.78

The flood safety of the ports and urban area, the fresh water supply and navigation have79

required embanking, channel narrowing, closure of one mouth and large amounts of dredg-80

ing all of which impact the sediment budget of the RMD.81

Past changes mean that sediment availability and sediment supply in the RMD are82

not only out of balance, but also increasingly uncertain in the face of climate change as83

hydrodynamic boundary conditions continue to vary. Moreover, the importance of nature-84

based solutions for safety and healthy ecosystems as well as navigation are increasingly85

recognized (Temmerman et al., 2013). Previously, water safety policy had largely been86

focused on dike maintenance and dike raising and other hard engineering methods that87

neglect the sediment dynamics of the region. Management of natural sediment materi-88

als and dynamics are currently being tested to keep more sediment in the system at de-89

sired spots but to identify which sediment management strategies can be implemented90

and which will be most effective in solving the issues that the delta faces, it is crucial91

to understand 1) where sediment is currently removed, 2) the volumes of sediment that92

are removed (fluxes out) 3) where incoming sediment (fluxes in) can provide an oppor-93

tunity to restore the natural sediment dynamics of the delta 4) which channel reaches94

are eroding and which are showing net sedimentation and 5) the influence of engineer-95

ing measures and constructions (dikes, dams, storm surge barriers) on sediment dynam-96

ics.97

As deltas worldwide are showing increasing human intervention, the case of the RMD98

is exemplary for what may happen to these increasingly urbanizing deltas worldwide in99

terms of sediment. What happens to sedimentation in urbanized deltas where dredging100

and engineering measures (e.g. dikes and storm surge barriers) are prominent and nat-101

ural dynamics are disturbed? To what degree does local interference cause system-scale102

changes in morphological trends in the channel network on a timescale of decades? Is103

there sufficient sediment to cope with sea level rise and where in the system should it104

be captured? To assess these questions, a sediment budget for 2000-2019 for the RMD105

is created and compared with previous budgets for the region. The main controls on the106

budget are identified and the RMD is compared with other deltas globally who are head-107

ing down the same sediment management route.108

2 Material and Methods109

2.1 The Rhine-Meuse Delta110

The RMD is located in the west of the Netherlands and is fed by several Rhine branches111

namely the Maas, Waal and Lek rivers from upstream whilst it discharges sediment and112

water at the coast at the Maasmond (Hoek van Holland) and at the Haringvliet sluices113

(see Fig. 1). The lower Rhine-Meuse branches are a complex network of distributaries114

and a few cross-cut channels which traverse the delta. The channels came about mainly115

in the second half of the Holocene by natural avulsion, but beach ridges caused a situ-116

ation with two mouths only: the relatively deep Meuse (Maas) estuary close to present-117

day Rotterdam, and the relatively shallow Rhine (Rijn) estuary close to present-day Lei-118

–3–



manuscript submitted to Earth’s Future

den. The fluvial-tidal transition is within the study area, and the tidal modulation of119

water levels in the rivers extends upstream of the study area. The Holocene development120

of the RMD in relation to the initial and boundary conditions of the region and the in-121

teractions with ecosystems and humans are described in de Haas et al. (2018).122

Important aspects of human interference history include the embankment works123

in the late Middle Ages and the installation of groynes and bank protection along all branches,124

which led to narrowing and deepening for the purpose of safety and navigation (see ta-125

ble 1). The embankment and bank protection works led to incision extending far upstream,126

that coarsened the bed of the Waal and Rhine into Germany. Furthermore, changes in127

the hinterland reduced the suspended wash material load (Frings et al., 2019). All of this128

reduced sediment transport into the delta (Frings et al., 2009, 2019).129

Altogether, the RMD combines a range and magnitude of human impacts that al-130

low us to link the effects to the causes with confidence. To this end, we combine three131

methods, namely the construction of a sediment budget on the basis of measured bed132

elevations in all branches, the data of fluxes of sediment, and analysis of deviations from133

typical relations between flow discharge or tidal volume and cross-sectional area for all134

channels in the network as an indication of morphological disequilibrium.135

The hydrodynamic and tidal characteristics in the RMD network are the result of136

the interplay between river input from upstream, tidal conditions at sea that enter the137

system at the open mouth and the operation of the sluices on the former southern mouth138

(see map in Fig. 1).Discharge from upstream is transported through three rivers: the Waal,139

Maas and Lek rivers where the Waal conveys the largest part of the discharge (70%) and140

the Maas and Lek are equal in magnitude (14% and 16% respectively). The Lek and Maas141

are heavily regulated by a series of sluices and dams. The Lek is a former, minor distribu-142

tary of the Rhine. Suspended sediment and bedload fluxes are largely proportional to143

discharge (see Fig. 4) with the Waal discharging the greatest amount of sand and silt144

into the delta from upstream. The Maas imports more sediment than the Lek in terms145

of both suspended and bedload. Discharge in the system is highly seasonal (also see the146

supplementary information).147

The downstream boundary of the RMD has undergone large changes in the past148

half century. The open estuary mouth, the Nieuwe Waterweg/Maasmond is the mouth149

of the Meuse river and has been deepened considerably, while the other estuary mouth,150

the Haringvliet, was closed in 1971, following which the tidal characteristics and discharge151

distribution of the RMD radically changed (N. Vellinga et al., 2014). Before closure, the152

tide entered the system via the Maasmond and the Haringvliet and the connecting branches153

acted as a tidal divide, with relatively low flow velocities. After closure, the tide only154

entered via the Maasmond, leading to a tidal range in the Haringvliet of 0.2-0.3m (also155

see supplementary table). This new tidal range at Haringvliet was now smaller than the156

Maasmond causing water levels which are out of phase i.e. tidal propagation from Maas-157

mond to Haringvliet takes roughly 6 hours. As a result, the connecting and cross-cut branches158

have large water level gradients and carry a large amount of water.Strong estuarine cir-159

culation drives sediment import in the Maasmond area which causes a high import of160

both sand and silt.161

The net discharge distribution over the branches is dependent on the tide, upstream162

river discharge and the related operation of the Haringvliet sluices. During average river163

discharge conditions 1686 m3/s enters the system via the Waal (1443 m3/s), Lek (159m3/s)164

and Maas (92 m3/s). The main route of water to the sea is first flowing southward via165

the Nieuwe Merwede to the Hollands Diep. From there most water flows back northward166

via the Dordtse Kil and Oude Maas, until it reaches the current main outlet at the Nieuwe167

Waterweg/Maasmond, through which a net discharge of 1395m3/s debouches to sea. The168

remaining net discharge of 218 m3/s debouches via the Haringvliet sluices, which are par-169

tially open during these average river discharge conditions. Note that the inflow and out-170
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Figure 1. a. The location of the Rhine-Meuse Delta, debouching into the Southern Bight of

the North Sea on the west coast of the Netherlands. Note the Haringvliet branch is closed to the

sea and maintained by sluices and thus its hydrodynamic parameters are not shown b. A table

of the basic hydrodynamic boundary conditions (annual average discharge*, tidal range, tidal

volume* and 90th percentile flow velocity*) at the upstream and downstream boundaries of the

study area. *Discharge, tidal volume and velocity data from 2013 run of 1D SOBEK-RE model.

Tidal range data from measured water levels 2000-2019. c. Map of the various branches of the

RMD and their elevation from the most recent bed level data (2019 for all years except Nieuwe

Waterweg (2018) and Bergsche Maas (2015). Basemap courtesy of Esri.
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flow do not 100% match, the missing water is taken from the system for the polders and171

drinking water supply. The tidal volumes (for definition and calculation see appendix)172

show a general decreasing trend from sea to land and only one main entrance for the tides.173

In the Nieuwe Waterweg the tidal volume is 1.1 x108 m3, while it is a factor 20 smaller174

near the Haringvliet Sluices (only export of water). From the Nieuwe Waterweg the tides175

propagate to Nieuwe and Oude Maas, and from Oude Maas to the Merwedes and Hol-176

lands Diep branches (see Fig. 2). Tides do not enter from Haringvliet Sluices, but tides177

do enter the Hollands Diep from Oude Maas via Dordtse Kil and Spui. These two cross-178

cut channels have therefore relatively high tidal volumes, in the order of 3.8 x107 m3 and179

1.3 x107 m3, respectively (see Fig. 2)180

During low river discharges the Haringvliet sluices are completely closed, to ensure181

sufficient water flows through the Nieuwe Waterweg to counteract the salt intrusion. Though182

the main route of water to sea when the sluices are closed is similar to the average con-183

dition, discharge ratios over the branches are different. Tidal volumes are very similar184

to the average discharge conditions. Main differences are caused by the tidal volume which185

also accounts for river discharge, which is smaller in this case, and because tidal prop-186

agation is slightly affected by the smaller discharge.187

During high river discharge, the Haringvliet sluices are fully open during low-tide188

(ebb phase only) and in this case water not only leaves via the Nieuwe Waterweg, but189

there is also a main route of water to sea from the Nieuwe Merwede to the Hollands Diep190

that leaves the system via the Haringvliet sluices. This changed pathway of river water191

also influences the tidal volumes in the southern branches, which become much larger192

because these branches carry much more river water at high river discharge. The tidal193

volumes in the northern and cross-cut branches are not as heavily affected.194

In cases of storm surges, outflow can be temporarily hindered and in this case there195

can be a significant net inflow of water in the system during one or two tidal cycles. Dis-196

charge in all branches are strongly different in magnitude and can even change direction,197

particularly in the northern branches and cross cut channels. The tidal volumes are also198

very different in this case, and are sometimes 50 - 100 % larger than for the average dis-199

charge conditions. The strongest changes in both discharge and tidal volumes are ob-200

served in the cross-cut channel Dordtse Kil. When the storm surge at the North Sea bound-201

ary recedes, this extra water leaves the system again, giving rise to large outflows.202

2.2 Making a sediment budget203

To create a sediment budget for the RMD, we make use of bed level data, dredg-204

ing data and sediment transport data as far as available. We follow the same relation205

of Becker (2015) for each branch in the network:206

∆z = ∆suspended + ∆bedload − ∆dredging (1)

where ∆z is the bed level change (m), ∆suspended is the bed level change due to a gra-207

dient in suspended sediment transport between the upstream and downstream node of208

a channel, ∆bedload is the change in bed level due to a gradient in bedload transport and209

∆dredging is the bed level change due to dredging or dumping activities within the chan-210

nel. As deltas are ultimately sediment traps, the overall bed level change is assumed to211

be equivalent to the net loss or gain of sediment within the river branches. This allows212

for creation of two estimates for the sediment budget, one solely from ∆z and a second213

combining ∆dredging, ∆suspended and ∆bedload.214

In this paper, we analyze a very large dataset that was hitherto unpublished in in-215

ternational literature. Fro completeness, the online supplement provides details of all meth-216

ods and sources, including data reports, and provides the main data sued in the anal-217

yses.218
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Figure 2. Discharge (m3/s) and tidal volumes (m/63) per branch for normal tidal condi-

tions and a. normal, b. high and c. low river discharge and for a d. storm surge combined with

a normal river discharge respectively. The width of the lines are proportional to the discharges,

the darkness of the lines proportional to the tidal volumes. Arrows indicate the net flow direc-

tion. Values were extracted for two tidal cycles from the SOBEK run for 2013. For clarity, the

discharge values are in bold, and the tidal volumes are in italics.

2.2.1 Dredging volumes219

Volumes of dredged material from the branches of the RMD used are combined re-220

ports from the regional waterway management (Rijkswaterstaat West-Nederlands-Zuid)221

and the Port of Rotterdam. Volumes of dredged material were converted to dry mass222

to allow for easy comparison with other components of the budget. This budget differs223

from previous budgets (van Dreumel, 1995; Snippen et al., 2005; Becker, 2015; Frings224

et al., 2019) as new composition data for the mouth area is included in the conversion225

of volume to mass due to a new measurement campaign undertaken by the Port of Rot-226

terdam in 2018 and 2019 where samples of dredged material underwent grain size anal-227

ysis (van Bruchem, 2018a, 2018b, 2019). This allowed for a more accurate conversion of228

dredging volumes to mass for the ports and harbours and for the Nieuwe Waterweg and229

Nieuwe Maas branches. The other branches in the system rely on the only other avail-230

able composition data which dates from the 1980s (the same composition data used in231

previous budgets).232

All dredged sediment that is not sold, is dumped off the coast (uncontaminated)233

and essentially ”lost” from the area, or stored in a specially designated depot for con-234

taminated material known as the ’Slufter’ (Kirichek et al., 2018). Most dredged mate-235

rial is therefore not returned to the system and thus the dumping component is negli-236

gible. The few dumping activities that took place in the branches were accounted for by237

removing this value from the dredging volume. Dredged volumes for the ports were also238

directly included in the sediment budget; a choice that is discussed later.239

Figure 3 shows the total amount of dredging occurring in the RMD. This is a com-240

bination of the maintenance dredging, which is ongoing dredging to keep shipping fair-241

ways and ports open, and any capital dredging events, which are once-off events, here242
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channel deepening. Maintenance dredging volumes in the RMD are strongly controlled243

by hydrodynamic changes in the area and anthropogenic interference in the system. These244

complex interactions also cause shifts in required dredging volumes between the branches245

and the ports.246

Two kinds of major engineering events occurred in the timeframe of this sediment247

budget which caused capital dredging or increased maintenance to occur in either the248

branches or the ports and branches of the RMD. The first kind is the deepening of chan-249

nels and ports, namely the Nieuwe Waterweg in 2012-2013 as part of the construction250

of the Maasvlakte 2 and in 2018-2019 for navigation purposes, and the deepening of the251

Botlek port entrance in 2014 for navigation. The second kind is the development of new252

port areas which require land building, namely the construction of the Maasvlakte 2 and253

new berths at the Maasvlakte. These large scale developments change the sediment dy-254

namics and were found by the Port of Rotterdam to alter the amount of maintenance255

dredging required in the area by causing increased sedimentation locally.256

Figure 3. Total amount of dredging (Mt) in the branches and ports of the RMD with a

timeline of major engineering or construction works. Note that the volumes of dredging for the

Nieuwe Waterweg deepening and Botlek deepening are both included in the branches portion of

the dredging volumes as the Botlek deepening took place at the mouth which is considered to be

part of the branch

2.2.2 Bed elevation differences257

Single and multibeam bathymetry surveys carried out by the Rijkswaterstaat (na-258

tional waterways authority) are converted to digital elevation models (DEMs) and used259

to calculate bed level trends for the branches of the RMD. To improve our estimates of260

average annual bed level the data combines various intra-annual DEMs and weighted trends261

based on spatial coverage of the surveys (see supplementary information for further ex-262

planation).263

2.3 Suspended and bedload fluxes264

Suspended and bedload material enter the system from three major upstream rivers265

the Waal, Lek and Maas.Though large amounts of suspended and bedload material are266
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discharge via the main entrance channel in the Nieuwe Waterweg, an even larger amount267

of sediment is imported (see Fig. 4) Due to the closure of the Haringvliet, only suspended268

sediment is discharged through the Haringvliet sluices. This budget uses an average of269

all available suspended and bedload fluxes from previous budgets (van Dreumel, 1995;270

Snippen et al., 2005; Becker, 2015; Frings et al., 2019) who make use of various meth-271

ods to collect these fluxes. The budget is highly sensitive to the values chosen at the bound-272

aries and thus the range of values is also analysed. In particular the values of suspended273

and bedload flux at the coastal boundary have not been updated since the budgets of274

van Dreumel (1995) and Snippen (2005). The margin of error sums to 2Mt (see Fig. 4)275

which can easily change the budget from positive to negative. How the bedload and sus-276

pended load material distributes, settles and erodes in the complex channel network is277

reflected in the bed level change ∆z. There is however, not sufficient data available to278

determine how the bedload and suspended load is internally distributed.279

2.4 Tidal Prism-Area (PA) relations and hydraulic geometry relations280

To find out whether branches are close their equilibrium bed level, or whether they281

are too deep and have the tendency to sediment or too shallow and have the tendency282

to erode, tidal prism-area (PA) relations are used. The PA relationships calculated in283

this report follow a derived equation from the original tidal prism-area relations of O’Brien284

(1931, 1969):285

Ar = kPα (2)

where Ar is the river cross-sectional area (m2) and P is the tidal prism (m3), α is a scal-286

ing coefficient and k is a constant which is dependent on α. If the tidal prism is large287

with respect to the flow cross-sectional area, the discharge passing through the cross sec-288

tion is high, generally resulting in erosion (high P/A). Conversely, sedimentation will oc-289

cur if the tidal prism is low with respect to the flow cross-sectional area (low P/A), pro-290

vided enough sediment is available for sedimentation.291

For rivers without tides, a similar kind of relation exists between the width, depth292

and a formative flow discharge (usually bankful or mean annual flood): the hydraulic ge-293

ometry relations for river channel dimensions and flow velocity (Leopold & Maddock,294

1953). Here we combine the relations for width and depth to obtain a Q/A relation be-295

tween cross-sectional area A of a river and the flow discharge Q:296

Ar = αQr
β (3)

where Ar is the cross-sectional area of the branch (m2), Qr = uAr is the discharge (m3/s)297

where u is flow velocity, α is a constant multiplication factor and β < 1 to allow for the298

weak dependence of u on Qr. Here we compare our data with the relations derived for299

the Jamuna (Marra et al., 2014) and Colombia (Klaassen et al. (1988) as cited in Kleinhans300

et al. (2012)) rivers; where α is equal to 4.2 (Colombia) and 3.7 (Jamuna) and β is equal301

to 0.85 (Jamuna) and 0.89 (Colombia). The resulting hydraulic geometry relations are302

similar to the PA relation.303

A deviation of a river channel from a hydraulic geometry relation indicates its ten-304

dency to erode or aggrade. Here we use both relations with the expectation that tidally-305

dominated channels will fit the PA relation better, whilst river-dominated channels will306

fit the QA relation. For channels that are in disequilibrium, neither relation will fit and307

thus we take this as an indication of disequilibrium sediment budget in those branches.308

A SOBEK-RE model for the RMD was used to model the hydrodynamics of the309

area and to determine P , Qr and Ar. Discharge and velocity were extracted to calcu-310

late the volume of discharge (combined fluvial and tidal) passing through the cross-sectional311

area during four scenarios: (1) normal discharge, (2) high discharge, (3) low discharge312

and (4) storm surge at the coastal boundary. Details of the model and boundary con-313

ditions of the period selection are included in the supplement. The periods were all se-314
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lected from the 2013 run for the model as this year covered all conditions of interest. Dis-315

charge was taken directly from the model and cross-sectional area was calculated follow-316

ing:317

Ar = Qr/u (4)

where Ar is the cross-sectional area of the branch (m2), Qr = uAr is the discharge (m3/s)318

and u is flow velocity. Discharge and flow velocity were also determined from the model.319

3 Results320

3.1 Fluxes of suspended and bedload material321

The average values (of van Dreumel (1995), Snippen et al. (2005), Becker (2015)322

and Frings et al. (2019)) for suspended and bedload material entering and exiting the323

system can be seen in figure 4. Note there is a large range of values possible, particu-324

larly at the Maas boundary and the boundary with the North Sea due to differences in325

measurement method, calculation and using these boundaries as closing terms in the var-326

ious budgets (see supplementary information for confidence and errors in these values).327

Figure 4. Annual average fluxes of suspended and bedload sediment in the RMD. Average

flux of suspended (silt/clay) and bedload (sand) sediment in Mt/year from van Dreumel (1995),

Snippen et al. (2005), Becker (2015) and Frings et al. (2019) with error margins indicating the

range of possible values as reported by these sources. At the North Sea boundary, these values

represent the net flux of sediment.

3.2 A negative sediment budget328

The sediment budget shows a clear negative trend (Fig. 5) in recent years linked329

to increased dredging of harbours areas near the mouth in recent years. This trend is330

true for both methods of calculation (sediment transport and bed level change) but with331

differing magnitudes. Changes in magnitude are largely linked to the uncertainties in in-332

coming sediment fluxes. Note that no bed level data was available for the ports and har-333
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bours, which may account for part of the difference in magnitude between the two meth-334

ods (i.e. only the difference in branches is calculated for the bed level method). Until335

2012, it is observed that both methods show a net results on the same order of magni-336

tude, with the combined method showing a slightly positive budget and the DEM method337

showing a slightly negative budget. After the finalized construction of the Maasvlakte338

II (offshore port), both methods strongly deviate. This is hypothesized to relate to in-339

creased dredging volumes caused by higher sediment import from sea triggered by the340

construction. As however, the influx at the sea is kept constant in the calculation of the341

combined budget (due to a lack of data), there is a larger negative budget calculated than342

deemed to be correct. This further stresses the need for constant sediment measurements343

at the mouth.344

There is however a large margin of error associated with both methods due to the345

various inherent issues with the data as elaborated in the supplement. Nevertheless, there346

is without doubt a sediment deficit in the region evidenced by both methods which is347

contributing to a large deficit over time.348

Figure 5. a. Annual sediment budget as calculated by the following two methods: 1. Com-

bined budget as described in Equation1 and 2. DEM budget (∆z). Error margins are based on

1. the range of possible fluxes at the upstream and downstream boundaries (from van Dreumel

(1995), Snippen et al. (2005), Becker (2015) and Frings et al. (2019) (note these values do not

change yearly) and 2. the average percentage coverage of the DEMs as compared to the total

area for the given year. Due to the constancy of the fluxes at the boundaries, only dredging (as

indicated by the dashed line) changes the combined sediment budget values. b. The cumulative

sediment budget for the period as calculated from the DEM method.

3.3 Bed level trends for individual branches349

The negative sediment budget as calculated by the DEM method does not affect350

all the branches evenly and clear differences can be marked in Figure 6. The cumula-351

tive budgets (Fig. 6a) clearly show that between 2000-2019 the biggest changes to bed352

level occur in the Nieuwe Waterweg, Nieuwe Maas and Oude Maas. The average dredged353

depth of the channels at the mouth i.e. the Nieuwe Waterweg and Nieuwe Maas have354

increased, which causes part of the negative bed level trends in these branches. Thus the355

average ”natural” bed level trend (where the impact of dredging is removed) presents356
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a more accurate picture (Fig. 6b). Note that for channels with harbours and ports, only357

the dredging volumes in the channels themselves and not the volumes of the ports and358

harbours are subtracted.359

Bed level trends with the exclusion of dredging indicate that the northern branches360

(Nieuwe Waterweg, Nieuwe Maas, Lek), the Merwedes (Boven Merwede, Beneden Mer-361

wede) and the Hollands Diep are naturally aggrading. The Oude Maas, Noord, Hollandse362

IJssel and Amer channels are naturally eroding whilst the remaining branches are rather363

stable(Haringvliet, Spui, Dordtse Kil, Bergsche Maas and Nieuwe Merwede). The Oude364

Maas is a clear problem area as it shows extremely rapid erosion.365

Previous work in the RMD indicated that two of the cross-cut channels, Spui and366

Dordtse Kil are undergoing severe erosion (Becker, 2015), which is not the case for the367

more recent bed level data. Older bed level data indicated that both Spui and Dordtse368

Kil branches were strongly eroding due to the changing tidal propogation patterns as-369

sociated with the closure of the Haringvliet. However the latest bed level indicates that370

this erosive trend is slowing down and the branches are now reaching some form of ”equi-371

librium”. We propose several compound reasons for this. The Spui contains several sharp372

bends and thus contains both strong erosive pits and sills which cause extreme local vari-373

ations in bed level data. Recently several of these pits are filling in, or erosion is halted,374

whilst sills are continuing to grow and so the trend is showing a neutral bed level trend.375

The southern part of the Dordtse Kil has a strongly varying bed with migrating bed forms376

which similar to Spui can cause false trends in the bed level data as some bed forms are377

removed by dredging, thus timing of surveying becomes crucial. The Dordtse Kil also378

has significant local changes such as dredging events and added sediment which is used379

to reinforce banks which can skew the trends devrived from the bed level data. Another380

factor that is important is the presence of hard layers in these branches which are lim-381

iting changes, we propose that in recent years the pits, holes and deeper parts of these382

branches are reaching hard layers or are reaching an equilibrium depth and are thus no383

longer eroding as quickly as before. Scours can reach an equilibrium depth if their sur-384

rounding bed level remains the same which is occurring in these branches. In the Oude385

Maas several scours are present, but the negative erosive bed level trend continues due386

to the formation of new scours and degradation of the surrounding bed level (which is387

a clay layer). A further possibility is that the channels are reaching an equilibrium depth,388

deeper channels with lower flow velocities no longer show severe erosion. This may not389

be reflected in the PA relations because this change has only occurred recently and the390

bed level data in the 1D model has not been sufficiently updated.391

A further outlier is the Haringvliet. Previous budgets indicate that the Haringvliet392

is sedimenting, which is expected as this former estuary is now almost a dead end in the393

channel network. Unfortunately, there is a lack of data for the Haringvliet with the only394

additional data for this budget being a full survey in 2013 and partial surveys in 2018.395

Thus this trend is not well qualified and the bed level trends in the Haringvliet should396

be further investigated based on more complete bed level surveys.397

3.4 Deviations from equilibrium cross-sectional area relations398

The PA relations indicate whether each branch will erode or sediment if there were399

no anthropogenic interference in the system, based on the dimensions of the branches400

and hydrodynamic conditions. The plotting positions of channels relative to the PA re-401

lations indicate that in the absence of dredging activity, situation the southern branches402

(Haringvliet, Hollands Diep) and part of the Nieuwe Maas would be sedimenting and the403

remaining northern branches (Nieuwe Maas, Nieuwe Waterweg, Oude Maas) and cross-404

cut channels (Dordtse Kil, Noord, Spui) would mainly erode (Fig. 7a). When compar-405

ing this with the natural bed level changes (Fig. 6b) the main outliers are the cross-cut406

channels, Dordtse Kil and Spui which are not eroding as severely as the P/A suggests.407
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Figure 6. a.The cumulative bed level change (cm) for each branch for 2000-2019. b. The av-

erage natural bed level change (without the dredging term) per branch (in cm/yr) for 2000-2019.

According to the PA relation, the Nieuwe Waterweg should also be eroding or near equi-408

librium, however the natural bed level trends (without dredging) indicate a strong sed-409

imentation trend. In the Nieuwe Waterweg tidal prism (P) has been increased as the chan-410

nel was deepened and thus we now expect to see a larger cross-sectional area (A), how-411

ever the cross-sectional area is not large enough to place it in the sedimentation regime.412

The Nieuwe Waterweg has a strong import of sediment from the North Sea and is sub-413

ject to complex sediment transport processes, including those caused by tidal asymme-414

try and estuarine circulation, not all of which can be captured in the PA relations. The415
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strongly stratified conditions are in part responsible for this deviation, but further study416

is required to indicate what precisely the influence is.417

Figure 7c indicates the relative impact of the rivers and tides in the various branches418

by comparing the ratio of the mean velocity to 90th percentile velocity. The high ratio419

in the upper branches (Lek, Waal, Maas) indicates that river flow dominates in these branches.420

Thus, these riverine branches are compared with the QA relation421

As seen in Figure 7d, the river branches (Boven Merwede/Waal, Beneden Merwede,422

Nieuwe Merwede, Lek, Amer, Bergsche Maas) fall either below (eroding) or close to (at423

equilibrium) the QA relation. This differs slightly from the bed level trends, most no-424

tably for the Boven Merwede/Waal which according to the bed level trends should be425

sedimenting but according to its hydraulic geometry should be eroding. The Bergsche426

Maas and Amer branches are also showing slight erosion according to the natural bed427

level trends but should be sedimenting according to their hydraulic geometry. The Hol-428

landse IJssel branch is at present a tidal branch that receives no net discharge but is con-429

trolled by the water taken in or discharged from the polders and thus is too heavily an-430

thropogenically influenced in terms of discharge to accurately match either relation.431

4 Discussion432

4.1 Changes in functioning and sediment budget of the mouth area433

Regardless of future sea level rise, our analyses show that the Rhine-Meuse Delta434

is currently losing sediment due to dredging activities, while some branches erode due435

to changed hydrodynamics in the channel network. Especially the large mouth and port436

area have lowered significantly in the past two decades while they would naturally gain437

sediment in the absence of dredging. Past and ongoing activities changed the character438

of the RMD from a net fluvial sediment trapping system to an estuarine system that in-439

creasingly traps sediment from the sea. The sediment import at the coastal boundary440

is strongly dependent on the strength of estuarine circulation i.e. the landward flow near441

the bed and seaward flow near the surface which is driven by densitiy differences between442

fresh and seawater which is in turn dependent on river discharge, tidal amplitude and443

mean water depth. These complex processes as described by de Nijs et al. (2008, 2009);444

de Nijs and Pietrzak (2012) are currently resulting in sediment import at the mouth. The445

deep mouth area combined with sea level rise will lead to further sediment import in the446

future. This natural trapping opposes the interference but the trapped sediment is con-447

tinuously removed by maintenance dredging.448

As a result of reduced import of sand and increased trapping of mud, sediment is449

fining in the mouth area. Moreover, there are system-wide effects on tidal dynamics and450

redistribution of sediment due to closure of one of the mouths by a dam, in particular451

leading to an erosive trend in the cross-cut channels. The cumulative bed lowering in the452

cross-cut channels and the volume of sediment removed is less than half of that removed453

by dredging in the mouth and port area. However, the erosive trend in the cross-cut chan-454

nels is not caused by direct sediment removal but by the amplified tidal currents caused455

by permanent engineering measures which will continue in the foreseeable future. Be-456

low we discuss the main trends and their causes in view of late Holocene development457

of the system and recent increases in human interference and look forward to likely fu-458

ture development. The sensitivity of the conclusions to the uncertainties in the data is459

briefly discussed. The main insights are then compared with, and generalized to other460

urbanized deltas in the world.461
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4.1.1 Changes in dredging intensity and in sediment composition462

Given the increased yearly dredging volume of 6 Mt in the ports and harbours, whilst463

their required dredge depth remains constant, the input and composition of incoming464

sediment at the mouth are almost certainly changing. It is likely that several compound465

effects are responsible for the increase in maintenance dredging since 2012 (Fig. 3) . We466

argue on the basis of timing, that the main cause of changing sediment fluxes is the con-467

struction of the Maasvlakte 2. The focus of Environmental Impact Assessment reports468

prior to, during and after construction of the Maasvlakte 2 are the impact of construc-469

tion on large scale sediment transport along the Dutch coast, the influence on ecology470

(Heinis et al., 2005; Borst et al., 2013) and the impact of the construction on sand re-471

moval from the North Sea (van Kruchten et al., 2008). Predictions prior to construction472

indicated that there would be no impact of the Maasvlakte 2 on the large-scale mud or473

sand transport along the Dutch coast but that local temporal effects close to the Maasvlakte474

2 could be expected. These effects likely included changing estuarine circulation in the475

vicinity of the new port (due to changing presence, mixing and residence time of fresh-476

water and saltwater) and changes in fine sediment deposition in the fairways and har-477

bours (van Ledden, 2005; Winterwerp, 2006; van Kruchten et al., 2008).478

However, the volumes of maintenance dredging far outweigh the expected change479

to sedimentation rates in the ports and harbours and moreover the continued need for480

increased dredging in the ports and harbours was not predicted. Local investigations into481

the increase in maintenance dredging volumes conclude that there has been local changes482

in sedimentation patterns in the ports and harbours due to the development of the Maasvlakte483

2 and in particular that land reclamation during construction provided extra suspended484

sediment to the water system (de Bruijn, 2018). Thus it is likely that increased dredg-485

ing is a consequence of the systems response of changing sediment fluxes as a result of486

the construction of the Maasvlakte 2.Most recently, the maintenance dredging volumes487

are decreasing again (see Fig. 3) indicating that the extreme system response to construc-488

tion is slowing down or perhaps stabilising.489

Another key factor which creates peaks in both branch and port dredging volumes490

is channel deepening events. In the case of the RMD, the Nieuwe Waterweg branch rep-491

resents the largest fraction of branch maintenance dredging volumes. As described in Fig-492

ure 6 the Nieuwe Waterweg is naturally gaining sediment which is continuously removed493

to allow navigation to the inland ports of the RMD. The Nieuwe Waterweg underwent494

two significant channel deepening events in 2012-2013 as part of the development of the495

Maasvlakte 2 and in 2018-2019 to create a deeper navigable depth for shipping. As seen496

in Figure 3 maintenance dredging of branches decreases following the 2012-2013 event497

and since 2018 (on year before the end point of this budget). Since 2018, the mainte-498

nance dredging volumes are decreasing in both the Nieuwe Waterweg and in the ports499

and harbours (Leuven, Bart, et al., 2019). Thus in the long term, the channel deepen-500

ing events reduce required maintenance dredging, however the system response to these501

events takes time to stabilize in terms of sediment circulation and sediment dynamics.502

It is also conceivable that the ports are now more efficient at trapping sediment than503

previously as they became deeper, particularly during high river discharge due to salinity-504

induced density currents (de Nijs et al., 2009; de Nijs & Pietrzak, 2012). For example505

the Botlek harbour has 100% trapping efficiency (de Nijs et al., 2009). Harbour basins506

in tidal dominated regions typically receive high volumes of silty and clayey material through507

suspended sediment transport and less amounts of sand due to the lower energy waters508

in harbours compared to channels. In the RMD a combination of complex hydrodynam-509

ics create an estuarine turbidity maximum (ETM) meaning that the ports and harbours510

have a strong tendency to siltate (de Nijs et al., 2008). This is reflected in the increas-511

ing silt content in the ports and harbours as noted in this budget. The provenance of512

this material is not explored in this budget but in general the sediments in the western513

port areas are marine in origin whilst the eastern ports (around Rotterdam city) are in-514
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fluenced by fluvial sediments (Verlaan & Spanhoff, 2000; T. Vellinga & Eisma, 2005). Mean-515

while, the sediment deposited in the branches e.g. the Nieuwe Waterweg and Nieuwe Maas516

are fluvial in origin (de Nijs & Pietrzak, 2012). This further indicates the need to un-517

derstand how much of which type of sediment is coming in at the mouth of the RMD518

and where it is being deposited.519

4.1.2 Possible causes of local change in the mouth area and system-wide520

effects521

Possibly, more sediment is now entering the system linked to changing hydrody-522

namics in the mouth area. As high volumes of sediment are either mined from or relo-523

cated to offshore locations in the North Sea, this changes the composition and amount524

of sediment transported along the coast and entering the RMD (van Ledden, 2005; Win-525

terwerp, 2006). The amount and composition of sediment entering the system at the mouth526

could be crucial for sustainable sediment management in the future, providing the sys-527

tem with an opportunity for land building or growth, particularly as sea levels continue528

to rise and these dynamics may be further altered. To fully understand the sediment dy-529

namics in relation to estuarine processes at the mouth, more measurements and data are530

required. The branches and eastern ports are experiencing increase silt and clay and less531

sand than reported by van Dreumel (1995). This is likely attributed to a relatively in-532

creased silt import from upstream but could also could stem from an increase in fine sed-533

iment import from the coast which reaches further into the system with a long salt wedge.534

The composition of the material in question is an important consideration in par-535

ticular for dredging as it determines not only the type and cost of dredging but also where536

the dredging material can be used, relocated or disposed of. A trend of silting up in the537

RMD is detrimental for the capacity to cope with sea level rise, for which sand as a sta-538

ble material is needed as much as mud, which is no different from the global trend of in-539

creasing shortage of sand (Bendixen et al., 2019).540

If the system continues to increase in silt and clay content, there will also be im-541

portant future implications for shipping and major nature concerns (van Maren et al.,542

2016). This clearly indicates that not only process measurements are needed in the mouth543

but also sediment composition data of the branches of the RMD must be updated. While544

advances in acoustic measurements have increased data quality considerably, continu-545

ation of labour-intensive, direct sediment sampling and analysis remains critical.546

4.2 Comparison of bed level trends and deviation from equilibrium re-547

lations for the cross-sectional area548

The P/A plots (Fig. 7) give an indication of which branches have an overlarge cross-549

sectional area with reduced flow which will have the tendency to aggrade in case of suf-550

ficient sediment supply, and which branches have too small a cross-sectional area rela-551

tive to the flow passing through and thus will have the tendency to erode if no poorly552

erodible layers limit the erosion. The data obtained from the PA relations generally match553

the patterns of the bed level trends seen in the RMD.554

The Haringvliet and Hollandsch Diep are firmly located in the sedimentation regime.555

Due to closure of the mouth, flow velocities in these branches has greatly reduced, in-556

ducing a sedimentation front which started in the Hollandch Diep and is migrating west-557

wards.558

The Oude Maas and Noord are eroding due to the increased tidal currents follow-559

ing the closure of the Haringvliet mouth, which is in line with the predictions from the560

PA relations. Like the Oude Maas and Noord, the cross-cut channels of Dordtse Kil and561

Spui also eroded heavily following the closure of the Haringvliet, as predicted. However,562

the erosion in these branches has slowed down since 2012, which is likely linked to poorly563

–16–



manuscript submitted to Earth’s Future

erodible substrates which have recently begun to limit bed level erosion, in combination564

with some deeper sandy parts that have reached equilibrium (Leuven, Bart, et al., 2019).565

If these layers were to break open, the erosion rates would once more increase severely566

as is locally already happening in the Oude Maas(Huismans et al., 2016).567

The Nieuwe Maas shows a spread of data in both the erosion and sedimentation568

regime, which is due to strong local variations in cross-sectional area and related P/A-569

values (Fig. 7A), which indicates erosion in the western part and sedimentation in the570

eastern part. Over the full branch this averages out to sedimentation, which is in line571

with the derived natural bed level trends (Fig. 6B). For all the tidal branches, most ero-572

sion takes place during storm conditions (diamond points in Fig. 7b), which is different573

than for river-dominated branches which typically have most erosion during high river574

discharge.575

The upstream tidal river branches can be compared with the trend of the hydraulic576

geometry relations valid for rivers. Most of the branches lie to the sedimentation side577

of the relations. This is as expected because the anthropogenic deepening of the rivers578

has lowered their flow velocity. The downstream estuarine branches all have larger cross-579

sectional areas than expected from the net discharge, in part because tidal currents con-580

tributed to their formation, in part because they were deepened and, for the Haringvliet581

and Hollandse IJssel because sluices control the discharge. On the other hand, the up-582

stream Boven Merwede and Waal show a tendency to erode in comparison with the hy-583

draulic geometry relations. This fits with the observed response of the channel to exten-584

sive human intervention such as narrowing and the construction of extensive groynes.585

The upstream branches have eroded over the past century due to decreased upstream586

sediment supply and upstream armouring, and the deepening caused by the narrowing587

and the erosion increased the bed shear stress (Frings et al., 2009). The bed load sed-588

iment is mainly captured in the Beneden Merwede (Frings & Kleinhans, 2008), where589

is it removed from the system by dredging. In terms of volume this is a minor loss to590

the RMD, but it is the only source of medium and coarse sand.591

4.3 The need for sediment budgets of sufficient quality592

This RMD, despite the wealth of data, illustrates that availability and quality of593

bed level data, transport measurements and sediment composition all limit the quality594

of a sediment budget. A full overview of the potential sources of uncertainty and bias595

can be found in supplementary information. By including monthly surveys the extreme596

trends calculated by using only one yearly averaged DEM are balanced out and a more597

accurate picture is given (see Figure 8). In addition, upon combining three methods to598

analyze the sediment budget and sediment dynamics (bed level analysis, flux analysis599

and PA-analysis), the causes of the observed trends became clear. The importance of600

seasonality was inferred from the PA relation analysis, which showed that for the tidal601

branches, for a single event, storm surge is a more important driver for erosion than high602

river discharge. Furthermore, the analysis of sediment fluxes in addition to sediment bud-603

getting from bathymetry showed relative importance of the declining input at the bound-604

aries, dredging and changed tidal flow patterns.605

A factor absent from both this and previous sediment budgets is an interannual606

perspective and the importance of seasonality. Sediment delivery is driven by discharge607

and tides both of which show strong seasonality. Moreover, many of the large deposi-608

tion or erosion trends can be due to specific events e.g. storm surges or high discharge609

as indicated in the P/A analysis. However, the temporal scale of the available data (bed610

level, fluxes, dredging etc.) does not allow for a detailed analysis of the seasonality. For611

this to be possible, a much higher quantity and spatial extent of data is urgently required,612

especially in the mouth area. To improve the sediment budget, as elucidated by Hoitink613
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et al. (2020), it is key to improve our confidence in the fluxes, sources and sinks and our614

understanding of how these change over an annual cycle.615

The large bed level changes in the period considered here, especially following the616

construction of the Maasvlakte 2, have altered sediment dynamics in the RMD leading617

to a strong increase in sedimentation in the port area and a doubling of the dredging vol-618

umes. The sediment budget furthermore stresses that more sediment is taken out than619

sedimentation is occurring, resulting in a negative sediment budget. This is converse to620

what is required, as the central branches of the system are starved of sediment and de-621

grade (triggered by the altered hydrodynamics due to the closure of the Haringvliet) and622

the future need for sediment to cope with sea level rise. Since the most recent sediment623

budget was created (2012), we see a further shift in the system, whereby more sediment624

has to be removed through dredging and a change in the composition of this sediment625

in the mouth area. Given that upstream the bed levels of the Rhine are degrading (Frings626

et al., 2009) quantifying the coastal flux is crucial. Given the large increase in dredging627

numbers since construction of Maasvlakte 2, sediment import from the coastal bound-628

ary has likely changed drastically, but the lack of flux measurements to confirm this make629

the coastal boundary a key weakness in the current and previous budgets.630

While much of the study area has been urbanized, there are important ecosystems631

for which sediment supply is vital. For example, sufficient sediment in the RMD is re-632

quired for the Biesbosch, one of the largest national parks in the Netherlands to main-633

tain its ecosystem. During its formation, the Biesbosch area trapped the entire sediment634

budget of the Rhine for nearly two centuries in the upstream part of the study area (Kleinhans635

et al., 2010). Presently, the Biesbosch hardly receives fluvial sediment (van der Deijl et636

al., 2019) which it crucially needs to prevent the system from drowning and to maintain637

its delicate ecosystem, which falls under Natura2000 legislation.638

The striking observations for the RMD are the high levels of dredging and sand min-639

ing which are causing the ever increasing negative budget.640

The RMD is a rapidly expanding urban area with infrastructure, particularly dikes641

and underground tunnels and cables that must be safeguarded. Changes in the hydro-642

dynamics in response to closure of one of the estuary branches and resulting bed level643

trends can cause instability of dikes and exposure of these tunnels and cables. In par-644

ticular in the cross-cut channels of the RMD where there are hardly erodible layers where,645

if these hard layers break and runaway erosion ensues, infrastructure is at risk. Disrup-646

tion to the sediment budget by intensive dredging may aggravate these trends. Even with-647

out the sea level rise expected in the future, the erosional drivers in the delta already648

exceed the sediment supply from the upstream and seaward boundaries by an order of649

magnitude . Moreover, changing upstream discharge, seasonality of discharge and tides,650

and salinity intrusion may provide further challenges in the future.651

4.4 Comparison with, and implications for deltas globally652

A recent model study suggests that large and deep estuarine systems may face sed-653

iment starvation and will struggle to adapt to sea level rise due to their sensitivity to654

changes in boundary conditions which translates into high sediment demand required655

for adaptation (Leuven, Pierik, et al., 2019). Most deltas are by definition dominated656

by fluvial supply. As shown by Dunn et al. (2019) most deltas worldwide will have a neg-657

ative fluvial sediment budget in the future and thus all deltas need to consider sediment658

management strategies to counteract adverse effects. The urgency is also obvious from659

the fact that there is already a dearth of sand in many coastal systems (Bendixen et al.,660

2019). To identify the impact of sediment management strategies such as extensive dredg-661

ing which are likely projected paths for most deltas in the future, the RMD serves as a662

compelling case with causes, impacts and effects that are likely to occur now or in the663

near future in other systems. Deltas globally including the Mekong, Pearl and Danube664
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deltas are already facing similar challenges and are also experiencing sediment budgets665

which are anthropogenically controlled (Syvitski & Saito, 2007; Giosan et al., 2013; Zhang666

et al., 2015; Li et al., 2017).667

The morphology of the Mekong delta reacts in the same fashion to an anthropogeni-668

cally controlled negative sediment budget as the RMD, namely, uneven sediment distri-669

bution which results in uneven bed level change and strong erosion in some channels (Schmitt670

et al., 2017; Eslami et al., 2019). Also like the RMD, future controls on the sediment bud-671

get of the Mekong delta e.g. changing sediment supply from upstream rivers and the coast672

are uncertain but projections indicate an increasingly negative budget (Van Manh et al.,673

2015; Allison et al., 2017; Dunn et al., 2019) that is primarily caused by human inter-674

ference. What is notable is that despite different types of anthropogenic controls on the675

sediment budget (sand mining and upstream dams in the Mekong (Kondolf et al., 2018)676

juxtaposed with extensive dredging and closure of an estuary mouth in the RMD, the677

resulting effects on morphology are the same. A negative sediment budget causes un-678

even bed degradation and thus provides a challenge for sediment management.679

The sediment budget of the Pearl Delta is dominated by human actions which far680

outweigh the effect of the natural sediment supply and arguably the delta has and is ex-681

periencing human interference that far outweighs that of the RMD or indeed most deltas682

globally. Despite the Pearl having a large upstream sediment delivery and showing net683

growth (Zhang et al., 2015), this is predicted to change in the future as the sediment flux684

to the deltas has declined since the 1980s (Dai et al., 2008)with further rapid decline of685

sediment expected. This decline in sediment is associated with several environmental is-686

sues in the delta linked to changing water transparency and chemistry In the Pearl Delta687

rapid and extensive land reclamation is occurring and this is combined with two large688

mega dams upstream to result in decreased sediment supply. Projections for the Pearl689

indicate that the natural rate of sedimentation cannot compensate for the extreme pre-690

dicted anthropogenic influence on the sediment budget which will cause sediment deficit691

leading to large scale coastal and channel erosion (Ranasinghe et al., 2019). As the Pearl692

developed it became heavily embanked and fixed in the same manner as the RMD with693

the same concerns regarding the economy and shipping as the priority for sediment man-694

agement. It too sees an uneven balance in fluxes of water and sediment which are also695

highly seasonal and will be further altered under climate change conditions(Hu et al.,696

2011). With numerous megacities and high rate of population and economic growth of697

this delta combined with high rates of subsidence of the Pearl mean there is an even higher698

priority in maintaining elevation through a positive sediment budget and addressing un-699

even sediment distribution. The Pearl Delta with high population and high levels of hu-700

man interference may represent a future state for the RMD as further urbanization con-701

tinues in the delta as the Port of Rotterdam continues to grow.702

The Danube delta, like the RMD, has historic dikes and and levees and a history703

of changing the length and width of branches for flood protection through dredging and704

canalisation. Currently the Danube delta shows a positive sediment budget controlled705

by sediment runoff in the branches (Mikhailova et al., 2019), however if future planned706

anthropogenic activity occurs this will change. The Danube has relatively low levels of707

urbanization but still experiences human intervention in the form of jetty construction,708

river intervention works and dredging and disposal activities which are decreasing the709

amount of sediment reaching the delta (Dan et al., 2009). Projections indicate that in710

the coming century the Danube delta will have a negative sediment budget (Dunn et al.,711

2019). There is a strong economic interest in increasing the navigation capacity of the712

Danube (Habersack et al., 2016). The Danube is already looking at what dredging and713

engineering measures are required to allow for increased navigation (Maslov, 2019) and714

the possible hydrological and morphological implications of anthropogenic interference715

and in this process the RMD can serve as a useful example. The implications of alter-716
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ing channels for navigation on the sediment budget and sediment distribution are a key717

factor that must be considered to avoid the same negative effects as the RMD.718

Whilst the deltas discussed above are vastly different in size, morphology, tidal and719

morphological characteristics, what is clear is that anthropogenic influence on sediment720

budgets is increasing and becoming the main controlling factor that determines the fu-721

ture sediment budget and indeed the fate of these deltas.722

5 Conclusion723

Urbanized deltas need sediment to counteract subsidence, future sea level rise and724

channel incision that destabilizes infrastructure. The constructed sediment budget of the725

Rhine-Meuse Delta for the past two decades shows that human activities control the sed-726

iment budget. Closure of one of the estuary mouths has led to an unbalanced tidal sys-727

tem which has caused branches that experience strong sedimentation and require high728

levels of dredging to maintain navigation. Meanwhile some branches that are severely729

eroding, causing local scours which induce a potential risk for infrastructure. This is com-730

pounded by dredging and sand mining within the delta and the decline of upstream flu-731

vial sediment supply, leading to a sediment budget that is negative. This is contradic-732

tory to the anticipated need for sediment for the severely eroding branches and the re-733

quirement of sediment to cope with sea level rise in the delta. In addition, a change in734

sediment composition is observed, with a change to siltier sediment, which is disadvan-735

tageous for ecology and the the ability of the system to cope with sea level rise. Follow-736

ing a large harbor expansion in the mouth area, the dredging volumes in recent years737

have doubled, hinting at a changed sediment import from the mouth. Further measure-738

ments are required to properly quantify the sediment import at this seaward boundary.739

As estuaries and deltas worldwide become more anthropogenically influenced, it is key740

to learn from the issues that have arisen in the Rhine-Meuse Delta. The response of the741

system to interference such as dredging, port construction and closure of major river branches742

on the system has amplified unwanted trends. These negative effects include risks to flood743

and channel bank safety, threats to habitat quality, and the elimination of the natural744

means to mitigate negative trends through sediment management.745
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Figure 7. a.Map showing the yearly averaged P/A from the SOBEK-RE model for 2013. b.

The P/A for the yearly average and storm surge conditions with relations from literature for the

Netherlands (Haring, 1967; van de Kreeke & Haring, 1980; Eysink, 1990) and estuaries worldwide

(Gisen & Savenije, 2015) c. A map of the average flow velocity divided by the 90th percentile

velocity (v90) d. A comparison of the cross-sectional area versus discharge for the branches with

the QA relation for rivers from literature (the Jamuna and Colombia). Note the Hollandse IJssel

is not plotted due to its anthropogenically controlled discharge.6
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Figure 8. Cumulative bed level changes for a. the northern branches, b. the cross-cut

branches, c. the riverine branches and d. the southern branches of the RMD 2000-2019
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