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Once upon a time.....

Suddenly I felt a cold shiver. The wind was howling, and the rain poured down on a small meadow
in the mountains of Tomasee, near the Oberalpass in Switzerland. I heard the whoosh from the brook
tipping over its banks, just before my neighbours and I started to tremble and roll over each other when
we became overrun by the water. I could not stop rolling, the water took me straight on and smashed
me against a big rock. My flock broke in many small pieces, I felt lonely and thought this will be my
end. However, the raging waters now lifted the silt of my flock further up and we became suspended
matter in the river Rhine. I was afraid and wondered where we would end up and whether I would
meet my flock again……

How would you feel if you were suddenly, for the first time in your life be out of control, become sub-
merged, picked up by the water and end up in suspension of a rough flooded creek?

I think I would have been afraid too, and wonder what my faith would be If I was that particle, and
if this happened to me. However, after a while, maybe in some calmer water, I would realise that I am
expert in physical geography, and that I have written this PhD thesis about the water and sediment
transport within freshwater tidal wetlands. So, I do know what can happen! Maybe I should give you
first a glimpse of what can happen and where you can end up, and then you take a stab on how and
where we went?

We as sediment have been picked up by a brook near the source of the River Rhine. The total amount
of transported sediment will decrease on our journey to the sea. This decrease is natural, but changes in
upstream land use, dams, sluices, flood retention basins, and embankments of channels have resulted in
extra sediment retention in upstream sections of the river. The river is in control and it is likely that our
journey will end, or will be temporally delayed (until the next flood) by our deposition at a floodplain,
or in a water retention basin, fish passage, sluices complex or in front of a dam. In most of these cases it
is undesired that we as sediment are deposited at these locations. In contrast, new sediment deposition
or additional organic soil formation is necessary to prevent the more downstream located surface of
most deltas from drowning. However, there is hope, since some of these deltas are now restored by the
reintroduction of water and sediment in newly created wetlands.

Although, the river is in control, I hope that my journey and also that of you and other sediment
particles, will eventually end in one of these newly developed wetlands, so we can help to build new
land and protect the delta from drowning. If you wonder whether, how and where we can end up in
these newly developed wetlands, I advise you to read this entire thesis. So start reading the rest of this
thesis and do not only read the next part of this voorwoord, often the most read part of a thesis, to see
whether I will thank you as collega, family or friend for your help during my PhD.

In the last part of this section I will switch to Dutch to say a proper and honest thanks to those who
supported me in completing this PhD research.
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Het zou moeilijk zijn geweest om deze thesis te voltooien zonder hulp. Ik wil daarom iedereen die
mij tijdens deze periode geholpen, geinspireerd of gemotiveerd heeft bedanken. Als eerst wil ik mijn
begeleiders Hans en Marcel bedanken voor het bedenken, schrijven, mij aannemen en begeleiden van
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onmisbaar. Marcel wil ik bedanken voor het meedenken over de mogelijkheden om de meetpalen
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mocht hebben waar ik de materialen kon opslaan zodat ik altijd zelf last minute alles kon verzamelen
om de dag erna het veld in te gaan.

Het onderzoek van deze thesis is gedaan in de context van hetNWO-TTWprojectDelta engineering:
drowning or emerging. Ik wil de gebruikerscommissie van dit project bedanken voor het motiverende
enthousiasme over mijn onderzoeksresultaten en het aandragen en meedenken over nieuwe veldwerk
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terstaat voor de gegeven data en Deltares voor de hulp, de gastpositie en het meedenken toen ik aangaf
mijn PhD op korte termijn af te willen sluiten met het modelleren van de Biesbosch. Speciaal wil ik
ook Hans de Boois bedanken voor zijn enthousiasme voor dit onderzoek en de passie die hij voor de
Biesbosch heeft. Geweldig dat ik eigenlijk 3 jaar lang je boten, je hulp in het veld en je originele yoghurt
sedimentvallen mocht gebruiken.

Eelco wil ik bedanken, die als modelleur PhD van dit project samen met mij aan het eind van het
project toch nog de gehele Biesbosch heeft gemodelleerd. Zonder jou had het vijfde hoofdstuk van deze
thesis niet hier in dit boekje gezeten. Verder wil ik je ook bedanken dat je af en toe mee keek in het
veld.

Verder wil ik de collega’s van DFG bedanken voor de gezellige en inspirerende gesprekken in de
koffiehoek, tijdens uitjes en/of lunchwandelingen. Daarnaast was het ook super dat er eigenlijk altijd
wel iemand klaar stond en bereid was om te assisteren in het veld als ik voor die veldcampagne geen
student, kennis of familielid had ter ondersteuning. Daarvoor wil ik Wimala, Tjalling, Kees, Menno,
Daan, Réne, Sepher, Ivan, Wim en Anouk bedanken. En ja Tjalling jij had echt de campagne met de
hoogste golven en Daan bij jouw campagne was het toch echt de enige keer dat de boot als ijsbreker
moest dienen.

Speciaal wil ik ook Anne bedanken. Anne je bent een super collega en een fijne kamergenoot. Zo
samen op de kamer was de sfeer altijd goed. We kunnen weliswaar tussendoor heerlijk lachen of giebe-
len volgens anderen, maar bovenal kunnen we elkaar ook echt goed helpen en aanvullen bij het werk.
Daarnaast ben je ook echt een goede vriendin geworden en ik hoop dat je na je PhD een leuke postdoc
positie in het buitenland vind. Wel hoop ik ook dat we dan toch nog steeds samen etentjes en uitjes
kunnen plannen.

Tijdensmijn PhD heb ikmeerdere studentenmogen begeleiden die een bijdrage aanmijn onderzoek
hebben geleverd. Nanda, Renske, Bram en Wouter bedankt voor jullie hulp en enthousiasme voor het
veldwerk.

Al is de hulp van mijn begeleiders en collega’s onmisbaar geweest tijdens mijn PhD, ik moet zeggen
dat ik de PhDniet eens was begonnen zonder de steun vanmijnmanGeoffrey. Geoffrey, je was de steun
en toeverlaat die het volste vertrouwen in mij heeft en dat steeds weer duidelijk uitspreekt. Zonder jou
weet ik niet of ik wel een PhD traject zou zijn begonnen, want jouw volledige steun, vertrouwen en
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de uitspraak en benadrukking van het feit dat ik slim, bijzonder en innovatief genoeg ben voor het
succesvol doen opbloeien en voltooien van een PhD traject waren zeker de motivatie om op zoek te
gaan naar een mooi inspirerend en toegepast project. Mits er ook altijd wat momenten en ingeplande
tijd voor jou en later ook voor Matthias en voor ontspanning door sport over zou blijven was het ook
mijn studie, veldwerk, onderwijs taak en proefschrift dat altijd voor mocht gaan tijdens mijn PhD.
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en jou Matthias, op te mogen halen bij de oppas en dat ik dan na een heerlijke knuffel en kus meteen
mijn hoofd leeg moet maken van werk, want dat samen boekjes lezen en spelen met de duplo trein
baan vergt natuurlijk net zoveel inspanning, overgave en denkwerk als het bepalen van het water en
sediment transport in de Biesbosch.

Naast de steun en het vertrouwen van Geoffrey was ook het enthousiasme en vertrouwen in mijn
kunnen van kennissen en mijn familie: Stephan, Irene, Marit, mijn moeder, mijn vader, Nol en Paula
een nodige drijfveer om af en toe mijn zelfvertrouwen weer goed op te krikken en om er weer enthou-
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onder je eigen collega’s. Stephan wat vind ik het trouwens leuk dat je na een spoed cursusje van mij
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Samenvatting

Veel delta’s ondervinden versnelde bodemdaling, zeespiegelstijging, toenemende rivierafvoer en een
afname in rivier sediment. Het herstel van ecosystemen en de compensatie van zeespiegelstijging en
bodemdaling kan bereikt worden met het herintroduceren van sedimentatie door de aftakking van
water en sediment naar de verdrinkende deltagebieden. Het succes van dergelijke maatregelen vereist
een goed begrip van de stroming en sedimentatie patronen in wetlands en de controlerende factoren.

Dit proefschrift presenteert een van de eerste onderzoeken naar de stroming en sedimentdynamiek
in een zoetwater getijden rivier systeem, waar nieuwe wetlands zijn ontwikkeld. Het doel van dit proef-
schrift is om een gedetailleerd inzicht te verkrijgen in de hydro-morfologische processen van een zoet-
water getijden rivier systeem. Daarnaast worden de controlerende factoren en het effect van de rand-
voorwaarden op de sedimentatie in het systeem onderzocht. Dit wordt gedaan om de omstandighe-
den te bepalen waarin netto sedimentatie plaatsvindt en om te zien of deze kunnen worden beïnvloed
of geoptimaliseerd zodat het gebied de zeespiegelstijging kan bijhouden. In dit proefschrift wordt het
zoetwater getijdengebied van de Brabantse Biesbosch gebruikt als casus. Dit gebied ligt in het beneden
rivierengebied van de Rijn enMaas. Het gebied bestaat uit een netwerk van geulen dat getijdengebieden
en nieuw ontpolderde gebiedenmet elkaar verbindt. In de ontpolderde gebieden zijn water en sediment
opnieuw geïntroduceerd door nieuw gecreëerde rivieraftakkingen.

De eerste twee stappen van dit project (hoofdstuk 2 en 3) richten zich op zowel de hoeveelheid en het
patroon van sedimentatie en erosie, als op de factoren die de sediment invang van de nieuw gecreëerde
zoetwater getijdengebieden bepalen.De derde stap (hoofdstuk 4) omvat de identificatie vandewater- en
sedimentstromen en de sedimentbudgetten van het gehele zoetwater getijde systeem van de Brabantse
Biesbosch. De laatste stap van dit proefschrift (hoofdstuk 5) heeft betrekking op zowel de effecten van
de nieuw gecreëerde zoetwater getijdengebieden, als het effect van klimaatverandering en hetmogelijke
herstel van de oorspronkelijke getijamplitude op de sedimentatie in het gehele zoetwater getijde systeem
van de Biesbosch.

Het grootste deel van dit project is gebaseerd op veldmetingen van zowel het transport van water
en sediment als de sedimentatie in de Biesbosch. Een combinatie van digitale terrein modellen met de
hoogte van het land en diepte van de geulen, aangevuld met veldobservaties van de locatie en hoogte
van afslagranden en de dikte van de nieuwe sediment laag is gebruikt om het sedimentbudget te be-
palen voor het als eerste ontpolderde gebied. Metingen van de waterspiegel, stroomsnelheden en de
troebelheid van het water aan zowel de in- als uitgang van twee ontpolderde gebieden zijn gebruikt om
de sedimentbudgetten en de efficiëntie van het afvangen van sediment te bepalen onder verschillende
omstandigheden van rivierafvoer, getijde en wind. In de laatste stap van dit proefschrift (hoofdstuk 5)
werd echter een scenario analyse uitgevoerd met behulp van het 1D SOBEK3 hydrodynamische mo-
del van alle grote riviertakken van het Rijn-Maas estuarium, dat werd uitgebreid met een module voor
opgelost sediment transport.

Het als eerste ontpolderde gebied, dat een voortdurende toevoer heeft van rivierwater en sediment,
had een positief sediment budget en was effectief in het afvangen van het binnen komende sediment.
Echter was het tweede ontpolderde gebied, dat verder van de rivier lag en een lagere sedimenttoevoer
had, niet efficiënt in het afvangen van dit sediment en verloor dit gebied zelfs sediment door bodem-
erosie. Erosie vond plaats in de geulen van de in- en uitgang van de gebieden, terwijl sedimentatie
voornamelijk plaatsvond in het centrale deel van de gebieden. Versterkte sedimentatie in de geulen ge-
durende de eerste jaren na het openen van het eerste gebied wordt veroorzaakt door de aanwezigheid
van brede getijdengebieden en overmaatse parallelle geulen, die samen resulteren in een groot nat door-
stroomprofiel en daardoor lagere stroomsnelheden en afname in transportcapaciteit. Zowel de erosie
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als de sedimentatiesnelheid nemen af met de tijd, omdat de geulen neigen naar een morfodynamisch
evenwicht. Zand wordt voornamelijk afgezet in en dichtbij de geulen en de ingang van het gebied. In
de getijdengebieden wordt siltrijk sediment gelijkmatig verdeeld vanwege de aanwezigheid van topo-
grafische onregelmatigheden en kleine stroomgeultjes. Bovendien belemmeren wind gevormde golven
en de daarmee samenhangende verhoogde schuifspanning de bezinking van sediment of veroorzaakt
ze zelfs de opname van het nieuw afgezette materiaal in de getijdengebieden. De wind heeft vooral
veel effect doordat het ondiep is in de getijdengebieden en er geen vegetatie groeit. De korte-termijn
sedimentfluxen van de nieuw ontwikkelde gebieden varieerden als gevolg van rivierafvoer, getijde en
wind. Het dagelijkse sedimentbudget is positief gerelateerd aan de rivierafvoer. In het algemeen vindt
de export van sediment plaats tijdens eb en import tijdens vloed. Echter, tijdens stormen is dit patroon
afwezig en de efficiëntie van de sediment afvang neemt af voor periodes met verhoogde windsnelheden
tijdens gemiddelde en hoge rivierafvoeren door verhoogde schuifspanning.

In de Biesbosch zijn de twee rivieren de belangrijkste bron van sediment en neemt de sediment aan-
voer en het sedimentbudget van de geulen en omringende getijdengebieden af met de afstand vanaf
de rivieren. Dit patroon is zichtbaar in zowel het huidige zoetwater getijden rivier systeem, als in het
modelscenario van het huidige systeem met een verhoogde zwevend stof concentratie in de rivieren.
De nieuw ontwikkelde gebieden in de Biesbosch hebben het totale natte oppervlak van de Biesbosch
verdubbeld en vertegenwoordigen ongeveer 64% van de totale accumulatie in de Biesbosch. Verder is
de verbinding tussen de rivier en de geulen in het midden en noordoosten van de Biesbosch verbe-
terd. Dit heeft geresulteerd in minder uitputting van sediment in het aangevoerde rivierwater en dus
een toename aan sedimentatie in deze geulen en naastliggende getijdengebieden. De verhoogde schuif-
spanningen in de belangrijkste nevengeulen van de rivier resulteren echter in een verhoogde mate van
sediment opwerveling tijdens verhoogde of piek rivierafvoeren. Het gevolg hiervan is dat er minder
sediment in deze geulen terecht komt, dan dat het geval was voordat de nieuwe getijdengebieden wer-
den ontwikkeld. Verder wordt verwacht dat de frequentie van piekafvoeren in de rivier zal toenemen
door klimaatverandering en dat door de toename in schuifspanning tijdens deze gebeurtenissen de
efficiëntie van de sediment afvang van het gebied verder zal afnemen. Het kan daarom worden gesug-
gereerd dat er een evenwicht bestaat tussen de toename in sedimentatie door de toename in sediment
aanvoer en de toename in schuifspanningen, welke beide het gevolg zijn van de extra rivieraftakkingen
in het gebied. Het is de zwevend stof concentratie van de rivier die de balans regelt tussen de totale
sedimentatie tijdens omstandigheden van lage en gemiddelde afvoer en de opwerveling van sediment
tijdens stormen of verhoogde rivier afvoeren. Daarom kan worden geconcludeerd dat de zwevend stof
concentratie van de rivier een kritieke factor is voor herstelprojecten waarbij de aftakking van water en
sediment naar verdrinkende deltagebieden moet zorgen voor extra sedimentatie ter compensatie van
zeespiegelstijging en bodemdaling

Uit deze studie kan worden geconcludeerd dat een efficiënt zoetwater getijden rivier systeem meer-
dere proximale doorstromende of doodlopende getijgeulen omvat. Deze geulen mogen slechts een be-
perkte lengte hebben, zodat niet al het sediment geleidelijk raakt uitgeput door sedimentatie terwijl
de afstand tot de rivier toeneemt. Doodlopende getijgeulen moeten vooral relatief dichtbij de rivier
zijn. De verbinding tussen de geulen en het getijdengebied kan worden verbeterd door een verlaging
van de totale gradiënt van de getijdenzone, zodat zelfs in microgetijdengebieden grote zones overstro-
men tijdens elke getijdencyclus. Bovendien verbeteren kleinere geultjes zoals oude greppels, sloten of
ploegvoren de uitwisseling van water en sediment met het meer distale intergetijdengebied. Naast deze
suggesties om de accumulatie van sediment in de wetlands te verbeteren, is het ook aan te raden de
opwerveling van dit sediment te verminderen door de schuifspanning van golven of stroming te ver-
minderen. Dit kan bereikt worden door vegetatie, vooral als deze loodrecht staat op de belangrijkste
windrichting.
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Summary

Many deltas are threatened by accelerated soil subsidence, sea level rise, increasing river discharge, and
sediment starvation.Thediversion ofwater and sediment into drowning deltawetlands aims at renewed
sediment accumulation for ecosystem regeneration and compensation of sea-level rise and soil subsi-
dence. The success of such measures requires sound understanding of flow pathways and deposition
patterns within wetlands and their feeding channels, and their controls.

The work presented in this thesis provides one of the first investigations into the water flow and sedi-
ment dynamics in a freshwatermicrotidal channel-wetland river systemwhere newwetlands have been
developed. The objective of this thesis is to obtain a detailed understanding of the hydro-morphologic
processes of a freshwater tidal channel-wetland system. In addition, this study investigates the factors
of influence and the effect of boundary conditions on the sediment accumulation in a freshwater tidal
channel-wetland system to determine the conditions during which net sedimentation takes place, and
whether these can be influenced or optimised so the area can keep up with sea level rise. For this, the
dissertation follows a case-study design, with in-depth analysis of the water and sediment dynamics in
the Brabantse Biesbosch tidal freshwater wetland, an inland delta of the rivers Rhine and Meuse. The
area comprises a network of channels that connect wetlands and previously embanked areas in which
water and sediment have been reintroduced by newly created river diversions.

The first two steps of the project (chapter 2 and 3) were concerned with both the magnitude and
pattern of deposition and erosion, and the factors controlling the sediment trapping of the newly cre-
ated freshwater tidal wetlands. The third step (chapter 4) comprises the identification of water and
sediment pathways, and the sediment budgets of the entire channel-wetland system of the Brabantse
Biesbosch. The last step of this thesis (chapter 5) is concerned with the effects of the recently developed
wetlands, and the effect of Climate Change (CC) and restoration of the original tidal amplitude on the
accumulation within the Biesbosch channel wetland system.

The major part of this project comprises the analysis of field measurements of water and sediment
flow, and of sediment deposition under the current conditions in the Biesbosch area. A combination
of terrestrial and bathymetric elevation data supplemented with field observations of the location and
height of cut banks and the thickness of the newly deposited layer of sediment was used to determine
the sediment budget since the opening of a newly developed wetland. Measurements of water levels,
flow velocities, and turbidity at both the in- and outlet of the newly developed wetlands were used to
determine the sediment budgets and trapping efficiencies under varying conditions of river discharge,
tide, and wind. However, in the last step of this thesis (chapter 5) a scenario analysis was exerted using
the 1D SOBEK3 hydrodynamic model of all major river branches of the Rhine-Meuse estuary, which
was extended with a suspended sediment transport module.

A positive sediment budget and trapping efficiency was found for the first newly developed wetland
which has a continuing supply of river water and sediment. Sediment was lost from the second wetland
which lies further from the river and had a lower sediment supply. Erosion occurred in the channels
of the inlet and outlet of the wetlands, while deposition primarily took place in the central part of the
wetlands. Enhanced channel bed sedimentation during the first years after opening of the first wetland
is caused by the presence of wide intertidal flats and oversized parallel channels, which result in a large
flow area and associated decrease in transport capacity. However, both the erosion and sedimentation
rates decrease over time, since the channels tend towards morphodynamic equilibrium. It is mainly
sand that becomes deposited in and close to the channels, and the inlet of the system. At the intertidal
flats, the siltier sediment is in general uniformly distributed due to the presence of topographic irregu-
larities andmicro-topographic flow paths. Furthermore, the windwaves and associated increased shear
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stress hamper sediment settling or even cause resuspension of the newly deposited material at the in-
tertidal flats due to small water depths and the absence of vegetation. Short-term sediment fluxes of the
newly developed wetlands varied due to river discharge, tide, and wind. The daily sediment budget is
positively related to upstream river discharge, and in general, export takes place during ebb and import
during flood tide. However, strong wind events overrule this pattern, and trapping efficiencies decrease
for increasing wind strengths at mid-range river discharges and for the highest river discharges due to
increased shear stress.

In the Biesbosch the two rivers are the major source of sediment, and the sediment load and the
sediment budget of channel sections and surrounding wetlands decreases with distance away from the
feeding rivers. This pattern was identified, both in the actual freshwater tidal channel-wetland layout,
and in the model scenario for the actual situation with increased suspended sediment concentration
(SSC) of the feeding rivers.The newly developedwetlands have doubled the total accommodation space
for water and sediment, and they account for approximately 64 % of the total accumulation in the
Biesbosch study area. Furthermore, the river connectivity of the channels in the middle and northeast
of the area has been improved. This has resulted in less sediment depletion and thus more sediment
accumulation in these wetlands. However, the increased shear stresses in the major river side channels
result in enhanced rates of resuspension during raised and peak discharge events. Consequently, less
sediment is trapped in these channels, than was the case before the new wetlands were developed.
Furthermore, it is expected that CC will increase the frequency of peak discharge events, and thus
further reduce the trapping efficiency of the area by an increase in shear stresses. This suggests that a
balance exists between the enhanced sediment input and increased flow induced shear stresses, both
resulting from the new or extra upstream supply of river water in a freshwater tidal channel-wetland
system. It is the SSC of the feeding river that controls the balance between the total sedimentation
during conditions of low and average discharge and resuspension of sediment during wind or raised
discharge events. Therefore, it can be concluded that the SSC of the river is a critical factor for wetland
restoration projects.

From this study, it can be concluded that an efficient freshwater tidal channel-wetland system lay-out
would comprise multiple proximal throughflow or dead ending tidal channels, with limited length, so
not all sediment has been progressively lost with distance from the feeding river. Especially dead end-
ing tidal channels should be located relatively close to the feeding river. The connectivity between the
channels and intertidal area can be improved by a reduction of the total gradient of the intertidal zone,
so even in microtidal areas, large zones will become submerged during each tidal cycle. In addition,
smaller water conveying channels as old furrows, ditches, or mudflat runnels improve the exchange
of water and sediment with the more distal intertidal area. Besides these suggestions to improve the
sediment accumulation within the wetlands, it is also advised to reduce the resuspension of this sedi-
ment by wind or flow related shear stresses. The establishment of vegetation can achieve this, especially
perpendicular to the main wind fetch.
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Chapter 1 | Introduction

1.1 Drowning deltas

Many deltas encompass vast wetland areas of great ecological value and are densely populated, as they
provide ideal natural conditions for agriculture, aquaculture, and harbours connecting ocean and in-
land transport (Kirwan and Megonigal, 2013; Ibáñez et al., 2014). However, delta areas are among the
most stressed and degraded natural systems, andmany deltas are now at a tipping point between aggra-
dation and drowning (Renaud et al., 2013; Giosan et al., 2014; Tessler et al., 2015). Whether deltas will
drown or aggradate depends on the balance between elevation gain by sedimentation and accumula-
tion of organic material (Reddy andDeLaune, 2008; Calvo-Cubero et al., 2013; Kirwan andMegonigal,
2013; Schile et al., 2014) versus sea level rise and elevation loss ((Giosan et al., 2013); Fig. 1.1).The shal-
low subsurface of most modern deltas has been formed during the past 8000 years and consists of soft
clay and peat.Well-documented examples are theMississippi delta (USA), the Sacramento-San Joaquin
delta (USA) and the Rhine-Meuse delta (NL) (Törnqvist et al., 2008; Drexler, 2011; van Asselen, 2011).
In these deltas a significant part of the total elevation loss has been caused by compaction of soft sed-
iment, or by compaction, oxidation, and shrinkage of peat (van Asselen et al., 2018). Additionally,
natural elevation loss occurs due to tectonic movement, isostatic movement (i.e collapsing forebulge
(Busschers et al., 2007)), or surface erosion (i.e. through resuspension of fine sediment) (Day et al.,
2016b). These processes are shown in Fig. 1.1.

extraction tectonics

Figure 1.1: Drowning or Aggradating deltas as response to the balance between sedimentation (both
organic and inorganic), sea level rise, compaction, and subsidence due to peat oxidation by water table
reduction, tectonics, and extraction of oil, water or minerals.
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To date, many deltas have to cope with drowning and loss of delta land because of human impacts.
The most important factor leading to deterioration of these deltas is the loss of elevation. Shallow water
table reduction by artificial surface drainage has resulted in compaction and enhanced oxidation of peat
(vanAsselen et al., 2018). Additionally, the extraction of groundwater, gas, oil, orminerals from deeper
subsurface layers has resulted in accelerated compaction and soil subsidence (see Fig 1.1) (Ibáñez et al.,
1997; Syvitski, 2008; Kirwan and Megonigal, 2013; Day et al., 2016c). Under natural conditions, this
loss in elevation of a delta would result in new accommodation space for sediment accumulation (Syvit-
ski, 2008). However, upstream dam construction, levee construction and the closure of distributaries
within the delta have resulted in a dramatic decrease in sediment flow towards the delta, and sediment
starvation of the delta plain.The urgency of the subsidence is enhanced by accelerated sea level rise and
increasing river discharges due to climate change (Ibáñez et al., 1997; Syvitski and Saito, 2007; Syvitski,
2008; Syvitski et al., 2009; Giosan et al., 2014; Ibáñez et al., 2014; Day et al., 2016b).

1.2 Delta restoration

Although current “hard” flood protection measures, including storm-surge barriers, dams, levees, and
other engineered structures have been quite successful in reducing flood risk of deltas, the longer-term
sustainability of such engineering approach has been called into question, because it disrupts morpho-
dynamic processes and ecological functioning of the system. These measures cannot cope with high-
end scenarios of sea level rise and involve high costs for construction, maintenance, and improvement
(Hudson et al., 2008; Ibáñez et al., 2014; Temmerman and Kirwan, 2015; Tessler et al., 2015).Therefore,
alternative “soft” and “building with nature” approaches have been put forward for flood protection,
and to re-establish the natural building of land. These approaches are using the natural dynamics and
resilience of the water system itself by restoration of the dynamic hydrological, morphological and
ecological processes of the river and delta wetlands (Brouwer and van Ek, 2004; Hudson et al., 2008;
Temmerman and Kirwan, 2015). This type of delta restoration by means of creation of new wetlands,
promoting renewed sedimentation and organic soil formation to compensate for sea level rise and
land subsidence (Fig. 1.1) (Paola et al., 2011), may be an effective approach. Natural examples include
the Mississippi delta, with high accumulation in crevasse splay systems (Boyer et al., 1997; Day et al.,
2016a), and overbank deposition with rapid land building in Bayou Lafourche, located in the Lafource
subdelta (Shen et al., 2015). Examples can also be found in Bangladesh, e.g. at the floodplains, before
these were embanked in 1950 (Nowreen et al., 2014), and more recently in polder 32 that received tens
of centimetres of newly deposited sediment after dike breaches and inundation (Auerbach et al., 2015).
Likewise, in the Netherlands, the Saeftinghe area, located in the Scheldt estuary, has developed from
bare tidal flats to a 1 m higher vegetated marsh within 70 years after its inundation (Vandenbruwaene
et al., 2013).

In addition to these natural cases, increased rates of accumulation have also been found in recent
delta restoration projects, i.e. in the Breton Sound estuary, and the Wax Lake Delta in the Mississippi
Deltaic Plain. In these projects, increased vertical marsh accretion was found in the areas where water
was diverted from the Mississippi River (DeLaune et al., 2003; Day et al., 2007; Paola et al., 2011). Re-
newed vertical accretion was also found in the temporary re-opened polder areas in Bangladesh (Ibne
Amir et al., 2013; Gain et al., 2017). These areas are re-opened as part of the Tidal River Management
(TRM) project in the hope that the land will rise and be fulltime available for agriculture in three or
four years (Ibne Amir et al., 2013). However, the uneven patterns in sedimentation created drainage
congestion and an unequal division of economic activities, and large social conflicts over these areas,
which eventually resulted in the need to cut short the TRM-project (Gain et al., 2017). Other ineffec-
tive examples of projects for river delta restoration with either a reduced, not evenly distributed, or not
large enough rate of accumulation, include a project with weir management in marsh areas in coastal
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Louisiana (Reed, 1992), and impoundments with water-control structures in the Mississippi deltaic
plain, USA (Reed et al., 1997).

Both these historical natural cases and several recent restoration projects have shown increased rates
of accumulation after the reintroduction of water and sediment. However, it became also apparent that
not all restoration projects have been effective for the purpose of future flood protection and delta
restoration, because of either a reduced (Reed, 1992; Reed et al., 1997), an unevenly distributed (Gain
et al., 2017), or a to low rate of accumulation (Reed, 1992; Reed et al., 1997). Since delta areas are densely
populated and cultivated grounds that are in general permanently in use, application of restoration ap-
proaches is not directly possible. Furthermore, there is a lack of information on the development of
newly created wetlands. Additionally, social conflicts or institutional limitations and mismanagement
has resulted in the need to cut short the projects in TRM-areas, where temporal re-opening was im-
plemented (Gain et al., 2017). Therefore, for effective delta restoration it should be known whether
accumulation by the reintroduction of sedimentation can keep up with sea level rise and soil subsi-
dence. For this, we need to know both the local rate of sea level rise and land subsidence, the sediment
availability, and the actual accumulation rate. We also need to know the spatial distribution of the ac-
cumulation at a small scale, because this determines the effectiveness of the restoration project at small
scale and indicates the possible economic conflicts that can occur after i.e. drainage congestion within
the restored area.

1.3 Sediment dynamics within a delta

The morphology and development of a delta is driven by a combination of both river discharge, tides
and waves (Syvitski and Saito, 2007). Accordingly, different compartments can be identified within a
delta along the geographical gradient from apex to sea. In the apex area of the delta, alluvial ridges with
fluvial channels, and floodplains with shallow lakes, freshwater marshes, and swamps can be found.
The sediment dynamics of these wetlands is determined by the river discharge, local morphology and
floodplain connectivity. Siobhan Fennessy et al., 1994 found sedimentation rates in constructed wet-
lands along the Des Plaines River, Illinois, USA, ranging from 5.9 to 12.8 kg m-2 yr-1. These sedimen-
tation rates were mainly controlled by the suspended sediment concentration in the feeding channel,
and by the flow paths to the wetlands. Anderson and Mitsch, 2006 found overall annual sedimenta-
tion rates of 4.5 to 4.9 kg m-2 yr-1 in two constructed flow-through wetlands at the Olentangy Wetland
Research Park in Columbus, Ohio, USA. Here, sedimentation rates where highest near the inflow and
decreased through the system. A similar relation between the deposition of 1 to 4 kg m-2, and distance
to the river was found at floodplains in the Rhine-Meuse delta (Middelkoop, 1997; Asselman and Mid-
delkoop, 1998; Middelkoop and van der Perk, 1998). This relation was caused by the higher inundation
frequency, and better connectivity of the lower lying parts of the floodplain, located close to the river.

The freshwater tidal wetland zone can be found along the river between the upstream non-tidal river
and the downstream-located saline estuary and coast. In general, freshwater tidal wetlands are posi-
tioned at the upper end of an estuarine gradient where bidirectional current flow takes place. The wet-
lands are often located just upstream of the estuarine turbidity maximum at the interface of fresh and
brackish water, with large amounts of suspended matter in the feeding estuary channels (Craft, 2007).
However, in these areas, the contribution of organic compounds to the total accretion in the freshwa-
ter tidal wetlands is often even larger than the mineral contribution (Neubauer, 2008). Freshwater tidal
wetlands typically comprise several zones, such as densely vegetated high marshes, the species-poor
intertidal low marshes and the subtidal habitats with submerged vegetation and high phytoplankton
production (Barendregt and Swarth, 2013). Darke and Megonigal, 2003 demonstrated that sediment
dynamics is influenced by the location and morphological characteristics of the wetland (i.e. elevation,
flood depth, and flood duration), vegetation and suspended sediment concentration. However, Paster-
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nack and Brush, 2001 have found only a strong relation between sedimentation and seasonal patterns
in the vegetation life cycle.

Further towards the downstream end of the delta, the brackish and saline marshes, tidal flats, and
mangroves can be found. In estuaries, there is both an upstream (river) and downstream (sea) supply of
sediment, but sediment is mainly supplied by the sea to the salt marshes along the coast. In these areas
there is a large spatial and temporal variation in sedimentation. For example, French and Spencer, 1993
found a spatial variability in accretion between 0 and 54 g m-2 tide-1 for Hut Marsh, the macrotidal
semi-diurnal back barrier salt marsh along the Norfolk (UK) coast. Sediment accretion was a function
of both proximity to the major creek systems and elevation. A field study across Allen Creek salt marsh
surface in the Bay of Fundy (in the Cumberland basin, USA) indicated highest rates of sedimentation
along the mean high water line, which formed the transition zone for processes of sediment transport
and deposition. Wave activity was the most important influence on both temporal and spatial patterns
of sedimentation. However, also the inundation time, distance from the source, relative roughness, and
the suspended sediment concentration varied over the marsh and controlled the local sedimentation
rate (French and Spencer, 1993). Furthermore, the study of Leonard, 1997 showed that sedimentation
on the marsh surface along Bradley Creek, North Caroline coastal plain (USA) had a strong seasonal
variation, which was controlled by the interaction of a complex set of variables including the tidal creek
geometry, creek channel position, and tidal stage.

The studies reported by Mitsch et al., 2014; Lane et al., 2006; Noe et al., 2016; Verschelling et al.,
2017 illustrate that the supply of sediment is the major factor controlling the sediment budget of wet-
lands. This supply is not only controlled by the sediment load, but also by flow paths to and within the
wetland (French and Spencer, 1993; Siobhan Fennessy et al., 1994; Reed et al., 1999; Davidson-Arnott
et al., 2002; Temmerman et al., 2003b; Anderson and Mitsch, 2007; Mitsch et al., 2014). Furthermore,
the spatial distribution of sediment deposition is controlled by factors including flooding frequency,
depth, and duration (French and Spencer, 1993; Middelkoop and van der Perk, 1998; Reed et al., 1999;
Temmerman et al., 2003b; Thonon et al., 2007; Schuerch et al., 2013), and the ability of sediment to
settle, which in turn, depends on wind (Orson et al., 1990; Delgado et al., 2013), and vegetation (Darke
and Megonigal, 2003; Temmerman et al., 2005b; Schile et al., 2014; Mitsch et al., 2014). Hence, to
identify potential restoration areas and to assess the effectiveness of delta restoration by the creation
of river diversions and new wetlands, quantitative knowledge about the flow paths of water and sedi-
ment, aggradation rates and a thorough understanding of the mechanisms controlling sedimentation
and erosion in wetlands are vital (Temmerman and Kirwan, 2015; Hua et al., 2016). Although con-
siderable research has been devoted to sedimentation in river floodplains of the upper delta areas on
the one hand, and on the other hand to saline tidal wetlands along the coast or in estuaries, remark-
ably few empirical field studies have been reported on the initial formation and sediment dynamics in
freshwater tidal wetlands. Furthermore, little attention has been paid to the conditions during which
sedimentation takes place, and whether these can be influenced or optimised to establish effective delta
restoration.
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1.4 Research goals

Quantitative knowledge of flow paths of water and sediment, aggradation rates and a thorough under-
standing of the mechanisms controlling sedimentation and erosion are vital for effective delta restora-
tion by inorganic land building through the development of temporal wetlands using river diversions.
The general aim of this project was to obtain a detailed understanding of the hydro-morphologic pro-
cesses of a freshwater tidal channel-wetland system, and the resulting sediment trapping in response
to changing boundary conditions. The following research goals (RG) were formulated:

RG1: Obtain a detailed understanding of the hydro-morphologic processes of a freshwater tidal channel-
wetland system in response to the introduction of renewed sediment dynamics in newly created
wetlands

RG2: Determine the factors of influence and the effect of the boundary conditions on the sediment
accumulation in the freshwater tidal channel-wetland system to assess whether both the total
amount and the spatial distribution of sediment accumulation can be optimised so the channel-
wetland system can keep up with sea level rise and soil subsidence.

For meeting these research goals this project adopted a case-study design, with in-depth analysis of
the water and sediment dynamics in the Brabantse Biesbosch tidal freshwater wetland (see Fig. 1.2).
This area is located in the southwest of the Netherlands between the downstream branches of the rivers
Rhine and Meuse. The area comprises a network of channels that connect wetlands and previously
embanked areas, inwhichwater and sediment have been reintroduced by newly created river diversions
(see Fig 1.2 c ). These new river diversions and their surrounding wetlands have been developed in the
framework of nature development, river restoration, and the Room for the River (RfR) initiative, which
is a large-scale river restoration and flood protection project along the river Rhine distributaries. They
were primarily designed to divert excess water during peak discharges from the Lower Rhine towards
the Haringvliet estuary, but at the same time serve as large freshwater tidal nature reserves (Rijke et al.,
2012). The newly developed channel-wetland system functions as a dynamic ecosystem and trap of
fluvial sediment at the same time. Therefore, the Brabantse Biesbosch area forms the ideal trial area to
study sediment dynamics and their controls in a freshwater tidal channel-wetland system.

1.4.1 The Biesbosch freshwater tidal wetland
The Biesbosch T0 situation (before 1999)
The Biesbosch comprises a 9000 ha wetland in the lower Rhine and Meuse delta in the Netherlands,
which established in an inland tidal basin that stretched from Dordrecht in the northwest to Geertru-
idenberg in the southeast (Zonneveld, 1959; de Boois, 1982). This basin was formed by a combination
of spring tide with a severe storm surge from the North Sea that caused the collapse of several dikes in
the night of 18 November 1421. Between 1421 and 1424 AD, even more dikes collapsed by a second
North Sea storm surge and two floods of the River Rhine (Zonneveld, 1959). This series of dike failures
between AD 1421 and 1424 is known as the St. Elisabeths flood. The inland sea changed over time by
the development of a deltaic splay with onemain channel and several minor channels, originating from
the Rhine in the Northeast (see Fig. 1.3). With progressive progradation and accumulation of the area
cultivation started of rush, successively followed by reed and willow coppices (de Boois, 1982). Around
1550, the first land reclamations for agriculture took place. The reclamation of the area accelerated in
the 19th century owing to the drop in the water level after the excavation of the Nieuwe Merwede in
1861 and Bergsche Maas in 1904. Because of the dikes along the Nieuwe Merwede, almost all channels
in the Biesbosch changed from Rhinewater-fed tidal creeks to dead-ending creeks, now only fed by the
flood currents from the southwest (Zonneveld, 1959).
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Figure 1.2: The location of the Brabantse Biesbosch tidal freshwater wetland, in the southwest of the
Netherlands (a,b), the elevation aboveDutchOrdnanceDatum (mNAP) (a,b,c), and the schematisation
of themain channels and their type in the Brabantse Biesbosch study area including the year of opening
and the main flow direction of the newly developed wetlands (c).

By the end of the 20th century, the Biesbosch had become a completely human-regulated area by
local drainage and water level control of the polders, upstream weir management in the Rivers Rhine
and Meuse, and the management of the downstream located Haringvliet storm-surge barrier, which
has been operational since 1970. Because of this storm surge barrier, the tidal range in the study area
has been reduced from approximately 1.9 m to 0.2 – 0.4 m (de Boois, 1982). Consequently, the former
areas with rush or reed culture developed to lush willow woods, grasslands, and overgrown reed lands.
Furthermore, the reduction in the tidal range resulted in the development of shallow lagoons, a large
reduction of the tidal zone and erosion of banks, which are now often steep and especially along the
larger southwest oriented tidal channels armoured by riprap to prevent further erosion.

Creeks in the area are fed by the River Amer, which feeds the study area in the southeast, and by
the flood current from the southwest, which delivers also water of the River Nieuwe Merwede into the
southwest of the study area. Although there is a tidal water level variation at the Nieuwe Merwede,
there is no horizontal tidal flow in this river. The tide in the Biesbosch is mixed semi-diurnal, with
an average period of 12.5 hours, of which the tide rises approximately 5 hours. The tidal amplitude
increases with distance to the feeding river within the channel network. The tidal wave propagates
from Dordrecht in three directions towards the Brabantse Biesbosch. The fastest route is over the River
Beneden Merwede to Werkendam and over the Nieuwe Merwede to the north west of the Brabantse
Biesbosch. Furthermore, the tidal wave propagates also through the Wantij and Dortsche Kil to the
southwestern part of the area. Flood only propagates in downstream direction over the Haringvliet,
since the Haringvliet storm surge barrier is closed during flood. In the Brabantse Biesbosch, the flood
crest (high water) propagates in about 1 hour and 24 minutes from the south and north west to the
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north east respectively. Since the downstream located Haringvliet storm surge barrier is opened during
ebb tide, low water arrives faster at location Moerdijk and the southwestern part of the study area than
at location Werkendam. However, it takes still 1 hour and 20 minutes before low water has propagated
from the south west to the north east of the study area (see Fig. 1.4).

The current day Biesbosch / The Biesbosch T1 situation (since 2015)
Within the period 1999 - 2015, local embankments were removed in polders of the areas Aakvlaai
(1999, see Fig. 1.2 c), KleineNoordwaard (2008with an extra opening in 2015), Zuiderklip (2009-2011),
and Grote Noordwaard (2015) for tourism, nature development, or flood protection in the framework
of the Room for the River (RfR) project.The newly developed channels and wetland areas have resulted
in large hydrological changes in the Brabantse Biesbosch: 1) the accommodation area for flood water
and sedimentation has been doubled, 2) since 2008 both the tidal wave (see Fig. 1.4), and water of the
River NieuweMerwede enter the northwestern part of the area through a newly created inlet in the dike
(see diversions of 2008 in Fig. 1.2 c), 3)multiple channels have been changed from tidal channels to river
side channels (light blue in Fig. 1.2 c), and 4) several new channels have been developed during the de-
poldering of Aakvlaai enGroteNoordwaard in 1999, and 2015 (light green in Fig. 1.2 c).These channels
are in general tidal dead-end channels, with a downstream connection to the old channel network.
However, during high river discharges with elevated water levels, they become through-flowing side
channels receiving water from the River Amer and River Merwede via a spill-way at their upstream
end.

Delay arrival high and low water relative to location Dordrecht [minutes]

90 - 100

100 - 110

110 - 120

120 - 130

130 - 140

140 - 150

150 - 160

160 - 170

170 - 180

180 - 190

190 - 200

200 - 210

210 - 220

220 - 230

2 km

a b
DordrechtDordrecht

Figure 1.4: The propagation of high (a) and low (b) tide through the Biesbosch area, shown in minutes
relative to arrival at Dordrecht.

The future Biesbosch
Although the large-scale river restoration and flood protection works in the framework of the RfR
project have been completed in the Biesbosch area, there may be various changes in boundary condi-
tions for the area in the coming century. For example, to improve the international fish migration from
the North Sea to the river Rhine, an adapted sluice regime of the Haringvliet storm surge barrier will
be implemented starting in the fall of 2018. This new regime includes a small opening of the sluices
during flood tide, and may restore fish migration routes but will not affect the tidal range in the Bies-
bosch study area (Haringvliet: Haringvlietsluizen op een kier | Rijkswaterstaat). However, in the longer
term, the further opening of the Haringvliet sluices, resulting - among other effects - in a restoration of
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the tidal range in the Biesbosch towards 1.0 m will be discussed as one of the scenarios for water safety
management to copewith further sea level rise and increased peak discharges (Deltaprogramma, 2014).
Besides the changes in the coastal and river management in the lower Rhine and Meuse Delta, both CC
and sea level rise will result in a change in the boundary conditions of the Biesbosch study area. CC is
expected to increase peak flows from the rivers Rhine andMeuse during winter as a result of intensified
snow melt and increased winter precipitation. Furthermore, CC will reduce flows during summer by a
reduction in summer precipitation (Middelkoop et al., 2001). A sea level rise of 0.13 to 0.3 m and 0.2
to 0.4 m at the North Sea coast is expected for the year 2050 for the so-called 2050GL and 2050WH
climate change scenarios developed for the Netherlands by the Dutch meteorological institute KNMI.
In addition, it is expected that the rate of sea-level change will further and more rapidly increase after
2050 (van den Hurk et al., 2014). Therefore, it can be the case that by the end of this century most of
the formerly embanked areas of the Biesbosch will again be prone to daily tidal flooding.

1.5 Approach and outline

The two research goals of this thesis are elaborated through a series of research questions regarding the
case-study of the Brabantse Biesbosch tidal freshwater wetland:

RQ1: What is the magnitude and the spatial pattern of sediment deposition and erosion in a newly
developed freshwater tidal wetland?

RQ2: Which are the controls of temporal variations in sediment trapping of a newly developed fresh-
water tidal wetland?

RQ3: What are the major flow paths of water and sediment to, within, and out of the entire tidal fresh-
water channel-wetland system, where new wetlands have been developed?

RQ4: How are future accumulation rates and patterns, the total volume of trapped river sediment and
trapping efficiencies for the entire tidal freshwater channel-wetland system, controlled by the
development of the newly established wetlands, CC and an increase in tidal amplitude?

The general outline of this research is illustrated in Fig. 1.5. The first step of the project was con-
cerned with the first research question regarding the magnitude and pattern of deposition and erosion
in a newly developed wetland.These were determined using a combination of terrestrial and bathymet-
ric elevation data supplemented with field observations. The sediment budget of the newly developed
wetland was established from the average net sedimentation in navigable channels, the average sed-
imentation in the subtidal area, sedimentation in the intertidal area, and the eroded volume of the
marsh edge. For this, terrestrial elevation data was obtained from the AHN2 digital elevation model
of the Netherlands (Actueel Hoogtebestand Nederland, 2017), while bed surface elevation had been
measured by Rijkswaterstaat during consecutive bathymetric surveys. Field observations of the loca-
tion and height of cut banks and the thickness of the newly deposited layer of sediment were obtained
during field campaigns in July and October 2014. The former polder soil, which consists of a compact
non-erodible layer of clay with a clearly distinguishable colour and density, was used as marker hori-
zon to measure the newly deposited sediment layer after opening of the polder. This step is described
in chapter 2, and the results provided an answer to RQ1.

The variation in trapping efficiency of wetlands was used to determine the temporal variation in
sedimentation, and to assess the effectiveness of newly created wetlands in capturing and trapping the
newly supplied sediment. Field measurements of water levels, flow velocities, and turbidity were col-
lected at both the in- and outlet of two recently re-opened polder areas in the Brabantse Biesbosch. For
this, permanent monitoring locations with pressure sensors, turbidity meters, and Horizontal Acous-
tic Doppler Current profilers were installed. Additional field campaigns were implemented to acquire
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Figure 1.5: Sketch with the general outline of this thesis. For a detailed explanation see text.

suspended sediment concentrations and measurements of total channel discharge. The measurements
were used to identify the sediment budgets and trapping efficiencies of the two newly developed wet-
lands, under varying conditions of river discharge, tide, and wind, within the period 2014-2016.

The third research question about the major flow paths of water and sediment to, within, and out of
the entire freshwater tidal channel-wetland system forms the basis for chapter 4. The sediment bud-
get and the spatial pattern of sedimentation and erosion in the Brabantse Biesbosch freshwater tidal
wetland were identified using existing datasets of bathymetric data of the channels, collected by Rijk-
swaterstaat, as well as field measurements. Synoptic snapshots of water flow velocities, directions and
origin, and suspended sediment concentrations were collected during moving boat campaigns within
the period 26-11-2015 to 13-5-2016. For this purpose, a Seapoint Turbidity Sensor, an Electrical Con-
ductivity Sensor, a single beam echosounder, a GPS, and a Vertical Acoustic Doppler Current Profiler
were mounted to a boat. The synoptic measurements were combined to total suspended sediment load
(SSL) over cross sections of the channels. Changes in the SSL were used to determine the spatial varia-
tion in the sediment budget over channel sections of the Biesbosch area.

The introduction of renewed sediment dynamics in newly created wetlands will change the hydro-
morphologic processes of the freshwater tidal channel-wetland system of the Brabantse Biesbosch. The
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fourth research question addresses the temporal factors controlling the sediment trapping of the Bra-
bantse Biesbosch study area, i.e. the renewed sediment dynamics due to newly created wetlands, and
the effect of changes in boundary conditions due to CC or management. chapter 5 describes both the
trapping efficiency and the patterns in sedimentation of river sediment in the channel wetland-system
of the Brabantse Biesbosch. For this an existing and calibrated hydrodynamic 1D model of all major
river branches of the Rhine-Meuse estuary has been completed with the schematisation of the network
of larger branches in the Brabantse Biesbosch. Using the model, sediment accumulation and sediment
trapping efficiency of the wetland system were determined for present day and scenarios of CC, SLR
and adapted Haringvliet tidal range.

Chapter 6 synthesizes the main findings of this thesis and provides an outlook for further research
on newly developed freshwater tidal wetlands. Furthermore, the chapter presents recommendations for
the development andmanagement of river diversions and freshwater tidal wetlands, developedwith the
purpose of land building and delta restoration.
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Chapter 2 | Establishing a sediment budget in
the newly created Kleine Noordwaard wetland
area in the Rhine-Meuse delta

Many deltas are threatened by accelerated soil subsidence, sea-level rise, increasing river discharge, and
sediment starvation. Effective delta restoration and effective river management require a thorough under-
standing of the mechanisms of sediment deposition, erosion, and their controls. Sediment dynamics has
been studied at floodplains and marshes, but little is known about the sediment dynamics and budget of
newly createdwetlands. Herewe take advantageof a recently opened tidal freshwater system to studyboth
themechanisms and controls of sediment deposition and erosion in newly createdwetlands.Wequantified
both the magnitude and spatial patterns of sedimentation and erosion in a former polder area in which
water and sediment have been reintroduced since 2008. Based on terrestrial and bathymetric elevation
data, supplemented with field observations of the location and height of cut banks and the thickness of
the newly deposited layer of sediment, we determined the sediment budget of the study area for the pe-
riod 2008-2015. Deposition primarily took place in channels in the central part of the former polder area,
whereas channels near the inlet and outlet of the area experienced considerable erosion. In the intertidal
area, sand deposition especially takes place at low lying locations close to the channels. Mud deposition
typically occurs further away from the channels, but sediment is in general uniformly distributed over the
intertidal area, due to the presence of topographic irregularities and micro topographic flow paths. Marsh
erosion does not significantly contribute to the total sediment budget, because wind wave formation is
limited by the length of the fetch. Consecutive measurements of channel bathymetry show a decrease in
erosion and deposition rates over time, but the overall results of this study indicate that the area functions
as a sediment trap. The total contemporary sediment budget of the study area amounts to 35.7 103 m3 yr-1,
which corresponds to a net area-averaged deposition rate of 6.1 mm yr-1. This is enough to compensate for
the actual rates of sea-level rise and soil subsidence in The Netherlands.

Published as: van der Deijl, E. C., Perk, M., and Middelkoop, M. (2018), Establishing a sediment budget in the
newly created ‘Kleine Noordwaard’ wetland area in the Rhine-Meuse delta, Earth Surf. Dynam.: 6, 187-201, 2018,
doi:10.5194/esurf-6-187-2018.
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2.1 Introduction

Many deltas in the world cope with drowning and loss of delta land due to flood protected polders,
dams, and embankments of channels, which result in accelerated soil subsidence and sediment starva-
tion (Ibáñez et al., 1997; Syvitski and Saito, 2007; Ibáñez et al., 2014). The urgency of this problem is
enhanced by sea-level rise (Syvitski, 2008) or increasing river discharge. Most deltas are valuable and
densely populated, because of their ideal location for harbours, agriculture, aquaculture, and tourism
(Kirwan and Megonigal, 2013; Ibáñez et al., 2014). Moreover, they encompass vast wetland areas of
great ecological value. Traditional approaches in river management aim at reducing flood risks by con-
structing dikes and dams. Although such constructions are often effective in reducing flood risks, they
disrupt themorphodynamic processes and ecological functioning of the system, increase sediment star-
vation, and involve high costs for construction andmaintenance (Hudson et al., 2008).Therefore, since
recently, river delta management has been shifting from the implementation of these strong regulations
towards the control of a more natural system where dynamic processes are restored and the system be-
comesmultifunctional. Examples include the Tidal River Management project in Bangladesh (Khadim
et al., 2013), the diversion projects in theMississippi deltaic plain (DeLaune et al., 2003; Day et al., 2007;
Paola et al., 2011), the Plan Integrale de Protección del Delta Ebro in the Ebro Delta (Calvo-Cubero
et al., 2013) and the Room for the River initiative in the Netherlands (Rijke et al., 2012).

Paola et al., 2011 defined river delta restoration as diverting sediment and water from major chan-
nels into adjoining drowned areas, where the sediment can build new land and provide a platform
for regenerating wetland ecosystems. Delta restoration is effective when sedimentation compensates
for sea-level rise and soil subsidence. Table 2.1 summarizes sedimentation rates determined in vari-
ous types of delta compartments representing different depositional environments. Sedimentation is
variable and complex. This table suggests that sedimentation is positively related to the suspended sed-
iment concentration. Furthermore, it is widely known from the literature that sedimentation is con-
trolled by the frequency and duration of inundation (French and Spencer, 1993; Middelkoop and van
der Perk, 1998; Reed et al., 1999; Temmerman et al., 2003b; Thonon et al., 2007), the suspended sed-
iment concentration in the feeding channel (Asselman and Middelkoop, 1998; French and Spencer,
1993), and the ability of sediment to settle, which is in turn controlled by vegetation (Darke and Mego-
nigal, 2003; Temmerman et al., 2005b; Schile et al., 2014; Mitsch et al., 2014), the flow paths to or
within the wetland/compartment (French and Spencer, 1993; Siobhan Fennessy et al., 1994; Reed et
al., 1999; Davidson-Arnott et al., 2002; Temmerman et al., 2003b; Anderson and Mitsch, 2007; Mitsch
et al., 2014), and the residence time within the compartment (Asselman and Van Wijngaarden, 2002).
Although considerable research has been devoted to sedimentation in wetlands in coastal deltas and
river floodplains, remarkably few empirical field studies have been reported on the initial formation
and evolution of newly created wetlands.
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In the present study, we take advantage of a recently opened tidal freshwater system to study the
sediment deposition or erosion in newly created tidal wetlands. In the framework of the Room for the
River (RfR) initiative in the Netherlands, water and sediment have been reintroduced in previously
embanked areas in the Biesbosch, a Tidal Freshwater Wetland (TFW) in the south-west of The Nether-
lands. This paper presents the first results of a larger field research project examining mechanisms and
controls of sediment deposition and erosion in the Biesbosch tidal freshwater wetland.

The aim of this paper is to quantify both the magnitude and the spatial patterns of sediment de-
position and erosion in one of the formerly embanked areas, ‘Kleine Noordwaard’. For this, different
sources of data were combined. Net sedimentation rates were determined from existing bathymetric
data collected by a multibeam echosounder, existing LiDAR digital elevation models, supplemented by
field observations of the thickness of the newly deposited sediment layer and field observations of the
location and height of cut banks. From this we developed a medium-to-long term sediment budget for
the Kleine Noordwaard. In this paper, we compare the rates and patterns of sedimentation and erosion
in the study area to those in other wetlands, assess the relative contribution of geomorphological pro-
cesses in the study area, and discuss practical implications for the management of newly created tidal
freshwater wetlands.

2.2 Methods

2.2.1 Study area
TheBiesboschNational Park is a 9000 ha freshwater tidal wetland in the lower Rhine andMeuse delta in
the southwest ofThe Netherlands (see Fig. 2.1a and b). The area was reclaimed in medieval times, but it
became completely inundated by the St. Elisabeth flood, which was a combination of two storm surges
and two floods of the River Rhine between 1421 and 1424 (Zonneveld, 1959). In the subsequent two
centuries, a deltaic splay developed of approximately 6m thick (Kleinhans et al., 2010).The lower 4mof
this splay is sand, covered by 2 metres of clay (De Bont et al., 2000). In 1861 AD, the Nieuwe Merwede,
an artificial branch of the River Rhine, was excavated through the area. As a consequence, water levels
dropped and large parts of the wetland were embanked and reclaimed as polders for agriculture during
the second half of the 19th century (De Bont et al., 2000; Rijsdorp et al., 2006). However, since 2008,
several of these polder areas have been re-opened for river water (’depoldered’) to increase the discharge
capacity of the River Rhine. The study area of the Kleine Noordwaard was among the first polder areas
that have been depoldered.

The Kleine Noordwaard study area comprises the former Spiering, Oude Hardenhoek and Maltha
polders (Fig. 2.1). Maps (c) and (d) represent the surface elevation before and after depoldering of the
study area. In 2008, several channels with a width of 120 m, a maximum depth of 3 m and a side slope
of 1:20 (Fig. 2.2) were dug throughout the area. The sandy material was used to create islands and
extra protection along the embankments (Grontmij, 2002). The original clayey polder soil remained
conserved, except in the former Spiering and Maltha polders, where the upper layer of clay had already
been removed for reinforcement of embankments. On 7 May 2008, the embankments were opened
and the channels were connected to the River Nieuwe Merwede in the north and to the Gat van de
Noorderklip in the south. The major flow direction is from north to south, and water and sediment are
supplied by the River Nieuwe Merwede, which is a branch of the River Waal, the major distributary
of the River Rhine (Fig. 2.1). The River Rhine has an average discharge of 2200 m3 s-1 and an average
suspended sediment concentration of 15 mg l-1 at the German-Dutch border located 85 km upstream
from the Kleine Noordwaard. Peak discharges typically occur during the winter season and they range
between 5800 (1-year-return) and 9670m3 s-1 (10-year-return)withmaximumconcentrations between
120 and 260 mg l-1 (Rijkswaterstaat, 2018).
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Figure 2.1: The study area Kleine Noordwaard, which is located within the Biesbosch Freshwater Tidal
Wetland, in the lower Rhine and Meuse delta in the southwest of the Netherlands (a and b). Elevation
is shown in meters, with respect to the Dutch Ordnance Datum (NAP) for the period before (c) and
after depoldering (d).
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Figure 2.2: Elevation of Transect A (see Fig. 2.1) with respect to the Dutch Ordnance Datum (m NAP)
with subdivision of the area into subtidal areas, flats, low and highmarshes, and terrestrial zone relative
to mean low water (MLW), mean sea level (MSL), mean high water (MHW), the maximum observed
water level (EHW) and the water level for a peak discharge or storm with return period of 1 year, which
were used to divide the study area in.

Van der Deijl et al. (2017) have shown that water is in general imported in the north.Their fieldmea-
surements in the period between July 2014 and March 2015, indicated that the time-averaged inflow
of water from the Nieuwe Merwede through the former Spiering polder into the Oude Hardenbroek
polder amounted 89 m3 s-1 with a maximum of 191 m3 s-1. The time-averaged suspended sediment
concentrations amounted to 26 mg l-1 with a maximum of 114 mg l-1 during a raised discharge event
(4500 m3 s-1 at the German-Dutch border). The water flow direction at the northern inlet of the Oude
Hardenbroek polder reverses during short periods at the onset of ebb tide, which occurred only dur-
ing 2.2% of the time. During this time, the outgoing average discharge was on average 11 m3 s-1. In
the south, water is generally exported, but under conditions of rapid rise of the water level at the on-
set of flood tide, the flow reverses. In the observed period this occurred only during 0.3% of the time
with a maximum discharge of 16 m3 s-1. Van der Deijl et al. (2017) determined the sediment trapping
efficiency to be 0.29 during the above measurement period.

The water level is influenced by the tide, which is mixed semidiurnal with a range of approximately
0.2 to 0.4 m (Rijkswaterstaat, 2018), the wind direction and speed, the discharge of the River Rhine,
and the artificially controlled discharge through the gates of the downstream Haringvliet barrier into
the North Sea. Water levels are on average 0.63 m above Dutch Ordnance Datum (NAP), with a mean
low water (MLW) of 0.45 m NAP and a mean high water (MHW) of 0.79 m NAP (Rijkswaterstaat,
2018). Approximately 29% of the area is comprised of subtidal area (surface elevation <0.125 m NAP,
always submerged), 36% of intertidal flats (0.125-0.63 m NAP, submerged >44% of the time), 6% of
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low marshes (0.63-0.79 m NAP, submerged for 19 - 44% of the time), 22% of high marshes (0.79-2.3
m NAP, whereby areas >1.1 m NAP are only submerged for less than 5% of the time), and 7% of a
terrestrial zone (see Fig. 2.2). In order to reduce the hydraulic roughness, the marshes and terrestrial
zone are mown before the winter period, and most of the vegetation is effectively shortened through
grazing by birds, horses, and cows. The vegetation can be classified as dry and wet grasslands with at
the shoreline some Mentha aquatica, Schoenoplectus triqueter and Bolboschoenus maritimus. The mud
flats are almost bare with some pioneer species such as Hydrodictyon reticulatum, Limosella aquatica,
Veronica anagallis-aquatica and Pulicaria vulgaris. In the summer, grows locally some Myriophyllum
spicatum in open water (De la Haye, 2011).

2.2.2 Field methods
The sediment budget of the study area is established from the average net sedimentation in navigable
channels (approximately 25% of the study area), the average sedimentation in the subtidal area (<0.125
m NAP, excluding channels), sedimentation in the intertidal area (flats and marshes), and the eroded
volume of the marsh edge. We first determined the volumetric budgets, which were subsequently con-
verted to mass budgets using sediment densities measured from field samples.

Channels
The change in surface elevation over multiple years was used to determine the sediment budget and the
spatial pattern of sedimentation and erosion in the navigable channels. Surface elevation wasmeasured
by Rijkswaterstaat during consecutive bathymetric surveys in all channels in 2009, 2010, 2012 and
2015. In 2011, 2013 and 2014, additional channel sections were surveyed (see Fig. 2.1 d). The 2009 -
2015 measurement period was hydrologically characterised by a major flood between 8 and 19 January
2011 with a peak river discharge of 8315 m3 s-1 and an elevated SSC of up to 260 mg l-1 at Lobith.
Channel bed elevation was measured with a multi-beam Simrad EM3002d echosounder, combined
with Netpos/LRK, and processed in QPS Quincy 8.0 (personal communication, Rijkswaterstaat). The
total volumetric channel sediment budget was calculated from the difference in channel bed elevation
between 2009 and 2015. Some channel sections (approximately 14 % of the total channel area) were
dredged in 2015 and were therefore excluded from the 2015 bathymetric map. The sediment budget
for the monitoring intervals 2009-2015, and 2012-2015 was corrected for this exclusion by using a
correction factor of 0.99. For this, a linear relationship without intercept was established between the
total channel sediment budget, and the channel sediment budget without the dredged area, for the
monitoring intervals 2009-2010, 2010-2011 and 2011-2012.

To analyse rates of net sedimentation and erosion of sediment over time, we used only areas from
which data were collected during all surveys of 2009, 2010, 2012 and 2015. Survey data collected in the
years of 2011, 2013 and 2014 were only used to assess whether changes in bed level had been consistent
throughout the years.

Subtidal and intertidal area
We determined the sediment budget of both the subtidal and the intertidal area by measuring the sedi-
mentation on top of the former polder soil during field campaigns in July andOctober 2014.The former
polder soil consists of a compact non-erodible layer of clay, which was used as marker horizon, since
its colour and density are clearly distinguishable from the recently deposited sediment (sand andmud).
Transparent Perspex core samplers with a diameter of 59 mm and different lengths were used to collect
126 samples of the newly deposited sediment layer in 9 transects across the central part of the Kleine
Noordwaard (pink aligned area in Fig. 2.1).The Spiering andMaltha polders were not sampled because
the non-erodible layer of clay was removed before depoldering. The thickness of the newly deposited
sediment layer wasmeasured using a ruler. In the field the texture of the sediment was classified visually
as clay, sandy clay, coarse sand, fine sand, silty sand, sandy silt, or silt. Based on these texture classes, the
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sediment layers were classified into former polder bed (clay, sandy clay), newly deposited sand (coarse
sand, fine sand, silty sand) and newly deposited mud (sandy silt or silt). Since channels were dug and
sand was replaced by depoldering of the area, we selected only samples with a base of former polder
clay for further analysis. Furthermore, samples with sand on top of the base of former polder clay were
corrected for the replacement of sand for depoldering. The elevation at the sample location was used
to separate the samples in datasets for the subtidal and intertidal area. The total sediment budget of the
subtidal area was calculated by multiplying the average thickness of the recently deposited sediment
layer from samples located below 0.125 m NAP by the total subtidal area. The total sediment budget of
the intertidal area was calculated using a negative exponential relation between themeasured sediment
deposition and surface elevation, obtained from the AHN digital elevation model of the Netherlands
(Actueel Hoogtebestand Nederland, 2017). For this, ordinary least-squares regression was performed
between the logarithmic transformed measured sediment deposition and the surface elevation of the
samples taken in the intertidal area. The back-transformed sediment deposition was bias-corrected
using the Ferguson, 1986 correction factor.

Marsh erosion
To determine the contribution of marsh erosion to the budget of the channels and intertidal area, we
measured the height and position of cut banks using a ruler and a Trimble R8 RTK GPS during field
campaigns in July and October 2014. The current cut bank position and height were compared to the
2011 50 cm resolution AHN2 digital elevationmodel of the Netherlands (Actueel Hoogtebestand Ned-
erland, 2017), to calculate the volume of eroded land over the period 2011-2014.

Sediment budget
The total sediment budget of the study area was calculated by taking into account the different peri-
ods for which the individual budgets of the channels, the subtidal and intertidal area, and the eroded
marshes were established. To obtain the total mass of the deposited sediment in the area, the volumetric
sediment budget of the area was multiplied by the bulk density of the deposited sediment. Bulk den-
sity of sand, deposited in the channels, was determined gravimetrically by the weight of the terrestrial
sediment in a pF-ring with volume of 98.125 cm3. To determine the bulk density of the mud, a 59 mm
diameter Transparent Perspex core sampler was used to collect a 7 cm core with 4 cm of organic rich
mud and the underlying former polder clay at the intertidal flat, because a pF-ring could not be applied
to mud. The core was subsampled at a 1 cm interval in the laboratory, and bulk density was determined
by the weighted average sediment particle density and the volumetric moisture content of the samples.
Moisture and organic matter content were determined from the difference in mass after oven drying
at 105 ◦C and loss-on-ignition analysis at 550 ◦C, according to the standard techniques described by
Heiri et al., 2001.

2.3 Results

2.3.1 Bulk density
Sediment samples indicate a bulk density of 1.47 g cm-3 for sand and a logarithmic increase with depth
from 0.75 to 1.27 g cm-3 for the 3 cm of mud at the intertidal flat. A maximum density of 1.5 g cm-3 was
found in the compacted former polder clay at the bottom of the core. To convert the sediment thickness
to sediment mass per unit area bulk density values of 0.75, 0.94, 1.27, and 1.34 g cm-3 were assigned to
the respective 0-1, 1-2, 2-3, and> 3 cm depth intervals. For the sandy sediment deposited in channels
or eroded from the island, we used a bulk density of 1.47 g cm-3. The organic matter content, varied
between 3.9 and 4.3 % for the former polder clay and between 2.9 and 4.3 for the mud at the intertidal
flats.
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2.3.2 Channels
Figure 2.3 shows the change in channel bed level and the yearly averaged cumulative change in channel
bed volume in the central part of the area Kleine Noordwaard (pink and green areas in Fig. 2.1) from
north to south both for the successive monitoring campaigns (a, b, c and d) and for the entire period
(e).
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Figure 2.3: The difference in channel bed level and the cumulative channel bed volume for each mon-
itoring period. The cumulative channel bed volume is shown along a N-S transect starting from the
Spiering polders (purple in Fig. 2.1). The budget of the Wassende Maan (blue in Fig. 2.1) is added at
once at the second black line. The channel in the southwest of the study area was dredged in the moni-
toring period 2012-2015. The dredged area is excluded in the analysis and not shown in the cumulative
channel bed volume.
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The northern part of the area (the inlet) is characterized by a negative sediment budget, due to the
loss of sediment within the Spiering polders (purple in Fig. 2.1). Figure 2.4a shows the bathymetric
development of cross section 1, which represents the development of the channel near the inlet of the
study area. The cross sectional area of the inlet has increased by bank erosion in the outer bend of the
channel to the depth of the River Nieuwe Merwede. The maps in Fig. 2.3 show that outer bend erosion
has occurred in the majority of the channels and that bars have developed at the end of these bends.
The first outer bend of the single channel at the outlet of the study area has migrated by approximately
35-40 m in eastern direction. A steep cut bank has developed and concomitant sedimentation of a
point bar occurred at the convex inner bend and at the end of the bend. Consequently, the second bend
has migrated by approximately 20-30 m in western direction. Although the channel at the outlet of
the study area has become 5-10 m wider, the width to depth ratio decreased from 22.9 to 18.3 due to
channel deepening. However, the channels are not able to migrate freely due to steep banks of dikes
armoured by riprap, and the average width to depth ratio of the channel has decreased from 17.9 to
15.2.
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Figure 2.4: Bed level of channel section 1 (a) and 3 (b) for all monitoring campaigns. (see Fig. 2.1 for
the locations of the cross sections)

Within 500 m from the inlet of the central part of the Kleine Noordwaard, the cumulative change in
bed volume turns positive. Thus, the amount of sediment eroded in the Spiering polders and near the
inlet of the central part of the Kleine Noordwaard is deposited in this area. Further downstream, the
cumulative change in channel bed volume increases further reflecting the positive sediment budget of
the Wassende Maan area (blue in Fig. 2.1). In contrast to the area near the inlet of the study area, the
channels in the central part of the area have become shallower (see Fig. 2.4b) and width to depth ratios
have increased from 20.3 to 21.9 for the through-flowing channels and from 6.4 to 6.8 for dead-ending
channels.

The temporal trend in annual average eroded and deposited sediment volumes is shown in Fig. 2.5
for the inlet (a), the centre (b), and the outlet (c) of the study area (represented by channel section 1;
sections 2-9; and section 10 in Fig. 2.1). Both the annual amounts of erosion in the channels near the
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inlet and outlet, and the annual amounts of sedimentation in the centre of the area have decreased over
time. This suggests that the channels tend to morphodynamic equilibrium. The decrease in the average
net erosion at the inlet and outlet (black line in Fig. 2.5) is caused by the decrease in the average erosion
rate (red in Fig. 2.5), since the average sedimentation rate (blue in Fig. 2.5) remains constant over time.
The erosion rate has decreased over time because the channels reached the same depth as the River
Nieuwe Merwede. The response time of the erosion (i.e. the time needed to reduce the net erosion
rate by 63 %) is approximately 2.2 years for the entrance, and 3.3 years for the outlet. The response
time of the net sedimentation for the central part of the system is 3.1 years. The response time for net
sedimentation in the entire area is 6.5 years. This value is however less accurate as it is based on only
three instead of six monitoring intervals.

Although the cumulative channel sediment budget decreases from north to south due to erosion at
the outlet of the area, the total channel sediment budget is positive for most periods. The total yearly
sediment budget was only negative for the period between the monitoring campaigns of September
2010 and March 2011. This monitoring period includes a discharge event that occurred between 8 and
19 January 2011 with a peak river discharge of 8315 m3 s-1 and an elevated SSC of up to 260 mg l-1
at Lobith. Apparently, this event triggered large changes in bed level during this monitoring period.
The bathymetric maps in Fig. 2.3 and the bathymetric development in Fig. 2.4b show increased rates
of sedimentation in the centre of the area during the discharge event. This increased sedimentation
occurred at both the inner and outer bend of channels, while the bed level of the outer bend was eroded
during other periods. The average change in bed level of the channels decreased from 18.5 mm yr-1 to
15.4 mm yr-1 and 12.6 mm yr-1, for the consecutive measurement intervals 2009-2010, 2010-2012 and
2012-2015. These changes in bed level correspond to a net sedimentation of 21.7 103 m3 yr-1, 18 103 m3
yr-1 and 14.8 103 m3 yr-1 and annual average sediment budgets of 32.4 kton yr-1, 26.9 kton yr-1 and 22.1
kton yr-1, respectively. The average channel sediment budget for the entire monitoring period (2009-
2015) accounts for a net sedimentation of 14 mm yr-1, which corresponds to 16.7 103 m3 yr-1 and 24.9
kton yr-1.

2009 2010 2011 2012 2013 2014
 

−0.2

−0.1

0.0

0.1

0.2

-1.14
-0.62

0.52

2009 2010 2011 2012 2013 2014
 

2009 2010 2011 2012 2013 2014
 

-0.70
-0.70

2009
 - 

2010

2010
 - 

2012

2012
 - 

2015
 

Total
Erosion
Sedimentation

Ye
ar

ly
 a

ve
ra

ge
d 

ch
an

ne
l b

ed
 

 e
le

va
tio

n 
ch

an
ge

 [m
 y
ea
r−

1 ]

(a) (b) (c) (d)

Figure 2.5: The yearly averaged channel section sedimentation (blue bars), erosion (red bars) and total
change in height (black lines) for the inlet (a), the centre (b), the outlet (c) and the entire study area
(d), which was opened 7 May 2008 and experienced a peak discharge event from 8 to 19 January, 2011.
Yearly averaged channel section sedimentation erosion and total change in height sedimentation rates
for the entire area are only available for the periods 2009-2010, 2010-2012 and 2012-2015, since bathy-
metric measurements were only executed in all channels in 2009, 2010, 2012 and 2015; and in channel
sections (see Fig. 2.1d) in 2011, 2013 and 2014.
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2.3.3 Subtidal and intertidal area
Figure 2.6a shows the spatial variation of the measured sedimentation in the subtidal and intertidal
area, and Fig. 2.7 shows the sedimentation for increasing distance to the inlet of the polder area (i.e.
the source of the sediment) (graph a); distance from the channel (graph b); and elevation (graph c).
Although the highest sedimentation was measured along the channels, there is no significant relation
between the total sedimentation and the distance to the channel.This is likely partly due to the relatively
high sedimentation (>5 cm) at the transition from the tidal flats to the marshes of the island in the
centre of the area at a distance of approximately 240-270m from the channel.These high sedimentation
rates are probably caused by the redistribution of sediment eroded from the marshes of the island.
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Figure 2.6: The total sedimentation [cm] in the subtidal and intertidal area (a) and the location of the
cutbanks (b) as measured during field campaigns of 2014

Although there is no significant relation between the total sedimentation and the distance to the
channel, field observations of the texture of the sediment layers indicated that the percentage of mud
increases and the percentage of sand decreases with increasing distance to the channel. Furthermore,
Fig. 2.7c shows that the total sedimentation generally decreases with increasing height of the tidal area.
This relation is significant but it explains only 9 % of the variation in sedimentation. However, local
variation in sedimentation is large and is probably resulting from local topographic irregularities as
mudflat runnels and old furrows, which are not accounted for in the digital elevation model of the
area, which has a resolution of 1 m.

Between May 2008 and October 2014 an average of 73 ± 9.1 mm (standard error of mean) of mud
and sand, is deposited in the subtidal area. This corresponds to a sedimentation rate of 11.3 ± 1.4 mm
yr-1 and an annual average sediment budget of 5.21 103 m3 yr-1 and 6.24 kton yr-1. The sediment budget
of the intertidal area amounts 15.7 103 m3 yr-1 and 22.4 kton yr-1.
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Figure 2.7: Total sedimentation during the period 2008-2014 in the subtidal and intertidal area, with
respect to the distance from the inlet of the system (a), distance from the channel (b), and the elevation
(c). The dotted and thick lines show the models for sedimentation in the subtidal and intertidal area.
The second intercept represents the bias correction factor of Ferguson, 1986.

2.3.4 Marsh erosion
Figure 2.6b shows all cut banks, observed in the study area in 2014. Cut banks are most abundant
along the marshes of the island in the centre of the system. These cut banks are located in line to those
channels with a relatively long fetch for waves formed by the abundant south-westerly winds. The only
cut bank formed by channel migration due to outer bend erosion, is located along the channel in the
Maltha polder. Comparison of the observed cut bank position and the 2011 digital elevation model of
the area indicates that only 31 m3 of the island eroded between 2011 and 2014. The eroded volume is
-10.3 m3 yr-1, which corresponds to an erosion of 15.4 ton yr-1.
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2.3.5 Sediment budget
Between 2008 and 2015, the total sediment budget for the ’Kleine Noordwaard’ area amounted to 37.3
103 m3 yr-1, which corresponds to a net area-averaged sedimentation rate of 6.4 mm yr-1 and an im-
port of 46.8 kton yr-1 for the first 6.5 years after depoldering. Sedimentation of 16.7 103 m3 yr-1 in the
channels accounts for approximately 44 percent of the total budget. The vast majority of the remaining
56 % comprises the annual sedimentation of 5.2 103 m3 yr-1 and 15.7 103 m3 yr-1 in the subtidal and
intertidal area. Remobilization of sediment by erosion of marshes occurred at a negligible rate of about
-10.3 m3 yr-1. Consecutive measurements of channel bathymetry indicate that deposition has occurred
in all years, but the actual channel deposition rate has decreased over the years, and the channels have
almost reached morphodynamic equilibrium (see Fig. 2.5). The contemporary sediment budget calcu-
lated for the 2012-2015 period amounts to 35.7 103 m3 yr-1. This corresponds to a net area-averaged
sedimentation rate of 6.1 mm yr-1.

2.4 Discussion

2.4.1 Patterns in sedimentation
Most previous studies on patterns of sedimentation and erosion in tidal wetlands either focussed on
marshes, tidal flats or tidal channels. The largest sedimentation rates in the Kleine Noordwaard were
found in the channels. This is in agreement with the findings by Siobhan Fennessy et al. (1994), An-
derson and Mitsch (2006), and Mitsch et al. (2014) who showed that in deep open water areas, more
sediment accumulates than in shallow open water areas that are more easily subjected to resuspension
by wind-driven and biological sediment disturbances.

Consecutive bathymetric measurements showed that the channels tend towards morphodynamic
equilibrium. Channel bed erosion and an associated decrease in width to depth ratio took mainly place
near the inlet and outlet of the system, where only one channel is present. Sedimentation at the bed and
an increase in the width to depth ratio occurred in the centre of the system, due to the increased cross-
sectional area and associated decreased flow velocities, since application of the hydraulic geometry
relations of Klaassen and Vermeer (1988) and the Engelund and Hansen predictor (1967) for the total
sediment transport capacity in channels, as described by Marra et al., 2014, indicates that the transport
capacity of the two main channels in the centre of the area is approximately 46 % of the capacity of the
single channel near the inlet and outlet of the system.

Observations of freshly deposited material show a trend of declining sand deposition and increas-
ing mud deposition away from the channels, which is in line with previous studies of Neubauer et al.
(2002), Reed et al. (1999), Temmerman et al. (2003b), French and Spencer (1993), and Siobhan Fen-
nessy et al. (1994) and Anderson and Mitsch, 2007. Furthermore, a significant negative trend between
sedimentation and the height of the location was found, which has also been reported by French and
Spencer, 1993;Middelkoop and van der Perk, 1998; Reed et al., 1999; Temmerman et al., 2003b;Thonon
et al., 2007. Although the height and distance from the channel do control sedimentation, their influ-
ence is not as strong as observed in most marshes or river floodplains. There are three likely causes
for the weak relations we found in the Kleine Noordwaard study area: 1) the small gradient in surface
topography and a large variation in micro-relief by the presence of mudflat runnels, old furrows, and
ditches (Whitehouse et al., 2000; Takekawa et al., 2010; Fagherazzi and Mariotti, 2012); 2) the absence
of vegetation (Neubauer et al., 2002; Darke and Megonigal, 2003; Vandenbruwaene et al., 2015), and 3)
the small tidal range and water depths (Mariotti and Fagherazzi, 2013). These three factors result in an
uniform sediment distribution by micro topographic flow paths during low water levels (Hupp et al.,
2008; Temmerman et al., 2005a); sheet flow during high water levels (Vandenbruwaene et al., 2015;
Temmerman et al., 2005a); or a relatively large impact of shear stress (Fagherazzi and Mariotti, 2012)
of wind waves and currents, which hamper sediment settling and/or promote sediment redistribution
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across the tidal flats. However, it could also be argued that the absence of a clear relation between the
total mud sedimentation and the distance to the channel is due to the fact that sedimentation is not
limited by sediment depletion from the flow over the intertidal flats. This would imply that the water
and sediment remain well-mixed across the intertidal flats or that the residence time of water above the
flats is relatively short.

In contrast to studies of van de Koppel et al., 2005; Fagherazzi and Wiberg, 2009; Tonelli et al., 2010;
van Proosdij et al., 2006b, marsh erosion does not significantly contribute to the total sediment budget
of the Kleine Noordwaard study area, where except for one cut bank that was formed by channel mi-
gration, all cut banks are formed by wind wave erosion. A fetch of 400 m and an average water depth of
0.2 m are typical for the study area. According to the approach of Fagherazzi and Wiberg, 2009, which
estimates the maximum wave height and accompanying bed shear stress, wind waves do not exceed a
height of 8 cm for wind speeds up to 15 m s-1 under these conditions of water depth and fetch length.
In accordance with Leonardi et al. (2016) who have shown that bank deterioration is linearly related to
wave energy the low rate of cut bank retreat in the study area can be attributed to the low wave height.
Higher wind waves and an inherent larger rate of cut bank retreat can only occur at the boundary of the
terrestrial zone in the northeast of the area and at the southwest edge of the island. Both locations are
exposed perpendicular to the southwest oriented channels, which are relatively deep and have a long
fetch for the most abundant southwesterly winds. This demonstrates that a short wind fetch length ef-
fectively reduces cut bank erosion and the short fetch is probably the major reason for the low rates of
marsh erosion in the majority of the study area.

In spite of their low height, wind waves cause erosion on tidal flats when the wave-generated shear
stress exceeds the critical bed shear stress for erosion. A critical bed shear stress of 0.35 N m-2 (Mitch-
ener and Torfs, 1996) for sand is only exceeded for typical conditions of fetch and water depth and very
high wind speeds>13 m s-1. However, resuspension of unconsolidated mud with a critical shear stress
of 0.05 N m-2 (Mitchener and Torfs, 1996), already takes place at a wind speed greater than 5.5 m s-1,
which was the case during approximately 20 % of the total study period.This suggests that resuspension
of the newly deposited material at the intertidal flats takes place regularly.

2.4.2 Sediment budget
The results of this study indicate that the area KleineNoordwaard functions as a sediment trap. Both the
net area-averaged sedimentation of 6.4 mm yr-1 for the period since the opening of the polder area and
the estimated actual net area-averaged sedimentation rate of 6.1 mm yr-1 are well within the reported
ranges for net sedimentation on floodplains, wetlands, fresh- and salt-water marshes (see Table 2.1).
Furthermore, the sedimentation in the Kleine Noordwaard is within the range of the mean overbank
sedimentation rates over the last century (0.18-11.55 mm yr-1 with a mean of 2.78 mm yr-1) on the
upstream river floodplains along the River Waal as reconstructed by Middelkoop, 1997 from heavy
metal profiles in floodplain soils of the River Rhine. However, the net sedimentation is larger than the
1-2mm yr-1, reported by Bleuten et al., 2009 for theMariapolder, a re-opened polder area located north
of the River Nieuwe Merwede, close to the Kleine Noordwaard. This is likely due to the fact that the
Kleine Noordwaard study area receives a larger supply of water and sediment from the River Nieuwe
Merwede than the Mariapolder that has only a single inlet/outlet and is only subject to tidal in- and
outflow. This confirms the findings of van der Deijl et al., 2017 and Verschelling et al., 2017 that the
supply of water and sediment is a major factor for the sediment budget of wetlands

The consecutive measurements of channel bathymetry indicate that net sedimentation is consistent,
but that the actual sedimentation rate varies over the years. Although the largest rates of erosion and
sedimentation occurred during the 2011 peak discharge event of the River Rhine, the total erosion and
sedimentation rates have decreased to 37 % of their initial value within 2 to 3.5 years. This is confirmed
by the slightly lower sedimentation of 4.2 mm yr-1, for the period 2014-2015, as determined from the
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field measurements of water levels, flow velocities, and suspended sediment concentrations at both the
in- and outlet of the study area (van der Deijl et al., 2017). The trend of a decrease in erosion and
sedimentation in newly created wetlands was also found by Vandenbruwaene et al., 2012, who found
in a newly created wetland a decrease in the net channel erosion and sedimentation rates towards zero
after 4 years. These findings suggest a further decrease in the contribution of the sedimentation in the
channels to the total sediment budget in the Kleine Noordwaard study area.

2.4.3 Implications for management
The findings of this study have a number of practical implications for future river delta restoration. The
current net area-averaged sedimentation of 6.1 mm yr-1 is just enough to compensate the actual rate
of sea-level rise and soil subsidence in the Netherlands, which are 2 mm yr-1 (Ligvoet et al., 2015) and
0-0.25 mm yr-1 respectively for the Biesbosch (Kooi et al., 1998). However, sedimentation in the area
cannot compensate the high end scenarios for sea-level rise of 0.4 to 10.5 mm yr-1 as calculated for the
Netherlands by Katsman et al., 2011, especially since freshly deposited sediment will compact over the
years and thus result in a lower net sedimentation. According to van der Deijl et al., 2017, the trapping
efficiency of the area amounted to 0.29 for the period July 2014 to March 2015. This low trapping effi-
ciency well matches the purpose of opening the ‘Kleine Noordwaard’ polder, which was to function as
an overflow area to divert floodwater from the River NieuweMerwede towards the south; a rapid silting
up of the channel and tidal area is then undesired as it would reduce the flow capacity of the wetland.
When the objective of opening the polder would shift to using natural sedimentation as a measure for
compensating sea level rise, there is room to enhance the sediment trapping and increase the deposi-
tion rate of the area. This might be achieved in several ways: firstly, deposition in the study area could
be enhanced by increasing the supply of water and sediment to the area, for example by modifying the
inlet geometry. Secondly, lowering wave-generated shear stresses will reduce resuspension at the inter-
tidal flats. This could be achieved by reducing the wind fetch length by the establishment of vegetation
or by the construction of topographic irregularities. Finally, a large proportion of incoming sediment
leaves the area without deposition via the channels through the downstream outlet. Reducing this di-
rect pass-through transfer by increasing the residence time of the incoming water through adapting
the channel course through the wetland, or reducing the outlet size might also increase trapping effi-
ciency and deposition. Such measures to increase the sediment trapping efficiency and sedimentation
rates might also be considered for other wetlands, especially those where current sedimentation rates
are not sufficient to compensate sea-level rise and soil subsidence. Overall, conversion of delta polders
into wetlandsmay be an effective strategy of delta restoration, since sedimentation compensates at least
partly for sea level rise and land subsidence.
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2.5 Conclusions

Field measurements on water and sediment flow, topography and channel depth carried out over an
8-year period (2008-2015) allowed to quantify both the amount and the spatial patterns in deposition
and erosion in the formerly embanked area Kleine Noordwaard in the lower Rhine-Meuse delta. The
main conclusions of this study are:

1. During this period the total sediment budget of the ‘Kleine Noordwaard’ study area amounted
to 37.3 103 m3 yr-1, which corresponds to a net area-averaged sedimentation rate of 6.4 mm yr-1
and an import of 46.8 kton yr-1.

2. Largest rates of sedimentation (14.3 mm yr-1) took place in the channels, and channel sedimen-
tation contributed approximatively 44% to the total sediment budget. Wide intertidal flats and
oversized parallel channels resulted in enhanced sedimentation in the channels during the first
years after opening. Over time, both channel deposition and erosion rates have decreased, re-
sulting in a net sedimentation decreased from 18.5 mm yr-1 to 12.6 mm yr-1, which implies that
the filling-up of the channels tends towards morphodynamic equilibrium.

3. In the intertidal area sand deposition occurs primarily at low lying locations close to the channels,
while mud deposition occurs primarily further away from the channels and inlet. Wind-driven
resuspension of the newly deposited material at the intertidal flats takes place regularly due to
small water depths and the absence of vegetation.

4. A short wind fetch length is probably the major reason for the low rates of marsh erosion in the
majority of the study area.

5. The current net sedimentation is enough to compensate for the actual rate of sea-level rise and
land subsidence, but not for the high end scenarios of sea-level rise. The net sedimentation in
the Kleine Noordwaard study area - and wetlands in general - could be enhanced by altering the
lay-out of the polder channels and the size of the upstream and downstream openings, increasing
the supply of sediment into the area and the residence time within the polder.

6. The conversion of polders in delta areas intowetlandswhere renewed sediment deposition occurs
may be an effective strategy of delta restoration, since sedimentation compensates at least partly
for sea level rise and land subsidence.
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Chapter 3 | Factors controlling sediment
trapping in two freshwater tidal wetlands in the
Biesbosch area, The Netherlands

A thorough understanding of the mechanisms controlling sedimentation and erosion is vital for a proper
assessmentof theeffectivenessof delta restoration.Only a fewfield-based studieshavebeenundertaken in
freshwater tidal wetlands. Furthermore, studies that measured sediment deposition in newly created wet-
lands are also sparse. This paper aims to identify the factors controlling the sediment trapping of twonewly
created freshwater tidal wetlands. Two recently re-opened polder areas in the Biesbosch, The Netherlands
are used as study areas. Field measurements of water levels, flow velocities, and turbidity at both the in-
and outlet of the areas were carried out to determine the sediment budgets and trapping efficiencies un-
der varying conditions of river discharge, tide, and wind in the period 2014 - 2016. Short term sediment
fluxes of the two study areas varied due to river discharge, tide, and wind. A positive sediment budget
and trapping efficiency were found for the first study area, which has a continuing supply of river water
and sediment. Sediment was lost from the second study area which lies further from the river and had a
lower sediment supply. The daily sediment budget is positively related to upstream river discharge, and in
general export takes place during ebb and import during flood. However, strong wind events overrule this
pattern, and trapping efficiencies decrease for increasingwind strengths atmid-range river discharges and
for the highest river discharges due to increased shear stress. Delta restoration, based on sedimentation to
compensate for sea-level rise and soil subsidence, could only be effective when there is a sufficient supply
of water and sediment. Management to enhance the trapping efficiency of the incoming sediment should
focus on directing sufficient river flow into the wetland, ensuring the supply of water and sediment within
the system during a tidal cycle, creating sufficiently large residence time of water within the polder areas
for sediment settling, and decreasing wave shear stress by the establishment of vegetation or topographic
irregularities.

Published as: van derDeijl, E. C.,van der Perk,M., andMiddelkoop,M. (2017), Factors controlling sediment trapping
in two freshwater tidal wetlands in the Biesbosch area, The Netherlands, J Soils Sediments: 17,2620–2636, 2017,
doi:10.1007/s11368-017-1729-x.
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3.1 Introduction

Under natural conditions, deltas are dynamic, river dominated systems, which drown or aggradate in
response to changes in environmental conditions (Giosan et al., 2013). Both sedimentation and organic
soil formation by vegetation contribute to elevation gain and delta aggradation (Reddy and DeLaune,
2008; Calvo-Cubero et al., 2013; Kirwan andMegonigal, 2013; Schile et al., 2014).However,many deltas
are threatened by drowning due to sea-level rise, human-induced accelerated soil subsidence, sediment
starvation due to upstream land use and river management, or increased river discharge (Ibáñez et al.,
1997; Syvitski and Saito, 2007; Syvitski, 2008; Syvitski et al., 2009; Giosan et al., 2014; Ibáñez et al.,
2014; Day et al., 2016b). Since most deltas are densely populated and considered as valuable because of
their inherent ecological value and the ecosystem services they provide (Kirwan and Megonigal, 2013;
Ibáñez et al., 2014), it is essential to prevent them from drowning.

Traditionally, river delta management encompasses hard engineering measures including the con-
struction of artificial structures, such as dikes and dams that protect deltas from flooding. Although
these structures successfully reduce flood risks, they disrupt morphodynamic processes and ecologi-
cal functioning of the system and involve high costs for construction and maintenance (Hudson et al.,
2008). Therefore, it is now often considered to shift the management to soft engineering measures that
aim at a more natural and multifunctional system where dynamic hydrological, morphological, and
ecological processes are restored. Paola et al., 2011 defined river delta restoration as ′′diverting sedi-
ment and water from major channels into adjoining drowned areas, where the sediment can build new
land and provide a platform for regenerating wetland ecosystems′′.This type of river delta restoration is
currently considered or implemented in the Tidal River Management project in Bangladesh (Khadim
et al., 2013), the diversion projects in the Mississippi deltaic plain (DeLaune et al., 2003; Day et al.,
2007; Paola et al., 2011) or in the Atchafalaya subdelta (Roberts et al., 2015; DeLaune et al., 2016), and
the Plan Integrale de Protección del Delta Ebro for the Ebro Delta (Calvo-Cubero et al., 2013).

Delta restoration by means of the creation of new wetlands, whereby sedimentation and organic
soil formation compensates for sea-level rise and soil subsidence, could be an effective approach as
demonstrated by natural cases in the historical past. For example, the Biesbosch area in The Nether-
lands, inundated due to dike breaches during two storm surges and river floods in the beginning of the
15th century, that has effectively trapped all the sand transported by the river Rhine in the subsequent
centuries (Kleinhans et al., 2010). The Saeftinghe area, an intertidal area located in the brackish zone of
the Scheldt estuary, The Netherlands, forms another example. This area has developed from bare tidal
flats to a 1 m higher vegetated marsh within 70 years after the inundation in the late 16th century (Van-
denbruwaene et al., 2013). A recent example is Polder 32, which is located on the tidal delta plain of
southwest Bangladesh. This polder area has received tens of centimetres of newly deposited sediment
after dike breaches and inundation by the Cyclone Aila in 2009 (Auerbach et al., 2015). Increased ver-
tical marsh accretion is also found in several delta restoration projects. For example, the Breton Sound
estuary was restored by diverting water from the Mississippi River (DeLaune et al., 2003). However,
the weir management in marsh areas in coastal Louisiana, USA, (Reed, 1992) and the impoundments
with water-control structures in the Mississippi deltaic plain, USA (Reed et al., 1997) are examples of
river delta restoration that cause a decrease in aggradation.

To assess the effectiveness of delta restoration, quantitative knowledge about the aggradation rates
and a thorough understanding of mechanisms controlling sedimentation and erosion in wetlands are
vital. Previous studies have indicated that sediment deposition in wetlands is controlled by various
factors including the flooding frequency, depth, and duration (French and Spencer, 1993; Middelkoop
and van der Perk, 1998; Reed et al., 1999; Temmerman et al., 2003b;Thonon et al., 2007; Schuerch et al.,
2013), the surface area of the wetland, the suspended sediment load (French and Spencer, 1993; Assel-
man and Middelkoop, 1998; Morse et al., 2004; Noe et al., 2016), and the ability of sediment to settle,
which in turn, depends on sediment flow paths (French and Spencer, 1993; Siobhan Fennessy et al.,
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1994; Reed et al., 1999; Davidson-Arnott et al., 2002; Temmerman et al., 2003b; Anderson and Mitsch,
2007; Mitsch et al., 2014), wind (Orson et al., 1990; Delgado et al., 2013), and vegetation (Darke and
Megonigal, 2003; Temmerman et al., 2005b; Schile et al., 2014; Mitsch et al., 2014). These studies were
mainly conducted in salt marshes or river flood plains; only few field-based studies were undertaken
in freshwater tidal wetlands that represent the transition between these environments. Furthermore,
studies that measured sediment deposition in newly created wetlands are also sparse.

This paper aims to identify the factors controlling the sediment trapping of freshwater tidal wetlands.
We use two recently re-opened polder areas in the Biesbosch, The Netherlands, as study area, taking
advantage of the differences in geographical setting and boundary conditions of the two nearbywetland
areas that are similar in climate conditions and tidal range. We measured water levels, flow velocities,
and turbidity at both the in- and outlet of the areas to determine the sediment budgets and trapping
efficiencies under varying conditions of discharge, tide, and wind.

3.2 Materials andmethods

3.2.1 Area description
The Biesbosch (see Fig. 3.1a and b) comprises a 9000 ha wetland in the lower Rhine and Meuse delta in
the southwest of The Netherlands. In the 19th century large parts of the wetland were embanked and
reclaimed as polders for agriculture (De Bont et al., 2000; Rijsdorp et al., 2006; Noord-Brabant, 2009).
The Biesbosch has become a completely human regulated area by local drainage and water level control
of the polders, upstreamweirmanagement, and themanagement of the downstreamHaringvliet storm-
surge barrier, that has been operational since 1970, as part of the Delta Project to protect the lower lying
Netherlands against the sea (Rijkswaterstaat, 2011).

The latest developments in the water management of the Biesbosch area comprises the Room for
the River (RfR) initiative, a large national flood prevention programme to improve the discharge ca-
pacity as well as the economic and environmental quality of the Dutch rivers (Rijkswaterstaat, 2016).
In the framework of the RfR initiative, water and sediment have been reintroduced in several previ-
ously embanked areas of the Biesbosch. We studied the sediment trapping of two of these areas: Kleine
Noordwaard (Fig. 3.1c) and Zuiderklip (Fig. 3.1d).

The Kleine Noordwaard study area was depoldered inMay 2008 by connecting the inlet in the North
(KNW-N in Fig. 3.1c) to the Nieuwe Merwede, a branch of the River Waal, which is, in turn, the major
distributary of the River Rhine. The River Rhine has an average discharge of 2200 m3 s-1 and an average
suspended sediment concentration of 15 mg l-1 at the German-Dutch border located 85 km upstream
from the Kleine Noordwaard. In the Kleine Noordwaard, the major flow direction is from north to
south and water and sediment leave the area through the outlet in the south (KNW-S in Fig. 3.1c). The
channels in the Kleine Noordwaard study area were constructed with a width of 120 m, a maximum
depth of 3 m and lateral slopes of 1:20. A bridge restricts the channel at the inlet of the study area to
a width of 75m and a maximum depth of 2.5 m. Alongside the channels 150 - 300 m wide intertidal
areas are present, which have an elevation of 0.3 - 0.7m aboveDutchOrdnanceDatum (NAP) (Rijsdorp
et al., 2006). The sandy material, which was dug out of the channels, was used to create islands or to
protect the remaining dikes. The area is composed of deep open water (18%), mud flats (31%), and a
terrestrial zone (51%).

The Zuiderklip study area is located further away from the rivers Rhine and Meuse. The area was
depoldered in 2011. There are three connections to surrounding channels and there is a water divide
in the middle of the area. The channel in the south-east (ZK-SE in Fig. 3.1d) is the major inlet, the
channel in the west (ZK-W in Fig. 3.1d) is the major outlet, and the channel in the north-east (ZK-NE
in Fig. 3.1d) is a minor outlet of the area. The major inlet ZK-SE is connected to a branch of the river
Meuse, which supplies the water and sediment.TheRiverMeuse has amean discharge of 230m3 s-1 and
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an average suspended sediment concentration of 15 mg l-1 at the Eijsden monitoring station near the
Belgian-Dutch border located 250 km upstream from the study area. The channels in the Zuiderklip
study area are narrower and shallower than the Kleine Noordwaard channels. They have a width of 60
to 90 m, a maximum depth of 2.2 m, and lateral slopes of 1:3 to 1:20. The intertidal areas are about 100
m wide and have an elevation of 0.5 m above NAP (Noord-Brabant, 2009). The area is composed of
deep open water (9%), mud flats (56%), and a terrestrial zone (35%).

Water levels in the Biesbosch area are influenced by the tide, which has a range of approximately
0.2 to 0.4 m (according to the water level measurements by Rijkswaterstaat (2016)), wind direction
and speed (measured by Royal Netherlands Meteorological Institute (KNMI 2016) at the surrounding
measurement locations Rotterdam, Gilze-Rijen and Herwijnen), the discharge of the rivers Rhine and
Meuse, and the artificially controlled discharge through the gates of the downstreamHaringvliet barrier
into the North Sea.

Both areas have been depoldered to increase the discharge capacity of the rivers. To reduce the hy-
draulic roughness of the areas, the dry parts aremowed before thewinter period andmost of the vegeta-
tion is effectively shortened through grazing by birds, horses, and cows. The vegetation in the majority
of the terrestial zone can be classified as dry and damp grasslands with at the shoreline some Mentha
aquatica, Schoenoplectus triqueter and Bolboschoenus maritimus. The mud flats are almost bare with
some pioneer species such asHydrodictyon reticulatum, Limosella aquatica,Veronica anagallis-aquatica
and Pulicaria vulgaris. In the summer, there is locally some Myriophyllum spicatum in open water (De
la Haye, 2011; De la Haye, 2012). Table 3.1 summarises the main characteristics and differences of the
two study areas.

Table 3.1: Characteristics of Kleine Noordwaard and Zuiderklip study areas

Kleine Noordwaard Zuiderklip

Depoldered in May 2008 2011
Surface area 5.2 km2 3.45 km2
Channel bed level -2 mNAP -1.75 mNAP
Channel width 12 m 60 - 90 m
Channel side slope 1/20 1/3 - 1/20
Intertidal area width 150 - 300 m 100 m
Intertidal area height 0.3 - 0.7 mNAP 0.5 mNAP
River River Rhine River Meuse
Q₁ year-1 5800 m3s-1 1200 m3s-1
Qavg 2200 m3s-1 230 m3s-1
SSC₁ year-1 260 mg l-1 420 mg l-1
SSCavg 14.8 mg l-1 15.3 mg l-1

3.2.2 Field methods
Permanentmonitoring locations
For this study, permanent monitoring locations were installed at all in- and outlets of the study areas
(Fig. 3.1c and d). Average water level, flow velocity and turbidity were recorded at all locations at a
10-minute interval. Water levels were measured by Vegawell 52 pressure sensors, turbidity by Seapoint
Turbidity Meters (STM’s), and flow velocities by Horizontal Acoustic Doppler Profilers (HADCP’s),
installed at approximately 30 - 40% of the average water depth. Flow velocities in x and y direction
with an accuracy of 5 mm s-1 were measured in nine 1.25 m - 3.00 m wide cells by two OTT Side
looking Doppler profilers of 600 kHz for the permanent monitoring locations (KNW-N) and (KNW-
S) in Kleine Noordwaard, and by three NORTEK Aquadopp 1 MHz sensors for the locations ZK-W,
ZK-NE and ZK-SE in Zuiderklip. A solar panel was used for power supply, and all data were transferred
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to a server once an hour. Because of algal growth, the turbidity measurements were only reliable when
the STM sensors were regularly cleaned. Turbidity measurements including the cleaning of the sensors
in the Kleine Noordwaard took place between July 2014 and April 2015 and in the Zuiderklip between
July 2015 and March 2016.

Additional field campaigns were implemented to acquire suspended sediment concentrations and
measurements of total channel discharge.Thesemeasurements were used for calibration of theHADCP
and STM sensors to obtain time series of channel discharge and suspended sediment concentration for
each monitoring location. For details about the methods and results of the calibration of the HADCP
and STM sensors, we refer to Appendix A.

The calibrated channel discharge and suspended sediment concentrations allowed the calculation
of the total flux of suspended sediment at all permanent monitoring locations as the product of the
channel discharge and SSC. Furthermore, the sediment budgets of the study areas were calculated as
the difference between the incoming and outgoing flux, since accretion due to production of soil organic
material is negligible. The trapping efficiency is defined as the sediment budget, i.e. the amount of
sediment that has entered the area minus the amount of sediment that left the area, divided by the
incoming sediment. This means that positive trapping efficiencies indicate the effectiveness of the area
to trap and store incoming sediment, while negative trapping efficiencies represent the magnitude of
the sediment loss with respect to the incoming sediment.

3.2.3 Relation to controlling factors
To assess the effects of discharge, tide, and wind on sediment trapping, independent measurements
of the upstream river discharge, upstream SSC, wind direction and wind speed were used. Daily mea-
surements of upstream river discharge and SSC at the monitoring locations Lobith (River Rhine at the
German-dutch border, 85 kmupstream) and Eijsden (RiverMeuse at the BelgianDutch border, 250 km
upstream) were provided by Rijkswaterstaat, 2018. Hourly measurements of wind direction and speed
at the surrounding measurement locations Rotterdam, Gilze-Rijen and Herwijnen were provided by
Royal Dutch Meteorological Institute (KNMI, 2018). The representativeness of the wind and discharge
conditions of the monitoring periods for the prediction of the short term sediment budgets and con-
trolling factors since the opening of the polder areas was checked by comparing the statistical wind
and discharge distributions for both the monitoring period and the entire period since depoldering
of the study areas. Subsequently, the upstream discharge and wind data were related to the observed
suspended sediment concentrations, fluxes, and budgets in the study area.

3.3 Results

3.3.1 Representativeness of monitoring periods
Figure 3.2 shows the exceedance probability (PE) of the upstream river discharge (QR) and suspended
sediment concentrations (SSCR) for the two study areas both for the monitoring period and the entire
period after depoldering. Figures 3.2a and b indicate that the range of the observedQR and SSCR in the
Kleine Noordwaard is smaller for the monitoring period than for the entire period since depoldering.
The 10 % lowest river discharges (between 840 and 1300 m3 s-1) and the 5 % highest river discharges
of >4570 m3 s-1 are missing in the monitoring period. Furthermore, the low river discharges (1700
- 3000 m3 s-1) are overrepresented during the monitoring period. A Kolmogorov-Smirnov test shows
that the difference between cumulative distribution of the PE of QR during the monitoring period
and that during the entire period after depoldering is statistically significant at the 5% level (p = 4.03
10-⁸; N = 233; K-S test statistic = 0.20). A similar pattern is observed for SSCR. The SSC is positively
related to discharge. The SSCs below 14 mg l-1 and above 60 mg l-1 are underrepresented during the
monitoring period, whereas the SSCs between 14 and 28 mg l-1 are overrepresented. The difference
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Figure 3.2: Exceedance probability of the upstream river discharge and suspended sediment concen-
tration for the entire period after depoldering (blue) and the monitoring period (red) for the Kleine
Noordwaard (a, c) and Zuiderklip (b, d). Note the different scale of the x-axes for the two study areas

between cumulative distributions of the PE of SSCR during the monitoring period and the the entire
period after depoldering is also statistically significant at the 5% level (p = 8.34 10-1⁹; N = 233; K-S test
statistic = 0.31)

For the Zuiderklip area, the distributions of the QRe and SSCR of the monitoring period and entire
period since depoldering are more similar. The Kolmogororv Smirnov test shows that the discharge
distributions differ significantly at the 5% level (p = 1.51 10-⁴ ; N = 269; K-S statistic = 0.14), but the
SSC distributions do not signifcantly differ (p = 0.19; N = 269; K-S statistic = 0.07). Figures 3.2c and d
show the PE for QR and SSCR of the Zuiderklip area. Although theminimum QR was observed during
the monitoring period, there is a relatively small number of discharges below 200 m3 s-1 and a relatively
large number of discharges between 200 - 280 and over 600 m3 s-1. The maximum discharge observed
during the monitoring period was 1137 m3 s-1, which means that the 1.5 % highest discharges are not
included in themonitoring period. For the SSCR, concentrations between 5 and 7mg l-1 were observed
more frequently, while the higher concentrations were observed less frequently during the monitoring
period, than during the entire period since depoldering. The highest 1.8 % of SSCR is missing in the
monitoring period.

Figure 3.3 shows the wind roses for both the entire period after depoldering and the monitoring
period for the Kleine Noordwaard and Zuiderklip study areas. Compared to the entire period after de-
poldering, S-SWWandNwind events are somewhat overrepresented, andNWwind events are slightly
underrepresented during the monitoring period for the Kleine Noordwaard area. During the Zuiderk-
lip monitoring period strong SSW-SWW events were observed. However, Watson’s U2 Tests show the
difference between the azimuth of the wind directions for the entire period after depoldering and that
of the monitoring period is not significantly different for both the Kleine Noordwaard (p = 6.85 10-12⁵;
N = 33332; U2 statistic = 0.082) and Zuiderklip (p= 1.64 10-2⁸⁷; N = 42211; U2 statistic = 0.11) study ar-
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Figure 3.3: Wind roses the entire period after depoldering (a,b) and the monitoring period (c,d) for the
Kleine Noordwaard (a,c) and Zuiderklip (b,d) study areas

eas. Therefore, we conclude that the wind conditions during the monitoring periods are representative
for the entire period after depoldering.

Based on this analysis, it can be concluded that sediment fluxes for longer periods may be underes-
timated, since events with high discharge and suspended sediment concentrations with return periods
considerably greater than monitoring period are missing in the observed time series.

3.3.2 Data pre-processing
Time series of water level, discharge and SSC

Figure 3.4 shows the time series of water level, channel discharge, and suspended sediment concentra-
tion for all permanent monitoring locations in the Kleine Noordwaard (A) and Zuiderklip (B) study
areas.The incoming discharge at the inlet KNW-N is on average 89m3 s-1 during flood tide with amax-
imum of 191 m3 s-1 during a discharge event. During ebb tide the outgoing discharge is on average 11
m3 s-1 with a maximum of 40 m3 s-1. At KNW-S water is in general exported with an average discharge
of 86 m3 s-1 and a maximum of 178 m3 s-1. Import, with a maximum of 16 m3 s-1, only takes place when
the water level rises rapidly at the onset of flood tide. The incoming discharge at the inlet, the average
water depth and the wet surface area have been used to calculate the water residence time in the Kleine
Noordwaard study area. The residence time, calculated based on the incoming discharge at the inlet,
the average water depth, and the wet surface area, is on average 10 h. and 8 min. at an average water
depth of 0.97 m, but it varies between 5 h. 29 min. (average water depth = 0.98 m) and 18 h. 54 min
(average water depth = 1.07 m) for the respectively highest and lowest river discharge events in the
monitoring period.

In the Zuiderklip study area, there is a larger variation in water flow into or from the study area.
However, it is apparent that in general water is imported at ZK-SE, with an average of 9 and maximum
of 24 m3 s-1 during flood and exported with an average of 3 and maximum of 8 m3 s-1 during ebb, and
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that most of the water in Zuiderklip is supplied through this inlet. Water is in general exported at ZK-
NE (6 to amaximumof 22m3 s-1) andZK-W (10 to amaximumof 29m3 s-1), but import takes place (on
average 7 and 10 m3 s-1 for ZK-NE and ZK-W) when water levels rise during flood. The inflow of water
at these locations occursmore often in summer, when themeanwater level is lower, than during winter.
Because of the lower incoming river discharge, the shallower intertidal area, and a similar wet surface
area, the residence time of water in the Zuiderklip area is larger than in the Kleine Noordwaard. The
residence time is on average 23 h. and 25 min. at an average water depth of 0.61 m but varies between
9 h. 3 min. (average water depth = 0.92 m) and 39 h. 28 min (average water depth = 0.50 m) for the
respectively highest and lowest river discharge events in the monitoring period.

The time series of SSC indicate that in general the highest concentrations of the Kleine Noordwaard,
occur at locationKNW-N, themain inlet of the area, which receives the water and sediment of the River
Rhine. The average concentration at location KNW-N is 26 mg l-1 and the maximum 114 mg l-1, while
it is on average 19 mg l-1, with a maximum of 62 mg l-1 at location KNW-S. The average concentration
of 19 mg l-1 and the maximum concentration of 69 mg l-1 measured at the main inlet of the Zuiderklip
area (ZK-SE) are about the same as measured at the main outlet of the area (ZK-W), where the average
and maximum concentrations were 17 mg l-1 and 96 mg l-1, resp. Furthermore, it is apparent that the
incoming suspended sediment concentrations are in general higher at the Kleine Noordwaard than at
the Zuiderklip study area.

3.3.3 Sediment budget
Total budget
Figure 3.5 depicts the cumulative sediment budget together with the discharge at the main inlet (blue
line) for the Kleine Noordwaard (A) and Zuiderklip (B) during the monitoring periods. This figure in-
dicates that the Zuiderklip study area experienced a net loss of sediment, while the Kleine Noordwaard
area experienced a net gain of sediment. Furthermore, the figure shows that both the cumulative sedi-
ment budget and incoming discharge is about 10 times larger for the Kleine Noordwaard than for the
Zuiderklip study area. The Kleine Noordwaard trapped approximately 12.4 kton throughout the moni-
toring period. This corresponds to an average flux of 764 g s-1, a total sediment accumulation of 2.38 kg
m-2, and an average annual area-normalised sediment accumulation rate of 4.77 kg m-2 yr-1. Based on
an average bulk density of fresh and consolidated mud of 1150 kg m-3 in the study area (van der Deijl
et al., 2018b), this corresponds to an average sediment accumulation rate of 4.15 mm yr-1.

The Zuiderklip study area has a negative sediment budget of -593 kton throughout the monitoring
period, which corresponds to a sediment flux of -30 g s-1, an annual area-normalised sediment loss
rate of -0.28 kg m-2 yr-1, corresponding to -0.24 mm yr-1. Although the Zuiderklip area is subject to an
overall loss of sediment, sediment import takes place during a rise in the average incoming discharge at
the inlet, for example during the moderate discharge event in the first half of January 2016. This trend
can also be observed in the Kleine Noordwaard, where a sharp increase in the import occurs when
the average incoming discharge rises. Although the Zuiderklip area experiences sediment export when
the average incoming discharge decreases at the end of a discharge event, the overall sediment budget
during discharge events is positive.

Controlling factors
River discharge
To analyse the upstream river discharge as controlling factor without the effects of tide, we calculated
daily averaged values of SSC, sediment budget, and sediment trapping efficiency. The discharge at the
main inlets of the study areas is correlated with the upstream river discharge (r= 0.72 for the Kleine
Noordwaard/River Rhine and r= 0.62 for the Zuiderklip/River Meuse). Both the average SSC and the
flow weighted mean SSC at the main inlet of the Kleine Noordwaard area (KNW-N) is larger than at
the main inlet of Zuiderklip (ZK-SE). The ratio of the SSC at the inlet and the upstream river is 1.28 for
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Figure 3.5: Cumulative sediment budget (red) and discharge at the monitoring locations at the main
inlets of (a) the Kleine Noordwaard (KNW-N) and (b) the Zuiderklip (ZK-SE). Note the different scale
of the y-axes for the two study areas

the Kleine Noordwaard and 0.53 for the Zuiderklip area. This indicates that a relatively large fraction of
the sediment of the River Meuse is already lost before the river water enters the Zuiderklip study area
at the main inlet ZK-SE.

Figure 3.6 shows the daily averaged sediment budget and the daily averaged trapping efficiency as
function of the daily upstream river discharge for both the Kleine Noordwaard and Zuiderklip study
areas. Figures 3.6a and b show that for both study areas the daily sediment budget is positively related
to the upstream river discharge. For the Kleine Noordwaard study area, the daily sediment budget
is always positive for upstream river discharges above 3000 m3 s-1. The same threshold is visible in
Fig. 3.6c, which shows that the trapping efficiency of this area is always positive at discharges greater
than 3000 m3 s-1. For the Zuiderklip area, there is no clear threshold, above which both the trapping
efficiency and the sediment budget of the area are always positive.

Although the sediment budget increases with river discharge, the daily trapping efficiency only in-
creases for river discharges of less than 3000 m3 s-1 (Kleine Noordwaard) or 600 m3 s-1 (Zuiderklip). In
both areas, the trapping efficiencies decrease for discharges above these thresholds.

Tide
Figure 3.7 shows the instantaneous 10-minute sediment budget as function of both the daily river dis-
charge and the tidal moment, where red dots indicate flood tide, blue dots ebb tide, and white and grey
dots slack water. The regression line between daily averaged sediment budget and river discharge, in-
dicated with the dotted black line, is used as the threshold for the further analysis of the effects of tide.
From Fig. 3.7 it becomes apparent that for both study areas, almost all sediment budgets during flood
are positive and above the regression line. Only under conditions of very low river discharges, negative
sediment budgets can be observed during flood. Negative sediments budgets are generally observed
during ebb tide. However, for the Kleine Noordwaard, the frequency of positive sediment budgets du-
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Figure 3.6: The daily averaged area-specific sediment budget (a,b) and trapping efficiency (c,d) as func-
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ring ebb increases with increasing river discharges. In these cases, the general trend of export during
ebb is overruled by the increased import of sediment at high river discharge. In the Zuiderklip the sed-
iment budget increases with increasing discharge, both for export during ebb and import during flood.
Furthermore, the incoming and outgoing discharge due to tide (as calculated from the water surface
area and average tidal range) is only 40 % of the observed mean discharge in the Kleine Noordwaard,
whereas this tidal discharge is 63 % of the observed mean discharge in the Zuiderklip. These observa-
tions suggest that the tide has a relatively larger effect on the sediment budget in the Zuiderklip area
than in the Kleine Noordwaard area.

Wind
Despite the general trends observed in the sediment budgets, river discharge, and tide, there are still
some outliers visible in Fig. 3.7. These exceptions include events with net sediment export during flood
(red dots with negative sediment budgets below the threshold for river discharge) or import during
ebb (blue dots with positive sediment budgets above the threshold for river discharge). We hypothe-
sise that these exceptions are caused by extreme wind conditions. To test this, we compared the wind
conditions during these exceptional situations with the wind conditions during the entire monitoring
period (Fig. 3.8).

The wind roses in Fig. 3.8a and c indicate that in the Kleine Noordwaard, strong SW to NW wind
events result in net export during flood. This export cannot be explained by accelerated resuspension
due to wind waves, since the SSC observed at the downstream location KNW-S did not increase during
these wind events. Figure 3.8a and e show that during someNE wind events in the Kleine Noordwaard,
import of sediment takes place during ebb. This import is caused by a relatively large increase in the
incoming discharge and SSC at the upstream location KNW-N and a relatively small increase in outgo-
ing discharge, combined with a decrease in SSC at the downstream location KNW-S. Figure 3.8b and d
indicate that the stronger SSW to SW wind events may result in export of sediment from the Zuiderk-
lip area during flood. Although the inflow of water increases at the downstream location ZK-W, the
outflow at location ZK-NE also increases, while the inflow of water at the most upstream location ZK-
SE is hampered. The decreased inflow at ZK-W and ZK-E causes a net reduction in sediment import
because the SSC is generally higher at ZK-W than ZK-SE. Furthermore, the SE wind results in resus-
pension of sediment in the central part of the area. The increased export of water with elevated SSC
at location ZK-NE causes the sediment budget of the Zuiderklip area to become negative during these
strong SSW to SW wind events. The opposite effect occurs for strong W to NW wind: Fig. 3.8 E and
B show that it is mainly during these events that import during ebb takes place in the Zuiderklip area.
This import arises because W to NW winds increase the flow in downstream/western direction. At the
most upstream location ZK-SE, both the incoming discharge and SSC increase. Although the export
of water at the downstream location ZK-W also increases, the SSC in the outflowing water are low at
this location, which indicates that the sediment is effectively trapped in the area. The impact of these
exceptions on the total sediment budget is however small. Sediment export was found for 7.7 % of the
total flood duration in the Kleine Noordwaard area, and for 12 % of the flood duration in Zuiderklip,
and it accounted for only 0.9 % and 3 %, respectively, of the total export that took place during the
monitoring periods. Import took place during 22.3 % (Kleine Noordwaard) and 5.3 % (zuiderklip) of
the ebb period, but it explains only 5.4 % (Kleine Noordwaard) and 1.6 % (Zuiderklip) of the sediment
import.

Figure 3.9 shows the distributions of hourly trapping efficiency for both the Kleine Noordwaard (A)
and Zuiderklip (B) study area, with respect to different classes of wind direction, wind strength, and
incoming discharge at the main inlet of the study areas. This figure shows the same pattern as shown in
Fig. 3.6. Sediment trapping efficiencies are generally negative during negative or low discharges at the
polder inlet and increase with river discharge. For the Kleine Noordwaard, the trapping efficiency
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becomes generally positive for incoming discharge greater than 150 m3 s-1. The Zuiderklip area gener-
ally starts to trap sediment at incoming discharges greater than about 5 m3 s-1.

In both study areas, the export of sediment during low discharges is greater during south and west-
erly winds. For the mid-range discharge classes, the trapping efficiency decreases with increasing wind
strength. In the Kleine Noordwaard, this effect also occurs during south and westerly winds and dis-
charges less than 50 m3 s-1. In contrast, it seems that less sediment is exported from this area for an
increasing wind strength for north and easterly winds. Except for these situations, the trapping effi-
ciency does not seem to be affected by wind strength at low discharges. The wind strength does also
not affect the trapping efficiency at the highest discharges, except for westerly winds in the Zuiderklip
area, where the trapping efficiency decreases due to a higher wind speed.

3.4 Discussion

In this study we presented the short term sediment budgets and trapping efficiencies of two tidal fresh-
water wetlands and how these budgets and efficiencies change under different hydro-meteorological
boundary conditions.

In the Kleine Noordwaard study area, the mean annual area-normalised sediment budget amounted
to 4.8 kg m-2 yr-1, which corresponds to a net area averaged sediment accumulation rate of 4.2 mm
yr-1. This rate is slightly less than, but in same order as the average net accumulation rate of 5.2 mm
yr-1 over the entire period since depoldering of the area (van der Deijl et al., 2018b). The slightly lower
value found in this study fits well to the observation that accumulation rates have decreased over time
since the opening of the polder area (van der Deijl et al., 2018b).

For the Zuiderklip study area we measured a negative area-normalised sediment budget of -0.28 kg
m-2 yr-1. However, we expected a positive budget, since observations during the field campaigns in-
dicated the presence of a thin, newly deposited mud layer in the area. Moreover, bathymetric maps
provided by Rijkswaterstaat also indicate sediment accumulation in the channels in the Zuiderklip
area between 2012 and 2015. A first explanation of the negative sediment budget calculated for the
Zuiderklip area can be found in the somewhat weaker fits between SSC and STM turbidity (see Table
S2 in Electronic Supplementary Material 1), which may increase the chance of bias in the SSC and sed-
iment fluxes at the monitoring locations. To quantify the effect of the error in SSC measurements on
the estimation of the sediment budget, the temporal autocorrelation function of the SSC measurement
error should be known, which is not the case. Nevertheless, considering the length of the monitoring
period, we assess that the effect of the measurement error is only small and the net sediment budget
of Zuiderklip area is at least very close to zero. A second explanation for the negative sediment budget
can be found in internal production of suspended matter due to algal growth or resuspension. The fact
that the sediment export accelerated during fall (November 2015 - January 2016; see Fig. 3.5b), i.e.
the period when algal growth is minimal, suggests that the suspended matter production by algae only
plays a minor role and that the net sediment export can be mainly attributed to resuspension.

The net area averaged sediment accumulation rate in the Kleine Noordwaard is within the range of
reported overbank sedimentation rates between 0.2 and 11.6mmyr-1 for the upstream river floodplains
along the River Waal (Middelkoop, 1997). Low rates of accumulation of 0.6 to 1.2 mm yr-1 have among
others been found by Craft and Casey, 2000, while high rates of accumulation in the order of 20 - 180
mm yr-1 have been found by Darke and Megonigal, 2003; Mitsch et al., 2014; Auerbach et al., 2015,
and Roberts et al., 2015. Negative sediment budgets, such as found for the Zuiderklip area, have been
reported by among others Sheehan and Ellison, 2015 and van der Wal and Pye, 2004. All these areas
have different boundary conditions controlling the sediment accumulation, but the sediment supply
seems to be the most important factor, which is in line with our results. The average SSC of 15 mg
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l-1 as found in the Biesbosch area is very low compared to other river systems with higher rates of
accumulation.

Apart from the differences in sediment budget, the sediment trapping efficiencies also differ remark-
ably between the study areas. The trapping efficiency amounted to 0.29 for the Kleine Noordwaard
area, whereas it amounted to -0.12 for the Zuiderklip area. Low trapping efficiencies of 0.10 - 0.20 have
been reported by Syvitski et al., 2009 for small, steep-gradient rivers and efficiencies of 0.50 - 0.60 for
larger deltas with multiple distributary channels. Multiple studies on sediment retention have reported
sediment trapping efficiencies between 0.27 and nearly 1.0 for Mississippi and Atchafalaya diversion
systems (Xu et al., 2016), where the trapping efficiency was higher further from the coast (Roberts et al.,
2015; Xu et al., 2016).

The theoretical maximum trapping efficiency based on the settling velocity of the sediment, the res-
idence time of water in the area, the water depth and water discharge entering or leaving the area,
assuming that the suspended sediment is well-mixed across the water depth, reads (Chen 1975; Assel-
man and Van Wijngaarden, 2002):

E = 1 − exp(−ws
A
Q ) (3.1)

Where ws is the settling velocity of the suspended sediment particles (m s-1), A the average water
surface area of the study areas (m2), and Q the average incoming discharge (m3 s-1). The A/Q ratio
corresponds to the ratio between the residence time and the water depth.

Assuming a settling velocity ws of 0.04mm s-1 asmeasured by van der Deijl et al., 2015 on suspended
sediment in water samples from the Kleine Noordwaard, the theoretical trapping efficiency amounts
to 0.72 for the Kleine Noordwaard and 0.80 for the Zuiderklip. The smaller value for the Kleine Noord-
waard is caused by a smaller A/Q ratio due to a higher average incoming discharge, a larger inundation
depth at the tidal flats and a smaller water surface area.

The observed trapping efficiency for the Kleine Noordwaard, however, is considerably smaller than
the theoretical value. This can be attributed to 1) flow or wind-induced turbulence which causes a re-
duction in the effective settling velocity or even resuspension of sediment; and 2) reduced exchange
between the channels and tidal flats which reduces the effective surface area where sediment trapping
takes place. These factors play probably an even larger role in the Zuiderklip area. Here, different sedi-
ment characteristics may play an additional role. Because of its position further away from the feeding
rivers, a relatively large fraction of the sediment of the River Meuse has already been lost before the
river water enters the Zuiderklip area. This becomes manifested in the lower mean SSC at the main in-
let of the Zuiderklip area compared to the mean SSC at the main inlet of the Kleine Noordwaard. This
may cause that the coarser fraction of sediment that readily settles has already been removed from the
water column as it enters the Zuiderklip area. Visual inspection of the filters after filtration and drying
of the water samples, taken at the monitoring locations confirms that suspended sediment entering the
Zuiderklip area is in general finer than the sediment entering the Kleine Noordwaard area. The finer
remaining fraction that enters the Zuiderklip area has a lower effective settling velocity. Although the
lower effective settling velocity and reduced exchange between the channels and tidal flats may consid-
erably reduce the trapping efficiency, these factors cannot explain the negative trapping efficiency for
the Zuiderklip area. The fact that the trapping efficiency is negative can only be explained by internal
sediment production, which we mainly attribute to resuspension.

Resuspension or prevention of sediment settling is caused by increased flow or wind induced shear
stress. The effect of resuspension or prevention of sediment settling due to increased flow velocities
became apparent in the reduced trapping efficiency at discharges greater than 3000 m3 s-1 and 700 m3
s-1 in the respective Kleine Noordwaard and Zuiderklip study areas.This is in line with the results of the
study by Asselman and Middelkoop, 1998, who also observed a decrease in trapping efficiency due to
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increased flow velocities and shear stresses. The effect of resuspension due to wind is illustrated by the
observed enhanced sediment export during south and westerly winds at low discharges in both study
areas. We also observed a decrease in trapping efficiencies with increasing wind strength for the mid-
range river discharges. These findings confirm the findings by Davidson-Arnott et al., 2002, who stated
that not only a large input of SSC (by large river discharges) is required for large amounts of sediment
deposition, but also a low wave activity. van der Wal and Pye (2004), Möller (2006), Fagherazzi et al.
(2007), Delgado et al. (2013), and Fagherazzi et al. (2013) showed that wind wave related shear stress
is decreased by vegetation and topographic irregularities. In our study, this effect was reflected in a
decrease in observed sediment export from the Kleine Noordwaard study area under conditions of
moderately north and easterly winds at low river discharges, since the tidal flats in the north and east
of the Kleine Noordwaard area are characterised by a relatively irregular topography due to vegetated
remnants of old embankments and polder drainage ditches.

In general, sediment import occurs during flood and export during ebb. However, in the Kleine
Noordwaard, net sediment export during ebb becomes increasingly overruled by the increased import
of sediment during high river discharge. This latter effect is nearly absent in the Zuiderklip area, where
the tidal effect is larger than in the Kleine Noordwaard. In the Kleine Noordwaard, the incoming and
outgoing discharge due to tide (as calculated from the water surface area and average tidal range) is
only 40 % of the observed mean discharge, whereas in the Zuiderklip this tidal discharge is 63 % of
the observed mean discharge. If only this tidal in- and outflow is taken into account, the residence
time of the water in both areas and hence the theoretical trapping efficiency (Eq 1.) would increase.
But, because the sediment import is proportional with discharge, the theoretical amount of sediment
trapped under only tidal flow would decrease by 55 % in the Kleine Noordwaard and by 27 % in the
Zuiderklip, when compared to the amount resulting from total discharge. This is in line with the low
sediment accumulation rate of 1 - 2 mm yr-1 measured in the Mariapolder, a re-opened polder area
only subject to tidal in- and outflow, which is located north of the Nieuwe Merwede, close to the Kleine
Noordwaard (Bleuten et al., 2009). Indeed, this rate is about 60 % - 80 % lower than the sediment
accumulation rate we observed in the Kleine Noordwaard, which is dominated by river inflow. Still,
it should be noted that the abovementioned decrease in sediment trapping assumes that the SSCs at
the inlets do not change. Yet, the SSCs will likely decrease in the case of only tidal in- and outflow,
because the lower discharge will also cause an increase in water residence time in the feeding channels
and, consequently, an enhanced depletion of sediment before it reaches the areas. This would lead to
an even further decrease in sediment accumulation in both re-opened polder areas.

Finally, the Zuiderklip area is situated at a larger distance from the feeding river than the Kleine
Noordwaard. Along with the fact that the Meuse River, which feeds the Zuiderklip area, has a lower
discharge than the River Rhine, which feeds the Kleine Noordwaard area. This might lead to situations
that during a tidal cycle the water body within the feeding channels and Zuiderklip is not entirely
replaced with new river water and sediment. Instead, a considerable part of this water may shift in
upstream anddownstreamdirection alongwith the tides, but remainswithin the area, and progressively
loses its sediment within the feeding channels, resulting in low accumulation rates in the Zuiderklip.

Our findings indicate that the Kleine Noordwaard study area has more sediment accumulation and
a higher trapping efficiency than the Zuiderklip study area, because of four reasons: (1) there is a larger
and more constant supply of river water and suspended sediment to the Kleine Noordwaard area when
compared to the Zuiderklip area; (2) the water at the inlet of the Zuiderklip area contains only the finer
sediment fraction that takes not only more time, but also requires more quiescent conditions to set-
tle out than the sediment that enters the Kleine Noordwaard; (3) the exchange of water and sediment
between the channels and tidal flats is more intense in the Kleine Noordwaard due to a larger inunda-
tion depth at the tidal flats and the constant river supply; and (4) the impact of wind and tide is less
prominent in the Kleine Noordwaard area, because of the larger inundation depth at the bare tidal flats,
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the presence of often vegetated topographic irregularities, wider and deeper channels, and larger water
flow velocities due to the constant river supply.

The net area averaged sediment accumulation rate of 4.2 mm yr-1 in the Kleine Noordwaard study
area is just enough to compensate the actual rate of sea-level rise and soil subsidence in the Nether-
lands, which are 2 mm yr-1 (Ligvoet et al., 2015) and 0.5 - 2.5 mm yr-1 for the Biesbosch (Kooi et al.,
1998). However, the accumulation can not compensate the high end scenarios for sea-level rise in the
Netherlands of 0.4 to 10.5 mm yr-1 (Katsman et al., 2011), especially since freshly deposited sediment
will compact over the years and thus result in a lower net accumulation. However, we conclude that
sediment fluxes for longer periods may be underestimated, since events with high discharge and sus-
pended sediment concentrations with return periods considerably greater than the monitoring period
are missing in the observed time series. Furthermore, the role of vegetation in increased sedimenta-
tion of suspended material and accretion due to production of organic material as found by Darke and
Megonigal, 2003; Day et al., 2011; Schile et al., 2014 and DeLaune et al., 2016 is negligible in both the
Kleine Noordwaard and Zuiderklip areas.

3.5 Conclusions

The present study was designed to identify the factors, controlling the sediment trapping of freshwater
tidal wetlands.We used two recently re-opened polder areas in the Biesbosch,TheNetherlands, as study
area, taking the advantage of the differences in geographical setting and boundary conditions of the two
nearby wetland areas that are similar in climate conditions and tidal range. The main conclusions of
this study are:

1. The net sediment accumulation rate in a wetland increases for higher upstream river discharge
due to the associated higher water inflow and suspended sediment concentration at the main
inlets of the study areas. However, a relatively large fraction of the sediment of the River Meuse
is already lost before the river water enters the Zuiderklip study area.

2. Although sediment trapping increases with increasing upstream river discharge, the trapping
efficiency does not increase at high river discharge due to a decrease in residence time and an
increase in shear stress preventing sediment particles to settle.

3. Sediment is in general imported during flood and exported during ebb, but the export during
ebb can be overruled by the increased upstream import of sediment during high river discharges

4. The sediment trapping efficiency decreases with increasing wind strength for mid-range river
discharges because wind waves and associated increased shear stress hampers sediment settling
or even causes resuspension.

Therefore, it can be concluded that the supply of sediment is themajor factor controlling the sediment
budget of a wetland.This not only controlled by the sediment load in themain feeding river, but also by
the proximity of the wetland to the main feeding river. The next major factor is wind which determines
the trapping efficiency.

These findings of this study have a number of important implications for future practice of river
delta restoration. An important practical implication is that delta restoration through the creation of
new wetlands, in which sedimentation compensates for sea-level rise and soil subsidence, could only
be effective when there is a sufficient supply of water and sediment to the newly created wetland. Delta
restoration should therefore aim at optimising the conveyance of sediment from the river or tidal chan-
nels to the wetland. Once the sediment supply is optimised, wetland management should focus on
enhancing the trapping efficiency of the incoming sediment.
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Chapter 4 | Pathways of water and sediment in
the Biesbosch Freshwater Tidal Wetland

Diversion ofwater and sediment into drowning deltawetlands aims at renewed sediment accumulation for
ecosystem regeneration and compensation of sea-level rise and soil subsidence. The success of such mea-
sures requires sound understanding of flow pathways and deposition patterns within wetlands and their
feeding channels. This study aimed to (1) identify suchpathways in a tidal freshwaterwetland in theNether-
lands, (2) determine the relative contribution of the two feeding rivers (Rhine andMeuse) to the water and
sediment budget and (3) explore whether moving boat campaigns can contribute to a comprehensive un-
derstanding of the system. Bed level changewas highest in newly developed areas, where equilibrium sets
in. Sedimentation takes mainly place in channels close to the feeding rivers, where sediment becomes re-
plenished each tidal cycle. Distal tidal channels receive only water poor in sediment during flood tide and
experience erosion. Short term changes in suspended sediment load, measured during moving boat cam-
paigns were generally consistent with average long-term changes in bed level. This means that short-term
field measurements can not only be used to explain the processes, but also to predict the longer-term de-
velopment of the major part of the study area.

Published as: van der Deijl, E. C., van der Perk, M., and Middelkoop, M. (2018), Pathways of water and sediment in
the Biesbosch Freshwater Tidal Wetland, Wetlands: online first, 2018, doi:10.1007/s13157-018-1071-0.
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4.1 Introduction

Although current flood protection measures, including dams, levees, storm-surge barriers, or other
engineered structures, have been quite successful in reducing flood risk in deltas, the longer-term sus-
tainability of such engineering measures have been called into question. The main reason for this is
because they disrupt the morphodynamic processes and ecological functioning of the system, cannot
cope with high end scenarios of Sea-Level Rise, and involve high costs for construction, maintenance
and improvement (Hudson et al., 2008; Ibáñez et al., 2014; Temmerman and Kirwan, 2015; Tessler et
al., 2015). Therefore, alternative approaches have been put forward to re-establish the natural building
of land, using the natural dynamics and resilience of the water system itself by restoration of the dy-
namic hydrological, morphological and ecological processes of the river and delta wetlands (Brouwer
and van Ek, 2004; Hudson et al., 2008; Temmerman and Kirwan, 2015).

Diverting water and sediment from major channels into adjoining areas to enhance sedimentation
for land building is considered an effective strategy to prevent further wetland loss in case accretion
due to production of organic material is limited. However, large differences in trapping efficiency and
sediment budgets were not only found for different delta areas over the world, but also for different
compartments within one delta. Mitsch et al., 2014; Lane et al., 2006; Noe et al., 2016; van der Deijl et
al., 2017; Verschelling et al., 2017 have shown that the supply of sediment is themajor factor controlling
the sediment budget and trapping efficiency of a compartment. This supply is not only controlled by
the sediment load, but also by flow paths to the compartment (van der Deijl et al., 2017). Hence, to
identify potential restoration areas and re-establish effective building of land in deltas with a rising sea,
a thorough understanding of the system is essential (Temmerman and Kirwan, 2015; Hua et al., 2016).
For this, we need quantitative knowledge of flowpaths of water and sediment, aggradation rates, and the
mechanisms controlling sedimentation and erosion in a delta system. Previous research has indicated
the sedimentation rates and controlling factors of wetlands along rivers, estuaries, and coasts. However,
very little attention has been paid to the hydro-morphodynamics of wetlands located in the transition
zone between the fluvially dominated and tidally dominated zones of a river delta.

The research presented here provides one of the first field data-based assessments into the water
flow and sediment dynamics in a freshwater tidal channel-wetland system, where new wetlands have
been developed. For this, we aim to identify the flow paths of water and sediment in the Biesbosch, a
small inland delta within the lower Rhine and Meuse delta, in the southwest of the Netherlands (see
Fig. 4.1).This area forms a network of channels that connect previously embanked areas, in whichwater
and sediment have been reintroduced by newly created river diversions. This channel- freshwater tidal
wetland system serves to divert excess water during peak discharges of the Rivers Rhine andMeuse, but
at the same time functions as dynamic ecosystem and trap of fluvial sediment.We take the advantage of
differences in river connectivity and boundary conditions of the channels and their surrounding wet-
lands, which are however similar in climate conditions and tidal range.The differences in the boundary
conditions are caused by the fact that the Biesbosch receives water and sediment from both the river
Rhine and Meuse, of which the Meuse has a relatively low discharge and suspended sediment concen-
tration. Specific objectives of this study were to determine the major flow paths of water and sediment
to, within, and out of the system and to determine the relative contribution of the feeding Rivers Rhine
and Meuse to the sediment budget of the channels and surrounding wetlands. Moreover, this study ex-
plored the usefulness of synoptic moving boat measurements for gaining a quick overview of sediment
transport and pathways in deltas within a short period of time. We hypothesize that synoptic moving
boat measurements provide insight in the availability of sediment for land building within a short pe-
riod of time. This is essential for the selection of river sections and adjacent potential restoration areas
to re-establish effective building of land. Also, the effectiveness of newly created river diversions could
be assessed in a short period of time after their implementation. For this purpose, we compared sed-
iment budgets using existing series of observations of channel depth with sediment budgets derived
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Figure 4.1: Elevation above DutchOrdnance Datum (mNAP) (b), schematisation of themain channels
and their type before depoldering (c), and schematization of the channels after depoldering (d) of the
Brabantse Biesbosch study area. The year of opening and the main flow direction of the new channels
is given in (d).

from synoptic field surveys to document water flow and sediment concentrations within the Biesbosch
freshwater tidal channel-wetland system.

4.2 Methods

4.2.1 Study area
The Biesbosch comprises a 9000-ha freshwater tidal wetland in the lower Rhine and Meuse delta in the
Netherlands (see Fig. 4.1).The area developed after the catastrophic inundation of the area as a result of
the St. Elisabeth flood, a combination of two North Sea storm surges and two floods of the River Rhine
between 1421 and 1424 AD (Zonneveld, 1959).

The Biesbosch has become a completely human-regulated area by local drainage and water level con-
trol of the polders, upstream weir management in the Rivers Rhine and Meuse, and the management
of the downstream located Haringvliet storm-surge barrier. Because of this storm surge barrier, which
has been operational since 1970, the tidal range in the study area has been reduced from approximately
1.9 m to 0.2 – 0.4 m (de Boois, 1982). Consequently, the former areas with rush or reed culture devel-
oped to lush willow woods, grasslands, overgrown reed lands, and into embanked agricultural areas.
Furthermore, the reduction of the tidal range has resulted in the development of shallow lagoons, the
filling in of the deeper channels, a large decrease in intertidal area, and erosion of levees and banks.
The channel banks are now often steep and - especially along the larger northeast-southwest oriented
creeks - have been armoured by riprap to prevent erosion.
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This research focused on the Brabantse Biesbosch, which is located between the River Nieuwe Mer-
werde (in the north) and the River Amer (in the south), which are the downstream reaches of the
respective Rivers Rhine and Meuse (Fig. 4.1). Water levels in the study area are influenced by the dis-
charge of the Rivers Rhine and Meuse, tide, and wind direction and speed. Increased river discharge
events are in general concurrent in the Rivers Rhine and Meuse. The tide is mixed semi-diurnal and
has an average period of 12.5 hours, of which the tide rises on average 5 hours. Within the channel
network, tidal amplitude increases with river discharge and with distance to the feeding river. Most
creeks in this area are fed by the River Amer (Meuse), which enters the study area in the southeast and
by the flood current from the southwest, which delivers also water of the River Nieuwe Merwede into
the southwest of the study area. Although there is a tidal water level variation at the Nieuwe Merwede,
there is no upstream flood current in this channel, not even during periods of low river discharge.

In the framework of the Room for the River (RfR) initiative, a large national flood prevention pro-
gramme to improve the discharge capacity as well as the economic and environmental quality of the
Dutch rivers (Rijkswaterstaat, 2016), water and sediment have been diverted to previously embanked
areas in the Biesbosch area. This action is also referred to as ‘depoldering’. Since 2008 water of the River
Nieuwe Merwede also enters the northwestern part of the study area through a newly created inlet
in the dike (see Fig. 4.1d). Other areas have been depoldered in 2011 and 2015. Consequently, mul-
tiple channels have been changed from tidal channels (dark green in Fig. 4.1c) to second-order river
channels (light blue in Fig. 4.1d). Furthermore, several channels (light green in Fig. 4.1d) have been
developed during the depoldering in 2015. These channels are in general tidal dead-end channels, with
a downstream connection to the old channel network. However, during high river discharges with el-
evated water levels, they become first order through-flowing side channels receiving water from the
River Merwede via a spill-way at their upstream end.

4.2.2 Data collection
Todetermine the sediment budget and the spatial pattern of sedimentation and erosion in the Brabantse
Biesbosch freshwater tidal wetland, existing datasets as well as field measurements were used.

Bathymetric data
The sediment budget and the spatial pattern of sedimentation and erosion in the existing navigable
channels of the study area were determined using existing bathymetric data measured by Rijkswater-
staat. In 2007 and 2013, Rijkswaterstaat measured bed elevation of the channels using a multi-beam
Simrad EM3002d echosounder combined with Netpos/long-range kinematic (LRK). The data were
processed to a 1 m resolution grid in Quality Positioning Services (QPS) QUINSy 8.0 (Ad Schipperen
(Rijkswaterstaat CIV), personal communication, 2015). The channel bed elevation in the area that was
depoldered in 2008 (yellow in Fig. 4.1d) wasmeasured in 2009 and 2012.The rate of change in bed level
elevation was calculated by the difference in bed elevation divided by the time period passed between
the bathymetric surveys.

Synoptic sampling of flow dynamics
Within the period 26-11-2015 to 13-5-2016, 13 moving boat campaigns were carried out to obtain
synoptic snapshots of water flow velocities, directions, and origin, and suspended sediment concen-
trations. During the moving boat campaigns turbidity, electrical conductivity, water depth, and flow
velocities were measured. For this a Seapoint Turbidity Sensor, an Electrical Conductivity Sensor, a
single beam echosounder, a GPS, and a Vertical Acoustic Doppler Profiler (VADCP) were mounted
at the side of a steel boat at a depth of approximately 25 cm below the water surface. The steel of the
boat interferes with the internal compass of the VADCP, so two additional aligned GPS systems were
installed to determine the direction, pitch and roll of the VADCP. The turbidity sensor was calibrated
using water samples collected in the field. The suspended sediment concentration (SSC), water depth,
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and electrical conductivity (EC)were recorded each second. Flow velocities and channel dischargewere
determined by navigating a zigzag course with diagonal tracks across the channels.

Electrical conductivity measurements were used to distinguish the distribution and mixing of water
from the River Rhine and River Amer, based on the higher electrical conductivity of Rhine water (Ri-
jkswaterstaat, 2018). The River Rhine has an average conductivity of 63.28 mS m-1 with a coefficient of
variation of 0.11, while the electrical conductivity of the River Amer is on average 46.23 mS m-1, with
a coefficient of variation of 0.26. For each field campaign the electrical conductivity measurements
were normalized with the electrical conductivity as measured in channel section Spijkerboor, which is
completely filled with water from the River Amer.

Measurements took only place during daylight, so each campaign covered approximately 8 hours
(two third) of the tidal period. Boat tracks and coverage of the tidal period are shown in Appendix. B.1,
which shows the raw data of water flow relative to the tidal period, SSC and EC measured during the
moving boat campaigns. The monitoring period was characterized by average discharges of the Rivers
Rhine and Meuse, except for the field campaign on 17-02-2016, which took place during a slightly
raised river discharge (see Fig. 4.2). Unfortunately, river discharges with a return period of more than
7 days per year did not occur during the monitoring period.
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Figure 4.2: The field campaigns are shown relative to the discharge of the River Rhine (Rijkswaterstaat
measurement location Tiel, 48 km upstream (Rijkswaterstaat, 2018)), and River Meuse (Rijkswater-
staat measurement location Keizersveer, 1 km upstream (Rijkswaterstaat, 2018)). The colour shows the
Rijkswaterstaat river discharge warning code, for lowered (blue,±13 days a year), normal (green,±343
days a year), raised (yellow,±7 days a year), high (orange, once in 5 to 10 years), or extreme (red, once
in 1250 years) river discharge.

4.2.3 Data analysis
Subdivision of the study area
Todescribe and compare the sediment budgets, established fromexisting series of observations of chan-
nel depth with the sediment budgets derived from the synoptic field surveys, the channels of the study
area have been divided in sections (Fig. 4.3). For this the study area was divided in four subareas, south-
east, northeast, northwest, and southwest respectively. Tidal and river side channels were identified and
numbered for these subareas.The river side channel section S7, had no upstream connection to the river
before 2015 (Fig. 4.1d).

Channel section sediment budgets
To determine the channel sections’ sediment budget, cross-sections, perpendicular to the thalweg of the
channel, were determined for each VADCP transect. For this the digital height model of the area and
the main flow direction, as measured during the field campaigns was used. The suspended sediment
load SSL (g s-1) at a cross section was calculated using equation [4.1]:
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SSL =

n∑
i=1

SSCi × Qi (4.1)

Where n is the number of width increments in the cross section, SSCi the mean suspended sediment
concentration in the ith increment of the cross section (g m-3), and Qi the discharge over the ith incre-
ment, which is determined from the mean flow velocity over the increment (m s-1), the mean water
depth (m) and the increment width (m). For each cross section the flow weighted mean concentration
(FWMC [g m-3]) was determined to exclude the effect of differences in load, which may result from
variations in the proportion of total channel width that was covered by the measurements. The FWMC
was calculated with equation [4.2]:

FWMC =
SSL∑n
i=1 Qi

(4.2)

In this equation, the total suspended sediment load (SSL [g s-1]), is divided by the sumof the discharge
over the increments (Qi [m s-1]). The difference in suspended sediment Load (ΔSSL [g s-1]) and the
sediment trapping efficiency (Etrap [-]) between the upstream and downstream ends of the channel
sections, was calculated using equation [4.3] and [4.4]:

ΔSSL = (FWMCdownstream − FWMCupstream) × Qsection (4.3)

Etrap =
(FWMCdownstream − FWMCupstream) × Qsection

FWMCupstream × Qsection
(4.4)

Where,Qsection represents the average discharge over the channel sections (m3 s-1), andFWMCupstream
and FWMCdownstream the FWMC (g m-3) at the start and end of the channel sections. The trapping
efficiency of a channel section (see Fig. 4.3) was however only determined when the difference be-
tween the discharge at the up and downstream edge of the channel section is no larger than 20% of the
upstream discharge.

The differences in SSL were standardized to gradients in SSL along a channel section, by dividing
ΔSSL by the length of the sections, so channel section budget is shown per m channel length in g s-1
m-1.

4.3 Results

4.3.1 Changes in channel bed elevation
Figure 4.4 shows the change in channel bed elevation in m yr-1, between 2007 and 2013. For the north-
ern part of the area, which was depoldered in 2008, the annual change in channel bed elevation was
determined for the period 2009 - 2012. The figure shows that erosion takes place in the smaller tidal
channels in the southwest of the study area, and near the inlet and outlet of the newly depoldered area.
Sedimentation is observed in the wider and deeper channels. Locally, sedimentation takes place in the
inner bend, while the outer bend erodes. Although e.g. the displacement of bedforms and outer bank
erosion function as internal sources of sediment, the main source of sediment is external. Channel bed
sedimentation was on average 12.8 mm yr-1 during the period 2007 - 2013. Largest changes in bed
elevation were observed in the newly de-poldered wetland (channel section S5), with maximum local
bed level aggradation rates of about 1.0 m yr-1 and local bed-level lowering rates of about 1.4 m yr-1.

Figure 4.5 presents the average change in channel bed elevation for the channel sections. Most chan-
nel sections show a rise of the channel bed level over the period 2007-2013, indicative for net sediment
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northwest (T14, S5-S7), and southwest (T15-T21, S8-S9) of the study area.

trapping. Especially, the northern part of the study area, and all river side channels sections are char-
acterised by a positive sediment budget. Negative sediment budgets are only found in tidal channel
sections T1, T4, T9, T17, and T18 in the southwest of the study area.

4.3.2 Flow dynamics, SSC and EC
Measurement data
Figure 4.6 shows the raw data of water flow, SSC and ECmeasured during themoving boat campaign of
01-04-2016 to illustrate the type of data and spatial patterns obtained during all field campaigns. This
moving boat campaign occurred in clockwise direction through the study area, starting during low
tide in the southeast, with arrival at the start of flood tide in the southwest, high tide in the north and
it ended during ebb tide in the southeast of the area. Fig. 4.6a shows the cross-sectional averaged flow
velocity and direction. This figure also indicates that measurements in the study area were collected
during different moments in the tidal cycle. Fig. 4.6b and c show the lateral and longitudinal variation
in suspended sediment concentration and electrical conductivity, as measured along the zigzag course.
The satellite image in Fig. 4.6 d shows an instantaneous snapshot of the spatial pattern of SSC at 1 April
2016 10:50AM. The location of the boat, at this moment, is indicated by the square in Fig. 4.6a, b, and
d. The raw data of the other field campaigns is shown in Appendix. B.1.

4.3.3 Flow pathways
Figure 4.7 shows the distribution of the depthmean flow velocity of all monitoring campaigns, averaged
over flood tide (red) and ebb tide (blue).Thefigure indicatesmost channels have a southwest orientation
with flow to the southwest during ebb tide, and to the northeast during flood tide. The flow direction
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Figure 4.4: The change in channel bed elevation in m yr-1 over the period 2007-2013, and over the
period 2009-2012 for the area, depoldered in 2008.

Figure 4.5: Change in channel bed elevation [m yr-1] averaged over the channel sections.
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Figure 4.6: Flow magnitude and direction during a tidal period (a), suspended sediment concentration
(b), and electrical conductivity (c) of the moving boat campaign of 01-04-2016. The Sentinel2A RGB
10m resolution image (d) was taken at 10:50. The location of the boat, at this moment, is indicated by
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Figure 4.7: The depth mean flow velocity of all monitoring campaigns, averaged over flood tide (red)
and ebb tide (blue).The square boxes show the locations of slack tide, as observed during the individual
monitoring campaigns.

also changes in the smaller often north-south orientated tidal channels. However, no change in flow
direction was observed in the larger north-south orientated side channel of the River Amer (channel
section S1-S3), located in the east of the study area. In the tidal channels, the observed average and
maximum flow velocities are larger for ebb (0.12 – 0.48 m s-1) than for flood tide (0.09 – 0.17 m s-1).
Although a similar pattern is observed in the river side channels, the magnitude of the flow velocities
is slightly larger with values of 0.18 - 0.39 m s-1 for ebb tide, and 0.10 up to 0.27 m s-1 during flood tide.

During flood tide of the individual measurement campaigns, slack water (red boxes in Figure 4.7)
was observed at different locations in section S4 in the northeast of the study area. The location of slack
tide was observed more westwards for the monitoring campaigns with a relatively higher discharge of
the River Amer. During the monitoring campaigns, slack water was observed both during flood and
during ebb tide in channel sections T5, T7, and T17 (black boxes in Fig. 4.7). Since the secondly de-
poldered area (purple in Fig. 4.1 , tidal channel section T7 in Fig. 4.3) was developed to divert excess
water of the River Amer during peak discharge events, it is likely that these zones of slack tide in channel
sections T5, T7, and T17 of the study area move westwards or even disappear during peak discharge
events of the River Amer.

The EC of the channel water is shown in Fig. 4.8, which shows the electrical conductivity relative
to the measurements across section S1 of the side channel of the River Amer (black box), for all field
campaigns. The spatial variation in relative EC within the area reveals the relative contribution of Mer-
wede and Amer water within the channel network. A relative conductivity of 1 represents water of the
River Amer, which has the lower EC of the two feeding rivers. An increase in the relative conductivity
thus represents an increased proportion of water of the River Nieuwe Merwede. The relative EC pat-
tern within the network indicates that the River Amer feeds the channels in the south of the study area
(relative EC below 1.1) during all field campaigns. The small variations in the relative electrical con-
ductivity, in this part of this area (i.e. in T4 and T6) may be attributed to volumes of older water from
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Figure 4.8: Electrical conductivity (EC) of the channel water during all field campaigns, relative to the
EC as measured across channel section S1 of the side channel of the River Amer (black box). Relative
conductivities over 1 represent a higher proportion of water of the River Nieuwe Merwede.

the River Amer, which is characterized by a relatively large temporal variation (coefficient of variation
of 0.26 within a few days) in EC (Rijkswaterstaat, 2018). In the southeast and North-eastern part of
the study area there is almost no contribution of water originating from the Merwede, in spite of the
tide-driven changing flow direction in most of these channels.

In channels in the northwestern part of the study area, relative electrical conductivities between 1.3
and 1.5 are found (in S7 and S5, in the northern part of S6, and in the west of S4). These channels
transport water from the River Nieuwe Merwede, since they are located downstream of the new river
diversions of the River Nieuwe Merwede, originating from the in 2008 and 2015 depoldered areas
(yellow and red in Fig. 4.1). Strikingly, in spite of the tide-driven changing flowdirection, there is almost
no mixing of water in the major part of the study area. Mixing is only found in the west of side channel
section S4, and in sections S6, S8 and S9, in the middle of the study area. These channel sections form
the division between water of the Rivers Nieuwe Merwede and Amer, since most water of the River
Nieuwe Merwede is found north of and in the northern part of these channels (relative EC of 1.3-1.5),
while a relative EC up to 1.1 is found in the south.

A relatively large variation in the relative conductivity is found in section S4. Relative conductivities
over 1.1 are distributed further to the east during flood tide and relatively low river discharges of the
River Amer, than during ebb tide or during higher discharges of the River Amer. This variation in the
distribution of water with a higher relative conductivity is caused by the outflow of water from the in
2008 and 2015 depoldered areas (yellow and red in Fig. 4.1). This water, originating from the River
Nieuwe Merwede, with a higher relative electrical conductivity is mainly found in the northern part of
the side channel, but mixing and an eastwards distribution of this water takes place during flood tide
and lower river discharges.
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4.3.4 Suspended sediment load
Figure 4.9 shows the incoming suspended sediment load (SSL in a, b), and the difference in suspended
sediment load (gradient in SSL in c, d) over the channel sections, as average of all field measurements
during flood (a, c,) and ebb tide (b, d). All data of the individual measurement campaigns has been
aggregated over the respective ebb and flood phase, since no direct significant effect of the river dis-
charge, or smaller tidal periods on the difference in SSL of the river sections was observed for the field
campaigns (see Appendix. B.1.1). Figure. 4.9 shows that most side channels have a higher incoming
load during ebb than during flood tide, while the incoming load in the tidal channels is higher during
flood tide. Furthermore, the incoming load is the highest in side channels sections S4, S6, S8, and S9,
located in the northern part of the study area. These channel sections are located downstream of the
newly depoldered wetlands, and receive water of the River Nieuwe Merwede, originating from the in
2008 and 2015 depoldered areas (yellow and red in Fig. 4.1).

The gradient in SSL is close to zero in the major part of the study area, especially during flood tide,
when the incoming load is small for most channel sections. In contrast, larger differences in SSL are
observed during ebb tide in side channel sections S2, S3, S4, S6, and S9.

Although not all channel sections were measured during ebb and during flood tide, the measure-
ments indicate that the major part of the study area functions as a local sink for sediment both during
flood and ebb tide.The trapping efficiency of these channel sections is on average 0.18 with amaximum
of 0.63. However, it is striking that sections S4 and S6, in the northeast of the study area, function as a
sink or experience no change in load during flood tide, but form a source during ebb tide. Furthermore,
a positive change in SSL, indicative for erosion, was measured in channel section S4, which is however
characterized by a long-term net channel deposition (see Fig. 4.5). This inconsistency likely arises due
the multiple lateral sources of water and sediment in this section, which were not all covered by the
measurements in the field campaign. The increase in SSL along these channels is especially large dur-
ing ebb tide, when lateral sources supply water rich in sediment. This sediment originates both from
the newly developed permanent water diversion of the River Nieuwe Merwede (yellow in Fig. 4.1), and
from the tidal channels of the in 2015 depoldered area (red in Fig. 4.1), which are not represented in
the 2007 - 2013 bathymetric changes.

On the other hand, tidal channel section T19, in the center of the study area functions as a source
during flood tide and a sink during ebb tide. This channel is located in the middle of the study area,
at a relatively large distance from the rivers. The water flow entering these distal channel sections has
a low SSL, both during flood and during ebb tide. The low electrical conductivity values (see Fig. 4.8)
with minor variations resulting from volumes of older water, and ionic changes induced by photosyn-
thesis in stagnant water Talling, 2009, indicate that the water originates from the River Amer, which is
characterized by a relatively large temporal variation(Rijkswaterstaat, 2018). Apparently, no complete
flushing occurs here during a tidal cycle, rendering the residence time of the water in this part of the
study area to be long, probably in the order of multiple days to weeks.

4.4 Discussion

In the present studywe used observations at twodifferent time scales to determine the pathways and fate
of sediment in a freshwater tidal channel-wetland system, where new wetlands have been developed.
These observations comprised bathymetric maps of the Brabantse Biesbosch Freshwater TidalWetland
system recorded at a time interval of several years and synoptic field observations of water flow velocity
and SSC at a time interval of several weeks. Comparison of the bathymetricmaps indicated the channels
in the study area function as a sink for sediment, with an average sedimentation rate in the channels of
12.8 mm yr-1. Largest changes in bed level, up to 1.38 m yr-1, were observed in the newly depoldered
wetland (yellow in Fig. 4.1).These results correspond to those of D’Alpaos et al., 2007; Vandenbruwaene
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Figure 4.9: Incoming suspended sediment Load (SSL; in a, and b), and δSSL (c, d) of the channel sections
for flood (a, c) and ebb tide (b, d).

et al., 2012, who found rapid changes in channelmorphology during the first years of newly constructed
marshes, until the cross-sectional areas of the channels were in equilibrium with tidal discharge. This
tendency towards morphodynamic equilibrium was also identified for a newly depoldered wetland in
the Biesbosch, by the analysis of consecutive bathymetric maps by van der Deijl et al., 2018b.

4.4.1 Measurement survey

Changes in SSL measured during our surveys were in general consistent with long-term changes in
bed level of the channel sections. This means that the short-term measurements not only help under-
standing the processes of water and sediment flow through the area, but also allow determining the
longer-term development of the major part of the study area. However, a positive change in SSL, in-
dicative for erosion, was measured in channel section S4, in the northeast of the study area, which is
characterised by a long-term net channel deposition. This means that although the short-term mea-
surements help understanding the processes of water and sediment flow through the area, they cannot
directly be used to predict the longer-term sediment budget of all channel sections in the study area.
For this it is necessary that separate synoptic field campaigns are not only combined, but also spatially
and temporarily compared to each other. In the case of section S4, the synoptic field measurements in-
dicate that the apparent inconsistency might arise from two likely causes. One is that there are multiple
lateral sources of water, and sediment in this section, which were not all covered separately by the mea-
surements in the field campaign. Observed increases in SSL as observed in section S4 were especially
large during ebb tide, when lateral sources, originating from the newly developed area, supply water
rich in sediment. This high input of sediment from this newly developed area may be explained by the
fact that channels have been dug, dikes have been lowered and farmland has been converted to bare
intertidal area, which is prone to resuspension by shear stress of wind waves in low water depths (Ford
et al., 1999; Braskerud, 2001; Pethick, 2002; Mitsch et al., 2014; van der Deijl et al., 2017; Verschelling
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et al., 2017). The second cause is the temporarily eastward movement of the water and sediment dur-
ing flood tide, which results in abrupt differences in the suspended sediment concentration over the
channel, since almost no mixing takes place with the water, low suspended sediment concentration
that comes in from the east. Thus, to develop a full picture of the short-term changes in SSL and to
predict the longer-term sediment budget of all channel sections in the study area, additional extensive
field campaigns would be needed that focus on the transport and mixing around each lateral source
of water. This may reduce the size of the channel sections over which budgets are averaged, and thus
would provide a higher spatial detail of the sediment budget in the channel system. Nevertheless, field
surveys carried out during short periods of time provide insight in the long-term spatial patterns of
sedimentation and erosion, and understanding of how the observed patterns relate to the sources of
sediment delivered to, exported from, or stored within the channels and there surrounding lush wil-
low woods, grasslands, and overgrown reed lands. These patterns and system understanding cannot be
obtained from high-frequency measurements at only a few monitoring locations. The synoptic mea-
surements of water flow and suspended sediment may be applied to other delta areas elsewhere in the
world to identify water and sediment budgets in the delta system, provide insight in the availability of
sediment and to select river sections for effective land building diversions. Furthermore, they can be
used to assess the effectiveness of newly created river diversions in a short period of time, before new
restoration plans are developed.

4.4.2 Within-wetland sediment pathways and sinks

The two rivers are themajor source of sediment deposited in the channels of thewetland. Channels with
a direct connection to the feeding river supply sediment to the distal parts of the area. Locally, some
erosion and internal redistribution of sediment within the wetland channels occur. Upstream supplied
sediment is transported in downstream direction through the major side channels of the River Amer
and Nieuwe Merwede, but the water flow in most of these channels reverses in direction along with the
tides. The sediment load conveyed into the area decreases away from the feeding rivers. Accordingly,
the sediment budget for distal channels is relatively low or even negative, both during flood and during
ebb tide, compared to the sediment budget of proximal channels.

Most sediment is supplied by the River Nieuwe Merwede, though one inlet in the north. Two major
reaches of this channel supply the suspended sediment to the northwest and north of the study area.
Furthermore, tidal currents result in dispersion towards dead-ending channels in the northeast. In spite
of the tide-driven changing flow direction in channel section S4, S6, S8 and S9 (Fig. 4.3), there is almost
no mixing of this water with sediment-depleted water of the River Amer (Fig. 4.8), originating from
the East of the study area (S1-S3, Fig. 4.3). Most water of the River Nieuwe Merwede is flows along
the northern bank of these channels, seperately from the water of the River Amer along the south-
ern channel bank. Despite the tidal difference in water level, most channels in the north of the study
area function as through-flowing side channels of the River Nieuwe Merwede, with a net downstream
transport of water. Consequently, these channels receive a new upstream supply of water and sediment
each tidal cycle. In contrast, channels in the south are fed by the River Amer, for which the discharge
is lower than that of the River Nieuwe Merwede. Hence, the downstream tidally exchanged volume of
water is relatively large during conditions of low or average river discharge. As a result, the water body
within the channels is not entirely replaced with new river water and sediment during a tidal cycle for
these conditions. Instead, the water flow direction may shift in upstream and downstream direction
along with the tides, and progressively loses its sediment, resulting in low accumulation rates. Still, new
sediment is brought in with the flood phase at the tidal channels, directly connected to the River Amer.

The results from this study indicate that two types of channels can be identified in the study area (see
Fig. 4.10): 1) proximal channels where sediment becomes replenished each tidal cycle; 2) distal chan-
nels, which receive water depleted from river sediment. These channel types can be further subdivided
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Figure 4.10: Generalized channel types and patterns of suspended sediment concentrations in tidal
freshwater wetlands dominated by a) river flow (from left to right) and b) both river flow and tidal
flow (relative flow is indicated by the arrows). Both figures show two different types of channels as
observed in the study area: 1) proximal channels where sediment becomes replenished each tidal cycle;
2) distal channels, which receive water depleted from river sediment. Channel subtype A is comprised
of dead-ending channels that only receive new sediment during the floodphase. Subtype B represent the
up- and downstream connected channels, which receive sediment throughout the entire tidal cycle via
their upstream connections and via their downstream connection only during the flood phase. When
the length and residence time of these channels is long enough for depletion of the upstream delivered
sediment, the downstream part of this channel becomes subtype C, which also receives sediment only
during the flood phase. In figure a), the tidal influence is relatively small, so sedimentmainly penetrates
the upstreampart of the area. In figure b) the sediment penetrates less far into the river side channel , but
during the flood phase, sediment penetrates farther into the downstream reaches of the side channels.

in subtype A,B and C. Subtype A comprises dead-ending channels which receive new sediment during
the flood phase. Subtype B represent the up- and downstream connected channels, which receive sed-
iment at their downstream connection during the flood phase, and at their upstream connection over
the entire tidal cycle. However, when the length and residence time of these channels of subtype B is
long enough for depletion of the upstream delivered sediment, the downstream part of this channel
becomes subtype C, which has both an upstream and downstream connection to the river, but only a
downstream supply of river sediment during the flood phase. The penetration of sediment into the sys-
tem is influenced by the relative contribution of the tide. Sedimentmainly penetrates the upstream part
of the system (see Fig. 4.10a), when tidal flow is relatively low compared to the river discharge. How-
ever, sediment mainly penetrates the downstream part of the system, when tidal influence increases
(see Fig. 4.10b).
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In the study area, the sediment budget was the lowest or even negative in channel sections of type
2A and 2B that are far away from the feeding river. Generally, the channels that received the largest
volume of river water, and were closer to the rivers had the highest rates of sedimentation. A similar
relationship between riverine input of sediment, distance and sedimentation has been shown in other
studies. For example, Noe et al., 2016 found greater sedimentation in the upper reaches of freshwater
tidal wetlands due to greater availability of fluvial sediment, while sedimentation in the lower reaches of
those wetlands was limited, because river sediment load had been exhausted due to settling in the upper
reaches. Another example is the study of Lane et al., 2006, who has shown that sites that received the
greatest volume of river water and were closer to the new Mississippi diversions had the highest rates
of wetland surface elevation increase and vertical accretion. Furthermore, Mitsch et al., 2014 found
higher sedimentation rates closer to the inflow than at the outflow of two flow-through wetlands at
the Olentangy River Wetland Research Park (Columbus, Ohio - USA). Studies of Leonard, 1997; Reed
et al., 1999; van der Deijl et al., 2017; Verschelling et al., 2017 indicated that also at a smaller scale, the
proximity of the marsh surface to the source of the sediment to be an important factor for deposition.
Such relationship between sedimentation and channel position occur at a range of scales.

Enhancing sedimentation by deliberate breaching during floods or redirecting part of the river dis-
charge towards newly developed wetlands is a measure that is often used to prevent drowning (e.g.
Giosan et al., 2014; Temmerman and Kirwan, 2015). This observational study suggests that the design
of new constructed wetlands by river diversions should consider the types of channels in a delta system,
that we have identified in this study. It is also important to consider the contribution of tide relative
to river discharge, because this influences the penetration of sediment into a delta system. An efficient
channel wetland lay-out would comprise multiple diverging channels. Especially diversions entering
dead ending wetlands should be located close to the feeding river (type 1A and 1C), so river water
rich in sediment is transported in each tidal cycle. Through flowing diversions with adjoining wetlands
should be limited in length, so not all sediment has been progressively lost with distance from the feed-
ing river. New diversions and wetlands along existing distal channels (type 2A and 2B) will probably be
ineffective for land building, because they will only receive a small volume of water, already depleted
from sediment.

4.5 Conclusion

This study was performed to identify the pathways for water and sediment transport in freshwater tidal
wetlands in a case study for the Brabantse Biesbosch, taking advantage of the differences in geographical
setting and boundary conditions of the channels and surrounding within this system. The findings of
our study show that the Brabantse Biesbosch functions in general as a sink for sediment. Channel bed
sedimentation was on average of 12.8 mm yr-1 over the period 2007 – 2013, with highest rates in the
newly depoldered areas. The two rivers are the major source of sediment, and both the sediment load
and the sediment budget decrease with distance away from the feeding rivers.

Within the study area, two different types of channels can be identified that function in a different
way in the sediment pathway network of the wetland (Fig. 4.10) 1) proximal side channels of the rivers;
2) distal tidal channels. Sedimentation takes mainly place in the proximal channels and surrounding
wetlands (type 1A), which have an upstream supply of sediment that becomes replenished each tidal
cycle. Tidal channels in the middle of the study area, at a large distance from the feeding rivers (type
2A and 2B), experience erosion, since they receive only water poor in sediment during the flood phase.

The results of this investigation complement the insight of earlier studies in both freshwater tidal
wetlands, and in oligohaline- and salt marshes of multiple delta areas over the world, that the sedi-
ment supply and flow paths to the compartment are factors determining the sediment budget of that
compartment.The study shows that the distance of the wetland to the source of the sediment is the ma-
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jor controlling factor of the sediment budget. The tidally exchanged volume of water results in a back
and forewards transport of water and sediment. consequently the water body within most channels is
not entirely replaced with new river water and sediment during a tidal cycle. However, because of the
tidal exchange there is a downstream supply of sediment in dead ending channels during flood tide.
When the objective of a new constructed wetland would be using natural sedimentation as a measure
for compensating sea level rise and soil subsidence, the design should consider the differences between
the three generic types of channels feeding the wetland that we identified in our study. An efficient
wetland lay-out would comprise multiple channels of type 1, with limited length, so not all sediment
has been progressively lost with distance from the feeding river. Dead ending tidal channels should be
located relatively close to feeding river, so water rich in sediment is transported in at their downstream
boundary during the flood phase.

Synoptic moving boat measurements are useful for gaining a quick overview of sediment transport
and pathways in deltas within a short period of time. This study shows that synoptic measurements of
water flow, EC and SSC were in general consistent with long-term changes in bed level of the chan-
nel sections. Therefore, these synoptic measurements can be used to predict the magnitude, direction
and mixing of water and sediment fluxes, and the longer-term development in wetland systems in a
short period of time. These methods used for this study may be applied to other delta areas elsewhere
in the world to identify water and sediment budgets in the delta system, provide insight in the avail-
ability of sediment and to select river sections for effective land building diversions. Furthermore, the
effectiveness of the newly created river diversions can be assessed in a short period of time, before new
restoration plans are developed.
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Chapter 5 | Sedimentation rates in a tidal
freshwater wetland affected by river restoration
measures and climate change

Many tidal wetlands are at risk of drowning due to sea-level rise. A detailed understanding of the link be-
tween the hydro-morphodynamics and the layout of the wetland helps to predict the effectiveness of pro-
posed restoration activities. This investigation takes the form of a case study of the Brabantse Biesbosch
tidal freshwater wetland located within the lower Rhine and Meuse delta in the southwest of the Nether-
lands. The objectives were to determine how sedimentation rates and trapping efficiencies are affected by
recent river diversions and to evaluate the effect of climate change (CC) and restoration of the tidal am-
plitude, which is currently reduced by a storm surge barrier downstream. We carried out a scenario anal-
ysis using a 1D model of the water flow and suspended sediment transport of all major river branches of
the Rhine-Meuse estuary and the channel network of the Brabantse Biesbosch. The results show that the
study area currently functions as a sediment sink except during periods of peak flow of the feeding rivers.
Although the recently constructed river diversions supply the area with extra water and sediment during
peak flow, the eroding power of the passing water causes increased resuspension from the wetland, which
is far larger than the increase in sedimentation due to the extra influx of sediment. Climate change causes
a drop in net sedimentation rates due to themore frequent overtopping of diversion structures and subse-
quent increase in resuspension during river floods. Restoring the original tidal range in the study area does
not lead to enhanced sedimentation in the study area, because the increased tidal prism leads to increased
bed shear stresses and a subsequent increase in resuspension during the transition from flood to ebb tide.
The results suggest that the suspended sediment concentration (SSC) of the feeding river is a critical factor
for wetland restoration because it controls the balance between the total sedimentation and resuspension
of sediment: the SSC of the feeding rivers of the studied area is so low that it may limit the effectiveness of
depoldering as a means of wetland restoration.

Unsubmitted Manuscript: van der Deijl, E. C., Verschelling, E., Sedimentation rates in a tidal freshwater wetland
affected by river restoration measures and climate change
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5.1 Introduction

Large-scale riverine, estuarine, and coastal restoration activities are currently proposed or implemented
in delta areas over the world, for example in the Mississippi Deltaic Plain (DeLaune et al., 2003; Day et
al., 2007; Paola et al., 2011), and the Tidal River Management projects in Bangladesh (Ibne Amir et al.,
2013; Gain et al., 2017). These restoration activities are designed with the intention to compensate for
the loss of land caused by a combination of sea-level rise, soil subsidence, and reduced sediment supply
due to upstream river normalisation, construction of dams and sedimentmining. Climate change (CC)
is expected to increase the rates of sea level rise and peak river discharges, and therefore boosts the
urgency for measures to compensate for the loss of land (Ibáñez et al., 1997; Syvitski and Saito, 2007;
Syvitski, 2008; Syvitski et al., 2009; Giosan et al., 2014; Ibáñez et al., 2014; Day et al., 2016b). One of
these measures is the diversion of water and sediment from major channels into adjoining areas to
enhance sedimentation for land building. It is considered to be an effective strategy to prevent further
wetland loss, especially in the case that accretion due to the production of organic material is limited
(Hudson et al., 2008; Ibáñez et al., 2014; Temmerman and Kirwan, 2015; Tessler et al., 2015).

Although several restoration projects with new river diversions have resulted in increased rates of
accumulation (e.g. in the Breton Sound estuary, and the Wax Lake Delta in the Mississippi Deltaic
Plain (DeLaune et al., 2003; Day et al., 2007; Paola et al., 2011)), not all restoration projects have been
effective, sometimes simply because the accumulation rate was too low or unfavourably distributed. In
the Bangladesh Beel areas, uneven patterns in sedimentation created drainage congestion, which led to
unequal economic opportunities and social conflicts for land owners, and resulted in the early termi-
nation of local river diversion projects (Ibne Amir et al., 2013; Gain et al., 2017).This demonstrates that
detailed understanding of the link between the hydro-morphodynamics and the layout of the wetland
is essential to predict the effectiveness of proposed restoration activities under current conditions and
altered conditions due to CC.

Previous research has indicated that the supply of sediment is a major factor controlling sedimenta-
tion rates of wetlands along rivers, estuaries, and coasts (Neubauer et al., 2002; Mitsch et al., 2014; Lane
et al., 2006; Noe et al., 2016; van der Deijl et al., 2017; Verschelling et al., 2017). It is controlled by the
suspended sediment concentration (SSC) of the feeding river and flow paths to the wetland. Sedimen-
tation rates and patterns inside wetlands are controlled by tide and wind (Orson et al., 1990; Delgado
et al., 2013), vegetation cover (Pasternack and Brush, 2001; Darke and Megonigal, 2003; Temmerman
et al., 2005b; Schile et al., 2014; Mitsch et al., 2014; Nardin and Edmonds, 2014; Nardin et al., 2016),
and wetland properties such as average water depth, distance to creeks, and wind fetch lengths (French
and Spencer, 1993; Siobhan Fennessy et al., 1994; Reed et al., 1999; Davidson-Arnott et al., 2002; Tem-
merman et al., 2003b; Anderson andMitsch, 2007; Hupp et al., 2008;Mitsch et al., 2014). However, still
little attention has been paid to the hydro-morphodynamics within tidal freshwater wetlands. Further-
more, the response of the hydro-morphodynamics to CC and the development of new river diversions
are not yet fully understood.

This study aims to further the understanding of the controls of sediment dispersal within tidal fresh-
water wetlands and to quantify the impacts of CC and river deltamanagement on this internal sediment
distribution. This investigation takes the form of a case study of the Biesbosch, a large tidal freshwater
wetland (TFW) located within the lower Rhine and Meuse delta in the southwest of the Netherlands.
The area comprises a complex network of tidal and flow-through channels, surrounded by wetlands.
As part of a flood control project, water and sediment have been reintroduced in several previously
embanked areas by means of newly created river diversions and partial removal of embankments. The
research presented here provides one of the first investigations into the hydro-morphodynamics of a
distributed fluvial system with a tidal component. van der Deijl et al., 2018a carried out field surveys
to identify the flow pathways and deposition patterns within the Biesbosch TFW. However, these re-
sults were based upon field data collected during low or average river discharges. Because of the lack
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Figure 5.1: Study area. Locations KNW-N, KNW-S, ZK-W, ZK-NE and ZS-SE denote measurement
stations in the area. The dashed areas indicate former polder areas that were turned into new wetlands.

of conditions with high flows during the monitoring period, it was not possible to establish long-term
sediment budgets, or the response of the hydro-morphodynamics to changing boundary conditions,
such as climate change. Therefore, the objectives of this research are threefold: 1) to determine contem-
porary accumulation rates and patterns of sediment deposition within the Biesbosch channel-wetland
system, the total volume of trapped river sediment, and trapping efficiencies for the present situation
including the recently developed wetlands, 2) to assess the effect of the recently constructed river di-
versions on sediment dispersal and accumulation, and 3) to assess the effect of climate change and
restoration of the original tidal amplitude on the accumulation rates. For this study we used an existing
and calibrated 1D SOBEK3 hydrodynamic model of all major river branches of the Rhine-Meuse es-
tuary, which we extended with a suspended sediment transport module. We used this model to carry
out a scenario analysis to identify the quantity and pattern of accumulation of river supplied sediment
in the Biesbosch area for the present situation, the situation before the wetland restoration, three CC
scenarios, and a river delta management scenario. The model results for these scenarios in terms of
sediment budgets, trapping efficiencies, and the sediment distribution patterns were compared to the
present situation.

5.2 Methods

5.2.1 Study area
The study area comprises the Brabantse Biesbosch, a tidal freshwater wetland located between the River
Nieuwe Merwerde in the north and the River Amer in the south, which are the downstream reaches
of the respective Rivers Rhine and Meuse (Fig 5.1). The hydraulic regime in the study area is mixed
semi-diurnal with an average period of 12.5 hours, of which the tide rises on average 5 hours. At longer
timescales, water levels are determined by the discharge of the Rivers Rhine andMeuse, which generally
have concurrent river discharge patterns, especially during the larger events, and storm surges at sea.

The flow regime in the Brabantse Biesbosch is strongly affected by anthropogenic measures, includ-
ing polder embankments within the area, upstream weirs in the Rivers Rhine and Meuse, and the Har-
ingvliet sea barrier in the Haringvliet estuary downstream. This barrier, which has been operational
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since 1970, has reduced the tidal range in the study area from approximately 1.9 m to 0.2 – 0.4 m
(de Boois, 1982). The reduction in tidal range led to the formation of shallow lagoons, the filling in
of deeper channels, a large decrease in intertidal area, and erosion of levees and banks. Consequently,
channel banks are now often steep and - especially along the larger northeast-southwest oriented chan-
nels - have been armoured by riprap to prevent further erosion. Over the years, former areas with rush
or reed culture developed to lush willow woods, grasslands, or overgrown reed lands, while other areas
were turned into embanked agricultural areas (De Bont et al., 2000).

Since 1999, water and sediment have been diverted from River Nieuwe Merwede to previously em-
banked areas in the northern section of the Biesbosch. These diversions were constructed for tourism,
nature development, or as part of the Room for the River (RfR) project, a large national flood preven-
tion programme aimed at improving the discharge capacity as well as the economic and environmental
quality of the Dutch rivers (Rijkswaterstaat, 2016). The last diversions were constructed in 2015, when
several dead-end channels in the northern part of the wetland were converted into feeding channels
that connect the River Nieuwe Merwede to the existing channel network inside the wetland. A number
of spillways at the river side of the new connections ensure that the channels only discharge water and
sediment during peak discharge events, effectively lowering flood water levels along the upstream river
branch (Boven Merwede). It is expected that the newly developed wetlands have a major influence on
the hydro-morphodynamics of the Biesbosch area, because: 1) the total storage area of the Biesbosch
has been doubled, 2) there is now a permanent upstream supply of water and sediment from the river
Rhine, and 3) several embankments have been lowered, so water and sediment of the rivers Rhine and
Meuse can spill over and provide an extra input of water and sediment during peak discharge events.
The new upstream river connection is therefore expected to result in an enhanced upstream supply of
sediment, a better connectivity of the channels sections in the Biesbosch, and a concomitant higher
sedimentation rate in the Biesbosch area, than in the situation with only the downstream supply of
sediment.

5.2.2 Model set-up
For this study, we used the SOBEK3 software suite (Deltares, 2018b) to model hydrodynamics and
sediment transport in the study area. The following sections describe the set-up of the hydrodynamic
and sediment transport model in detail.

Hydrodynamicmodel
We used an existing and calibrated hydrodynamic model of all major river branches of the Rhine-
Meuse estuary, described by Deltares, 2016, as a basis to simulate hydrodynamics in our study area
(Fig. 5.2). The composite cross sections include adjacent intertidal flats, marshes, and floodplains, and
were defined at an interval of approximately 500m, and additionally close to structures such as weirs
and gates. Cross sections comprise both a flow area (the main channels) and a non-conveying storage
area (e.g. the tidal flats or the floodplains). The division between flow and storage area was determined
for each cross section by using a 2D model to simulation a range of stationary discharges and evaluate
flow velocity patterns at the corresponding (tide-averaged) water levels. The model contains all ma-
jor structures and associated operation rules, most importantly the storm surge barriers in Haringvliet
and Nieuwe Waterweg. The model has upstream discharge boundaries at Hagestein on the river Lek
(HS in Fig. 5.2), Tiel on the river Waal (TI), and Lith at the river Meuse (LI), and downstream water
level boundaries at the river mouth of Nieuwe Waterweg (MM) and at Haringvliet estuary (H1 and
H2). The computational time step is one minute. The model was calibrated for the entire Rhine Meuse
estuary for the year 2016 (Deltares, 2016). It already contained the larger branches in the Brabantse
Biesbosch. However, some (smaller) branches that were also important for our research were missing.
Therefore, we added these to the network using bathymetric data (Rijkswaterstaat, 2018), and the Dig-
ital Elevation model of the Netherlands (Actueel Hoogtebestand Nederland, 2017). Furthermore, cross
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Figure 5.2: Model set-up. (A) Extent of the 1D model and locations of the 1D model boundary con-
ditions: Maasmond (MM), Haringvliet estuary (H1, H2), Hagestein (HS), Tiel (Ti), and Lith (Li). (B)
Visualisation of the 1D branch network inside the study area.

sections in the Zuiderklip area were updated to represent the present situation of this newly depoldered
area. The adapted hydrodynamic model was evaluated against the original model for the mean error
(ME) and the root mean squared error (RMSE) between the predicted and measured water levels at the
Rijkswaterstaat measurement locations of Moerdijk, Keizersveer, and Werkendam.

Sediment transport model
Suspended sediment transport, resuspension and settling of the cohesive sediment were modelled with
the Krone-Partheniades equations (Partheniades, 1965), available in the SOBEK3 framework with the
DELWAQ water quality module (Deltares, 2018a). Following the model parameterization used by Ver-
schelling et al., 2017 for amorphologicalmodel of theKleineNoordwaard area, we defined one cohesive
sediment fraction with properties specified in Table 5.1. We used the approach developed by Sanford
and Halka, 1993; Van Maren et al., 2011 to model sedimentation in depositional systems, in which the
deposition flux depends on the settling velocity and suspended sediment concentration only. The ero-
sion flux is computed with an excess bed shear stress (Tb > Tcr) and a resuspension parameter (EP).
The calibration parameters and their range are specified in Table 5.2.

Table 5.1: Settings FLOW and DELWAQ models

Parameter Unit Value
Computational time step FLOWmodel min 1
Computational time step DELWAQmodel min 5
Bulk density sediment fraction (mud) kg m-3 504
Effective settling velocity mm s-1 0.04

Table 5.2: Sediment transport model calibration parameters and range

Parameter Unit Min Max
Critical shear stress for resuspension Nm-2 0.15 0.25
Resuspension parameter kg m-2 s-1 0.00001 0.01
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A constant SSC of 11.0 and 6.8 mg l-1 was applied at the downstream located boundaries of Nieuwe
Waterweg and Haringvliet estuary. These values are the average SSCs as measured by Rijkswaterstaat
at the SSC monitoring stations Beerkanaal midden and Haringvlietsluis for the period between 01-
01-2000 and 31-12-2017. Sediment rating curves at the upstream boundaries (see Fig. 5.3) were con-
structed following the procedure described by Asselman, 2000, using discharges and SSCs from Rijk-
swaterstaat monitoring stations Tiel and Vuren for the river Rhine and stations Megen and Keizersveer
for the river Meuse for the period between 01-01-2000 and 31-12-2017. These stations are the closest
at the upstream model boundaries. Discharge monitoring stations Tiel and Megen are located at the
model boundary, but the SSC monitoring stations of Vuren and Keizersveer are located at respective
distances of 38, and 60 km downstream of the upstream model domains. To account for these differ-
ences in location, a synthetic rating curve was established for the model boundary based on the mea-
sured discharges and SSCs predicted using a linear relation between discharge and the loss of sediment
between the upstream model boundary and the SSC measurement stations.

A simple calibration of the sediment transport model was carried out manually following the ap-
proach described by Van Maren et al., 2011 for observed SSCs at five fixed gauging stations in the study
area (see van der Deijl et al., 2017, and Fig. 5.1), using the calibration parameters and a-priori ranges
described in Table5.2. These ranges were based on a combination of available literature and expert
judgement. We used both the root mean square error (RMSE) and the mean error (ME) as calibration
criteria and selected the set of calibration parameters that gave the lowest average value of these two
parameters. Unfortunately, a calibration on bed level changes was not possible because these are also
affected by bed load transport of coarser material, a process that is not included in the current mod-
elling approach. We believe that this is not an issue because this research focuses primarily on trends
in sedimentation patterns rather than bed level changes.

5.2.3 Scenario analysis
Present situation
Suspended sediment transport, resuspension and settling of the cohesive sediment have beenmodelled
for the present situation of the Biesbosch study area (see Fig. 5.1) for the period March 2014 - March
2018. This period was selected because it contained both the 2014-2016 monitoring and model valida-
tion period with relatively low and average river discharges, and the peak discharge event of January
2018 that had a magnitude associated with a five-year recurrence time. Rijkswaterstaat had provided
time series of measured discharge (1-hour) for the upstream boundaries at Hagestein on the river Lek,
Tiel on the river Waal (TI) and Lith at the river Meuse (LI), and the 10-minute variation in water lev-
els at boundaries at the river mouth of Nieuwe Waterweg (MM) and at Haringvliet estuary (H1 and
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Figure 5.3: Sediment rating curves at the upstream boundaries Tiel (a) and Lith (b), established using
discharges and SSC’s from Rijkswaterstaat monitoring stations Tiel and Vuren for the river Rhine and
stations Megen and Keizersveer for the river Meuse
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H2). Suspended sediment concentrations (SSC) were specified for the upstream boundaries using the
sediment rating curves described in section 5.2.2.

The total supply, the trapping efficiency, and the distribution of the trapped sediment in the Bies-
bosch study area were analysed for the period 2014 - 2016. The upstream supply of river sediment was
determined from the modelled discharge and SSC at the sections in the Rivers Boven-Merwede and
Amer, located just upstream of the first inlets of the Biesbosch study area. In the same way, the total
amount of sediment imported in the Biesbosch study area was determined from the sum of the incom-
ing discharge and SSC at the first channel section of each inlet of the Biesbosch study area. Similarly, the
export of sediment from the Biesbosch area was determined using the outgoing discharge and the SSC
at the channel sections at each inlet of the Biesbosch study area.The trapping efficiency of the Biesbosch
was determined by dividing the total amount of accumulated sediment by the total import of sediment
in the Biesbosch study area. To determine the contribution of the accumulation in the channels and
surrounding wetlands of the newly developed areas (see Fig. 5.1) to the total accumulation in the Bies-
bosch study area, the budget for these channels was determined separately and included in the analysis
as the budget of newly developed wetlands.

Effect of newly developed wetlands
Two scenarios were defined to analyse the combined effect of the expected larger water flow corre-
sponding increase in bed shear stresses and sediment supply resulting from the implementation of
the newly developed wetlands. To assess the effect of the newly developed wetlands on the hydro-
morphodynamics of the Biesbosch for the years 2014 - 2018, the hydro-morphodynamics of the present
modelled situation was compared to a model scenario without the newly developed wetlands. For this
the scenario No new wetlands was defined, in which the newly developed channels and wetlands were
excluded from the present model schematisation.

TheLowered dikes scenariowas defined to examinewhether a further reduction in height of the dikes
of the newly developed wetlands with a concomitant extra upstream supply of water and sediment and
increased shear stresses will result in enhanced net sedimentation or net erosion in the Biesbosch area.
In this scenario, the upstream located dikes of the newly developed wetlands, which were lowered to
2 m above Dutch Ordnance Datum (NAP) during the development of the new wetlands, were further
lowered by 1 m to 1 m +NAP in the model schematisation.

The SSCs in the Rivers Rhine and Meuse have median values on the order of 20 - 30 mg l-1, and
therefore the supply of sediment to the Brabantse Biesbosch is relatively low compared to the sediment
supply to other delta wetlands. To test whether the patterns in sedimentation are consistent for an
increase in SSC, the supply of sediment of the River Rhine and Meuse was increased 10 times for the
present situation and the scenarios No new wetlands and Lowered dikes.

Effect of climate change & futuremanagement options
The effect of climate change on sedimentation patterns was analysed for the so-called 2050GL and
2050WH climate change scenarios developed by the Dutch meteorological institute KNMI (van den
Hurk et al., 2014). These scenarios were developed specifically for the Netherlands and translate pre-
dicted changes in global air circulation patterns and temperatures into local changes in hydro-meteorological
parameters over the period 2010 - 2050. The 2050GL scenario couples a 4 % increase in precipitation
with 0.15 to 0.3 m increase in mean sea level at the North Sea coast compared to the reference climatic
period (1981 - 2010), and the 2050WH scenario a 5 % increase in precipitation with 0.2 to 0.4 m in-
crease inmean sea level. For this research, we assumed a) 2050 as the horizon year, because this fits well
with the KNMI scenarios and is frequently used in other studies (e.g. IPCC, 2007; Verschelling et al.,
2018) and b) themost extreme values of the expected SLR for both scenarios (i.e. 0.3 m for 2050GL and
0.4 m for 2050WH). A 2050 scenario without any climate change (2050REF) was included as reference
scenario, giving a total of three climate change scenarios (2050REF, 2050WL and 2050GH).
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The three climate scenario runs were carried out using yearly synthetic time series of discharges at
the upstream model boundaries (locations Li, Ti and Ha in Fig. 5.2), water levels at the downstream
boundaries (H1, H2 and MM), and WSW winds over the entire model domain (Table 5.3 and Fig. 5.4).
These synthetic time series were constructed using the following approach, adopted from Verschelling
et al., 2018: First, starting with scenario-specific time series of daily discharges at Hagestein, Tiel and
Lith for the period 1-1-1967 to 1-1-2007 (Verschelling et al., 2018), we applied an iterative optimization
algorithm using random seeds to construct yearly time series of discharges. Because it was ensured
that certain statistical properties (the marginal probability density distribution and auto-covariance
function of the signals) were identical to those of the original 40-year time series, the synthetic time
series are representative for the characteristics of the original time series. Second, for the water level
time series at the downstreamboundaries, first a distinction between the so-called carrier signal (setup)
and a residual signal (tide) was made, and the same optimization algorithm was applied to the carrier
signal of measured water levels over the period 1-1-1967 to 1-1-2007 (Verschelling et al., 2018) after
which a harmonic tidal signal was superimposed to arrive at the yearly time series of water levels for the
three climate change scenarios. Third, for the wind speeds at the predominant wind direction (WSW),
the time series developed by Verschelling et al., 2018 were used for the same three scenarios directly.

Tidal amplitude in the study area has been artificially reduced by construction of the downstream
Haringvliet barrier, operational since 1970. In order to study the effect of this barrier on sedimentation
in the study area, we carried out the three additional climate scenario runs, in which we completely
removed the barrier from the model (Table 5.3).

The suspended sediment concentrations at the upper model boundary locations were defined using
the sediment rating curves discussed previously.

Table 5.3: Overview of scenarios, their boundary conditions and management options with respect to
the Haringvliet barrier (“2015”: standard operation rules as used in 2015, “removed”: structure com-
pletely removed).

Scenario Q & h wind Haringvliet barrier
2050REF 2015 2015 2015
2015GL 2050gl 2015 2015
2015WH 2050wh 2015 2015
2050REF_no_barrier 2015 2015 removed
2050GL_no_barrier 2015gl 2015 removed
2050WH_no_barrier 2015wh 2015 removed

5.3 Results

5.3.1 Model performance
Hydrodynamicmodel
Table 5.4 shows that the adaption of the hydrodynamic model has resulted in a decrease of both the
mean error (ME) and the root mean squared error (RMSE) between the predicted and measured water
levels at the Rijkswaterstaat measurement locations of Moerdijk, Keizersveer, and Werkendam. Fur-
thermore, Fig. 5.5 shows that the deviation between the predicted and measured water levels at the
measurement locations within the Biesbosch area is comparable with the deviation at the Rijkswater-
staat water level monitoring locations. Therefore, it had been decided to accept the current adapted
hydrodynamic model without a new calibration procedure.
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Figure 5.4: Yearly synthetic time series of discharge, water level (carrier) andwind velocity for 2050REF,
2050gl and 2050wh. The series at the other upstream boundary locations (Hagestein, Lith) and down-
stream boundary locations (Hoek vanHolland) show similar differences between the scenarios and are
therefore purposefully omitted.

Table 5.4: The Mean Error (ME) and Root Mean Squared Error (RMSE) in mm between the predicted
and measured water levels at the Rijkswaterstaat measurement locations of Moerdijk, Keizersveer, and
Werkendam for the reference and adapted hydrodynamic models.

ME ME RMSE RMSE
original adapted original adapted

Moerdijk 0.064 0.061 0.069 0.060
Keizersveer 0.086 0.078 0.090 0.054
Werkendam 0.057 0.053 0.077 0.070
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Figure 5.5: Plotted in grey on the left vertical axis: measured water levels at the Rijkswaterstaat mon-
itoring locations of Moerdijk (RWS-M), Keizersveer (RWS-K), and Werkendam (RWS-W), and the
monitoring locations in the newly developed wetlands of the Brabantse Biesbosch (Kleine Noordwaard
North and South, and Zuiderklip, Southeast, Northeast, and West). Plotted on the right vertical axis
(note the different scale): deviation between the predicted water levels of the reference model (in red)
and the adapted hydrodynamic model (in blue) with respect to these measurements (simulated minus
measured). Due to the large overlap between the red and blue lines, they show purple in the figure.
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Sedimentmodel
Figure 5.6 shows both the ME and RMSE between the predicted and measured SSC at the five mea-
surement locations in the Biesbosch area for the calibration period 2014-2016. From this figure it is
apparent that the ME is in general the lowest for locations KNW-N, and KNW-Z, which are located
relatively close to the River Nieuwe Merwede. However, Fig. 5.7 shows that although the ME is the
lowest at location KNW-N, the tidal signal in the SSC is missing in the model predictions, resulting in
a relatively large RMSE for this location. The tidal signal is probably missing at this location because it
is not implemented in the SSC at the upstream model boundaries, where sediment rating curves were
used. The tidal variation was visible in the measurements, used to establish the rating curves, but it re-
sulted only in scatter along the rating curve (see Fig. 5.3), which cannot account for hysteresis between
a rising and falling discharge and the SSC.

Figure 5.6:TheMeanError (ME) andRootMean SquaredError (RMSE) inmg l-1 between the predicted
and measured suspended sediment concentrations at the five Biesbosch monitoring locations for the
nine calibration combinations of Tcr, and EP.

Further away from the rivers, at locations KNW-S and ZK-ZE, the model predictions of all combi-
nations of Tcr and EP do result in a tidal variation in the SSC. However, predicted SSCs are in general
lower than measured and they are even approaching zero for the most distal locations (ZK-NE, and
ZK-W), during this period. This suggests that in the model too much sediment becomes deposited
in the proximal channels, and that sediment becomes depleted in the more distal sections. Figure 5.7
shows that a lower critical shear stress for erosion does not result in larger SSCs at the more distal lo-
cations. Furthermore, it can be observed that there is no increase in the average SSC at the more distal
locations, even though higher values for EP result in relatively large spikes in the short-term SSC pre-
dictions for the moments that shear stresses increase, i.e. at the onset of flood and ebb tide, or for raised
river discharges. It can therefore be concluded that the simple calibration of the sediment transport
model, using the calibration parameters and ranges as described in Table 5.2 will not result in a good
approximation of the average SSC at the most distal locations in the model. Still, van der Deijl et al.,
2017 already pointed out that the measurement errors at these more distal SSC monitoring locations
were relatively large, compared to themore proximal locations (KNW-N andKNW-S).This larger error
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may be attributed to the relatively low SSC, the relatively small sediment fraction (the coarser fraction
is already lost in themore proximal channel sections), and by internal production of organicmatter due
to algal growth or resuspension of inorganicmatter by wind waves or the presence of birds or cows.The
model does not include the internal production of inorganic matter or the resuspension by other fac-
tors than flow related shear stresses.Therefore, it was decided to focusmainly on the locations KNW-N,
KNW-S and ZK-ZE for the calibration procedure. The combination of a Tcr of 0.15 and EP of 0.0001
was selected as the best combination, since this combination gave the lowest average ME and RMSE.
Furthermore, the predicted SSC variation of this combination resembled the measurements the best.
The SSC prediction of this set of parameters, and the SSC measurements for all monitoring locations
during the calibration period are shown in Fig. 5.8.

Figure 5.7:Measured suspended sediment concentration (SSC) at themonitoring locations in the newly
developed wetlands of the Brabantse Biesbosch (Kleine Noordwaard North and South, and Zuiderklip
Southeast, Northeast, and West). Predicted SSC is shown for the nine calibration combinations of Tcr,
and EP.
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5.3.2 Scenario analysis
Present situation

During the period 01-03-2014 to 01-03-2018 the Rivers Rhine and Meuse had supplied 2.31 and 0.83
Mt suspended sediment to the branches Nieuwe Merwede and Amer. From this sediment 28.3 % en-
tered the Biesbosch study area, and 12 % of this incoming sediment was trapped inside the Biesbosch
(see Table 5.5). Figure 5.9 indicates that this net accumulation takes mainly place at bifurcations, loca-
tions of slack water (van der Deijl et al., 2018a), and in proximal tidal channel sections, whereas almost
no accumulation takes place in the rest of the area.

Figure 5.8:Measured suspended sediment concentration (SSC) at themonitoring locations in the newly
developedwetlands of the Brabantse Biesbosch for the entire calibration period. Predicted SSC is shown
for the chosen calibration combination of Tcr=0.15 and EP=0.0001.

Table 5.5: Effect of the newly developed wetlands on sediment balance of Biesbosch area, for the situa-
tion with the present and the raised suspended sediment concentrations.

Scenario
River
supply Import Import Export Budget

Budget
new wetlands

Trapping
efficiency

[Mt yr-1] [Mt yr-1] [%] [Mt yr-1] [Mt yr-1] [Mt yr-1] [%]
Present 0.786 0.222 28.3 0.196 0.027 0.018 12.0
No new wetlands 0.823 0.059 7.2 0.024 0.035 59.5
Low dikes 0.787 0.229 29.1 0.203 0.026 0.016 11.2
Present SSC10 7.864 2.254 28.7 1.592 0.663 0.406 29.4
No new wetlands SSC10 8.230 0.587 7.1 0.192 0.395 67.3
Low dikes SSC10 7.867 2.281 29.0 1.636 0.645 0.397 28.3
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Figure 5.9: Net sediment accumulation in the Biesbosch area during the period 01-03-2014 to 01-03-
2018 (Present), the effect of scenario ’no new wetlands’ (‘no new wetlands’ minus ‘present’), and the
effect of scenario ‘lower dikes’ (‘lower dikes’ minus ‘present’)

Figure 5.10 shows the net sediment accumulation of the Biesbosch over the period 01-03-2014 to
01-03-2018. From this figure it is apparent that the Biesbosch functions as a sink for sediment most of
the time, with an increase in the total accumulation during flood tide and a decrease during ebb tide.
However, there is a large drop in the net accumulation in the Biesbosch during the short periods of
higher river discharge.

During low to average river discharges accumulation takes mainly place in channel sections at a
relatively short distance from the rivers (Fig. 5.11). High rates of accumulation are also found at the
downstream end of the two major side channels of the River Nieuwe Merwede (in the south and north
west of the area). In these situations flow velocities in the channels are mostly too low to cause re-
suspension of sediment. During periods of higher discharges, a large part of the previously deposited
sediment becomes resuspended. The sudden erosion in these channels is caused by the increase in bed
shear stress: shear stresses increase up to 5.1 N m-2 in the newly developed river diversion in the north
of the area during the peak discharge event in January 2018, and shear stresses around 0.4 N m-2 are
found in the sections downstream of this new diversion. These shear stresses are much higher than
the threshold for resuspension of the newly deposited fine sediment. Meanwhile, there is during these
periods a 4-fold increase in the accumulation rate in the dead-ending and distal tidal channel sections.

To summarize, channel sections close to the feeding river system experience deposition during low
flows and flood tide, and erosion during higher flows and ebb tide (Fig. 3.7 periods 1 and 3). During
periods in increased river flow, the area of channel erosion is shifted further into the system (Fig 3.7.
periods 2, 4, 5). Previously deposited sediment is moved then further into the system during flood, but
part of this resuspended sediment leaves the system during ebb. Channel sections in the wetland inte-
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Figure 5.10: The river discharge, water level variation, and the cumulative sediment budget of the Bies-
bosch study area for the period 01-03-2014 to 01-03-2018. Periods p1 and p3 represent low to medium
river discharges, and p2, p4 and p5 higher discharges (Nieuwe Merwede over 1900 m3 s-1, Amer over
1000 m3 s-1.)

rior experience little sedimentation during medium flows; during higher flow, flow velocities in these
sections remain below the threshold for resuspension and increased deposition occurs. This sediment
comprises both sediment directly conveyed from the feeding river and resuspended sediment from the
proximal channels. It can therefore be concluded that the area is an inefficient sediment trap.

Effect of newly developed wetlands
Table 5.5 shows themagnitude of the net annual sediment accumulation in the Brabantse Biesbosch for
both the present situation, the scenario without the newly developed wetlands, and the scenario with
lowered dikes. The newly developed wetlands have doubled the total accommodation space for water
and sediment. Table 5.5 shows that they account for approximately 64 % of the total accumulation in
the Biesbosch study area in both the present situation and the scenario with lowered dikes. Remarkably,
more sediment is trapped in the scenario without the newly developed wetlands, in spite of the reduced
connectivity of the area to the Merwede river. Conversely, less sediment is trapped in the scenario with
lowered dikes, while the total import of sediment in this scenario slightly increased due to the more
frequent upstream inflow of water and sediment (see Table 5.5). These somewhat counter-intuitive
results imply that the effect of the increase in shear stress and resulting increase in resuspension is
stronger than the effect of the larger sediment supply towards the area.
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Figure 5.11:The budget [mmyr-1] within the respective periods 1, 2, 3, 4, and 5 as presented in Fig. 5.10.
Period 1 and 3 are characterised with a relatively low or average river discharge, while raised or even
peak discharge events take place during periods 2, 4, and 5.
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The difference in the spatial pattern of the accumulation between the two scenarios and the present
situation is shown in Fig. 5.9. Without the upstream supply of Rhine water and sediment (scenario
No new wetlands), significantly more sediment accumulates in the tidal channels in the southwestern
part of the study area, especially close to those locations where the tidal channels merge with the River
Meuse.However, less sediment becomes trapped in channel sections close to the new river diversions, at
bifurcations, and at slack water locations in the middle and northeast of the area. There is no upstream
connection to the riverNieuweMerwede in this scenario and, therefore, the sediment ismainly supplied
by the tidal flow in the southwest. Furthermore, the shear stresses are low in these channels: even during
peak discharge in January 2018 the shear stress reached a maximum value of only 0.28 N m-2. This
causes less resuspension to take place than in the present situation.

For a more frequent upstream supply of Rhine water and sediment than in the present situation
(scenario Lowered dikes) less sediment accumulates at the inlets of the newly developed wetland in the
northwest of the study area. In contrast, more sediment accumulates in the central part of this newly
developed wetland (Fig. 5.9), owing to a more frequent upstream river inflow to this central the area.
However, because the higher flow velocities increase shear stresses and enhance resuspension, the total
net accumulation is lower in the channel sections directly downstream of the new river diversions.

Figure. 5.12 shows the cumulative sediment budget over time for the present situation and the sce-
nario without the newly developed wetlands. During periods of relatively low or average river dis-
charges and low SSC, sediment accumulation for the scenario without new wetlands is smaller than
that for the present situation with wetlands. However, the sediment budget increases relatively fast
during and after a raised river discharge event with increased SSC (periods 2, 4, and 5). Owing to the
large peak river discharge event, with concomitant large amounts of resuspension at the end of the sim-
ulation period, the final sediment budget is larger for the scenario without new wetlands then for the
present situation. These results indicate that the net sediment accumulation in the area is controlled
by a balance between the enhanced sediment input and increased flow-induced shear stresses causing
resuspension, both the result of new or increased supply of river water.

Increasing the SSC in the feeding rivers has a considerable effect on the sediment budgets and trap-
ping efficiencies of the Brabantse Biesbosch and does not show a straight-forward increase in net sed-
iment accumulation (Table 5.5, Fig. 5.12). The trapping efficiency increases by a factor of 2.5 in both
the present situation and in the scenario with lowered dikes, but only by a factor 1.1 for the scenario
without the new wetlands. Over time the magnitude of the sedimentation increases approximately by
a factor of 10 for the scenarios with newly developed wetlands when compared to the situation without
the new wetlands (Fig. 5.12). However, the magnitude of the resuspension/erosion during higher river
discharges remains the same when compared to the scenarios with normal SSCs, because shear stresses
remain unchanged for the scenario of increased SSC in the feeding rivers. As a result, both sediment
accumulation (Fig. 5.13) and trapping efficiency are over the entire simulation period (so during low,
average and peak discharge events) higher for the scenarios with newly developed wetlands. There is
no significant change in the distribution of the sediment over the area, since the (absolute) increase in
accumulation is highest at the locations with already high initial rates of accumulation (in the scenarios
without the increase in SSC of the rivers), while the magnitude increases only slightly for the locations
with low initial rates of accumulation.

It can be concluded that the development of new wetlands has resulted in a minor decrease in trap-
ping efficiency of the area. The trapping efficiency of these wetlands is high during conditions of low
and average river discharges, but sharply decreases during periods of peak discharge events. This effect
remarkably reverses if the SSC in the feeding rivers would bemuch higher (Table 5.5, Fig. 5.12): then the
new river diversions and wetlands result in an enhanced sediment accumulation and increased trap-
ping efficiency during all conditions of river discharge.This indicates that the SSC in the river is amajor
factor determining the efficiency of a newly developed wetland with the purpose of land building.
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Figure 5.12: The cumulative sediment budget of the Biesbosch area for the present situation and the
scenario no new wetlands with the current and a raised SSC of the feeding rivers. The scenario with
lowered dikes is not included in this figure, because of the small difference and thus resembling patterns
of the cumulative sediment budget of this scenario and the present situation. River discharge is included
for reference.

Effect of climate change & alternativemanagement

The reference scenario for current climate conditions (2050REF) leads to slightly different balance
terms than scenario 2014 - 2018 (Table 5.5 versus Table 5.6). These differences are mostly caused by
differences in river discharges, which were in the period 2014-2018, significantly lower than in the
reference period 1967 - 2007 on which synthetic discharge time series were based.

Compared to 2050REF, the 2050WH and 2050GL scenarios both lead to a slight increase in influx
of sediment from the rivers as well as a reduction in trapping efficiency (Table 5.6). This last result
is somewhat surprising, as larger water depths usually lead to higher sedimentation rates and thus to
higher trapping efficiencies. This can be explained as follows: the increase in water levels leads to more
frequent overtopping of the dikes between River Nieuwe Merwede and Brabantse Biesbosch and thus
to higher flow velocities in the major conveying channels through the wetland. This causes higher bed
shear stresses and thus more erosion, which more than compensates for the slight increase in sedimen-
tation caused by the extra influx of sediment due to the more frequent overtopping.

Removal of the Haringvliet barrier restores the tidal range inside Brabantse Biesbosch; for exam-
ple, at location ZK-NE in Fig. 5.1, the tidal range increases from 0.3 - 0.4m (2050REF) to 1.1 - 1.2m
(2050REF no HVLSL). The increase in tidal range causes more exchange of water and sediment at
the downstream boundaries between the wetland and the surrounding river system. This leads to a
corresponding increase in sediment influx (and outflux) (Table 5.6). However, the increased influx of
sediment does not lead to an increase in sedimentation rates and trapping efficiencies. On the contrary,
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Figure 5.13: The effect on the net sediment accumulation in the Biesbosch area during the period 01-
03-2014 to 01-03-2018 of an increased SSC (Actual SSC*10 minus Actual SSC*1), the effect of scenario
‘no new wetlands SSC10’ (no RfR SSC*10 minus Actual SSC*1), and the effect of scenario ‘lowered
dikes SSC*10’ (Lower RfR dikes SSC*10 minus Actual SSC*1). The baseline case (Present) is included
for reference.

the trapping efficiencies drop around 50 %. This can be attributed to the increased tide-driven inter-
action with the surrounding river system, which causes a large increase in flow velocities and thus in
bed shear stresses inside Brabantse Biesbosch (Fig. 5.14). This prevents the sediment from settling and
causes a larger percentage of the sediment to leave the area.

Table 5.6: Effect ofCCon sediment balance of Biesbosch area, for situationwith andwithoutHaringvliet
barrier.

Scenario River supply Import Import Export Budget Trapping efficiency
[Mt yr-1] [Mt yr-1] [%] [Mt yr-1] [Mt yr-1] [%]

2050REF 1.124 0.310 28 0.281 0.029 9
2050WH 1.457 0.406 28 0.384 0.022 5
2050GL 1.415 0.395 28 0.372 0.023 6
2050REF no HVLSL 1.170 0.529 45 0.51 0.019 4
2050WH no HVLSL 1.503 0.700 47 0.683 0.017 2
2050GL no HVLSL 1.461 0.668 46 0.65 0.018 3

Accumulation rates inside thewetland range from0 to 6 cm for 2050REF (Fig. 5.15).Neither 2050WH
nor 2050GL cause significant changes in sediment patterns in most of the wetland. Differences occur
especially at the interfaces between the wetland and the River Nieuwe Merwede, where the increased
water levels lead to more frequent overtopping of the dikes and higher flow velocities, thus limiting the
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accumulation there. Removal of the Haringvliet barrier causes a slight decrease in sedimentation along
the main flow paths through the study area, especially in the channels that are directly connected to
the main river system to the south-west (Fig. 5.16). This is consistent with the increase in shear stresses
caused by the larger tidal amplitude (Fig. 5.14).

Figure 5.14: Average bed shear stress in Brabantse Biesbosch for scenarios 2050REF and 2050REF no
HVLSL.

Figure 5.15: Sedimentation patterns for the situation with Haringvliet barrier for reference scenario
2050REF and for 2050WH (2050WH minus 2050REF). The figure with the results for 2050GL was
similar to 2050WH and therefore purposefully omitted.
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Figure 5.16: Effect of removal of Haringvliet barrier on sedimentation patterns for scenarios 2050REF
and 2050WH, expressed as the difference with the reference scenario. The figure with the results for
2050GL was similar to 2050WH and therefore purposefully omitted.

5.4 Discussion

Our results show how sedimentation rates and trapping efficiencies inside the main channels of the
Brabantse Biesbosch study area are impacted by the creation of new pathways resulting from the lo-
cal wetland restoration measures, and how they are affected by changing boundary conditions due to
management decisions or climate change. The study area works as a sediment sink most of the time,
except for periods of peak river floods when the erosive power of the water flow within the wetland
channels is so high that a large portion of the previously settled material is remobilised and leaves the
area.

5.4.1 New flow pathways and the importance of SSCs
Our model results suggest that the present and future sediment trapping in the area are controlled by
the balance between the enhanced sediment input and increased flow induced shear stresses, which are
both resulting from the new or extra upstream supply of river water after the creation of new pathways
in the framework of local wetland restoration. We suggest that the negative balance for the entire Bies-
bosch area is due to the low suspended sediment concentration of the incoming river water; as a result,
sediment accumulation in de deposition areas within the Biesbosch is smaller than the sediment loss
from the proximal channels by erosion. With increasing SSC a point may be reached at which the sed-
imentation starts to become larger than erosion during peak flows. The 10*SSC test scenario showed a
sharp increase in sediment trapping efficiency for the current situation with extra pathways, but not for
the old situation without the extra pathways. The increased trapping efficiency results from an increase
in the magnitude of the sedimentation, while the magnitude of the resuspension/erosion remains the
same, because there is no increase in shear stress for an increase in sediment supply.This illustrates that
resuspension plays a dominant role in the sediment balance in this area: at low SSC’s, resuspension is
much larger than deposition. As the SSC increases, deposition starts to increase, tilting the sediment
balance at some critical concentration. Indirectly, the trapping efficiency be therefore be limited by the
low SSC of the feeding rivers. Our study area has become a very inefficient sediment trap; this fits the
original purpose of the new pathways, which were created to increase river conveyance capacity, and
not to enhance sedimentation (Rijkswaterstaat, 2016).

103



5.4.2 Water levels, tidal range and flow-through wetlands
The results show that climate change may not enhance accumulation rates in the study area. This is
somewhat surprising, as larger inundation depths (associatedwith sea level rise) usually lead to a reduc-
tion in wind-driven and biological resuspension (Siobhan Fennessy et al., 1994; Anderson and Mitsch,
2006; Mitsch et al., 2014) as well as to higher sedimentation rates, therefore increasing trapping effi-
ciencies (Pethick, 1981; French and Spencer, 1993; Temmerman et al., 2003a; Temmerman et al., 2004).
However, sedimentation of fine sediment can only take place if the residence time of the water is large
enough for the settling of this sediment (Asselman and Van Wijngaarden, 2002). Because the inlet
structures towards the new wetlands will start to spill more and more often due to the increased river
water levels caused by climate change, shear stresses in the main channels of the wetland will increase
and residence times will decrease, thus lowering accumulation rates.

The Haringvliet scenarios of this study indicate that the recovery of the tidal range by the possible
future removal or further opening of the downstream locatedHaringvliet storm surge barrier will cause
an increased exchange of water and sediment at the downstream boundaries of the Biesbosch and the
surrounding river system. However, this increased influx of sediment does not lead to enhanced sedi-
mentation rates and trapping efficiencies - on the contrary, they drop about 50 % relative to the current
situation with the reduced tidal range. Although an increase in tidal range results in an increased hydro
period and increased wetland area that receives water and sediment during flood, the Biesbosch con-
tains mainly through-flowing tidal channels, where maximum tidal currents duringmid to low tide are
generally an order of magnitude larger than those in dead-end channels that peak at bank-full condi-
tions (Hughes, 2012). Hence, the increased tidal prism of the Biesbosch areamainly results in increased
bed shear stresses, and increased resuspension in the channels during the transition from flood to ebb
tide.This pattern counteracts the development of shallow lagoons, whereas a filling-in of channels took
place after the reduction in tidal prism by the installation of the Haringvliet storm surge barrier in 1970
(de Boois, 1982). This means that until the channels reach morphodynamic equilibrium, channel bed
erosion will exceed the enhanced sedimentation in the increased intertidal wetland area.

5.4.3 Limitations and challenges
For a number of practical reasons (e.g. calculation times, limitations in 2D grid generation), a 1Dmodel
was used instead of a 2Dor 3Dmodel to simulate hydrodynamics and sediment transport in the braided
channel network. This may somewhat limit the applicability of the results, mainly because the model
assumes one uniform flow velocity for the entire cross section. In case of composite cross sections, for
example a river with an adjoining floodplain, this approach leads to the introduction of certain errors,
for example: all sediment that is deposited is available for resuspension, causing a possible overestima-
tion of sediment loss during seasonal discharge events.

A second limitation of this study is that soil consolidation and the effect of vegetation on critical
bed shear stresses were not taken into account. Erodibility of newly deposited sediment is therefore
overestimated, which again leads to a possible overestimation of sediment loss during seasonal peak
discharge events.

A third limitation of this study is that the role of wind on the resuspension of sediment could not
be taken into account properly due to limitations in the modelling software. As pointed out previously
by for example van der Deijl et al., 2017 and Verschelling et al., 2017, wind plays a very important role
on sediment dynamics in this particular area, although primarily on the shallow and bare mud flats
during conditions of low or average river discharge. However, in this research we focus primarily on
the channel network, in which wind has less impact on bed shear stress due to the larger water depth,
as also pointed out by Verschelling et al., 2017.

We argue that the implications of these shortcomings for our results are relatively small for the fol-
lowing two reasons: 1) to some extent, the effects of the individual shortcomings balance each other out
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over longer periods: sediment loss is overestimated during peak river discharge events (by the assump-
tion of a uniform flow velocity in a cross section and by the exclusion of the effects of soil consolidation
and vegetation)while it is underestimated duringwind storms (by the exclusion of the effect ofwind); 2)
In the existing Brabantse Biesbosch channel network, there are very few intertidal flats along the chan-
nels, and the connectivity between the channels and the densely vegetated marshes on higher ground
is limited by relatively steep banks that developed after the reduction in tidal prism by the closure of
the Haringvliet barrier. Furthermore, the vegetated marshes are mainly located along the more distal
channels sections, where most sediment has already been lost from the water. These factors somewhat
limit the errors introduced by the 1D approach (with a uniform flow velocity in the cross section) and
by not taking the effect of the wind on resuspension on the flats into account.

More research is needed to fully understand the implications of these three model limitations, and to
incorporate the mentioned underlying processes properly in morphodynamic models. Further mod-
elling might explore the inclusion of a deeper bed layer, where newly deposited sediment can be stored
over time to cover the decrease in erodibility by consolidation. Also, the surrounding floodplains/flats
can be modelled separately from the main channel system, allowing more flexibility in the parameteri-
sation of the model. Finally, the effects of wind and vegetation on bed shear stress could be included in
the 1D model as is already more common in 2D models, for example with approaches by Baptist et al.,
2007 and Suzuki et al., 2012.

5.4.4 Implications for management
Enhancing sedimentation by removing embankments or redirecting part of the river discharge towards
wetlands is a measure that is often used to prevent drowning (e.g. Giosan et al., 2014). However, the
findings of this study raise intriguing questions regarding the effectiveness of this type of measure at
the delta-scale, since they suggest the existence of a balance between the enhanced sediment input and
increased flow induced shear stresses, both the result of new or increased supply of river water. This
study shows the importance of considering the role of sediment loss through resuspension compared
to the SSC of the feeding river when designing wetland restoration projects: together they control the
balance between the total sedimentation and resuspension of sediment. Any future decrease in SSC of
the feeding river (for example by the development of new upstream located dams, or river diversions)
should also be accounted for, because this may further lower the trapping efficiencies of delta wetlands:
sedimentation decreases, while the total amount of resuspension may remain unchanged.

This study also shows that sedimentation in tidal systems with large flow velocities is a two-step pro-
cess: under low to average flow conditions, net accumulation takes place close to the feeding rivers
during the tidal cycle. During flood tide and medium flows, this sediment is remobilised and gets
transported from these outer sections to the wetland interior where may settle, depending on flow con-
ditions. Delta restoration by river diversions therefore requires not only new or additional upstream
supply of water and sediment, but also a sufficiently long residence time inside the wetland to allow
the sediment to settle. In addition, flow and wind induced shear stresses should be kept as low as pos-
sible to prevent too much resuspension. Measures that reduce bed shear stress, such as the planting of
vegetation, can be used to reduce the erodibility and resuspension of the freshly accumulated material
van der Wal and Pye, 2004; Möller, 2006; Fagherazzi et al., 2007; Turner et al., 2007; Kearney et al.,
2011; Delgado et al., 2013; Fagherazzi et al., 2013.

For the study area, the effects of sea level rise combined with the eroding power of the flow pathways
through the wetland and the low SSC of the feeding rivers will likely lead to the gradual drowning of
the lower sections of the Biesbosch wetland.
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5.5 Conclusions

This study reports a first attempt of quantification of sedimentation rates and patterns at the scale of the
entire inland delta of the Biesbosch, a large tidal freshwater wetland in the Rhine-Meuse delta in the
Netherlands. This study also analyses how these rates and patterns are impacted by wetland restoration
measures, river management strategies and climate change.

Under low to average flow conditions, the study area works as a sediment sink. Most of the sediment
is deposited close to the feeding rivers and at the downstream end of the twomajor side channels. Little
sedimentation normally takes place in the interior channels of the wetland because thewater is depleted
of sediment by the time it reaches these channels. Medium discharge events cause some sediment re-
distribution by remobilising part of the sediment along the edges of the wetland and transporting it
further inland. Peak river floods cause a large net loss of sediment from the wetland, because the ero-
sive power of the currents is too high for the settling of sediment while a large portion of the previously
settled material is remobilised and leaves the area.

This resuspension during peak floods is partly caused by large-scale river diversions that were con-
structed as part of a programme to reduce flood hazards along theDutch rivers. Although the increased
influx of water also brings more sediment into the study area, the increase in resuspension due to the
eroding power of the passing water is far larger than the increase in sedimentation.

Net sedimentation rates in the study area are expected to further decrease under climate change.
This is caused by the increased water levels in the surrounding river system (due to a combination of
sea level rise and increased peak river discharges), which leads tomore frequent overtopping of the new
diversion structures between the rivers and the wetland, thus exacerbating the effect of the diversion
structures on the sediment balance during floods due to the increase in bed shear stresses.

The tidal range in the study area is currently artificially reduced because of a large storm surge barrier
in the estuary downstream. Our results show that removal of this barrier will not lead to enhanced
sedimentation in the study area, because the increased tidal prism would lead to increased bed shear
stresses and the subsequent increase in resuspension during the transition from flood to ebb tide.

For the study area, the effects of sea level rise combined with the eroding power of the flow pathways
through the wetland and the low SSC of the feeding rivers will likely lead to the gradual drowning of the
lower sections of the Biesbosch wetland. We hypothesize that restoring the original tidal amplitude by
alternative management (or removal) of the Haringvliet barrier may lead to enhanced sedimentation
in the inner wetland channels, but only if measures are taken to convey a larger proportion of the
incoming sediment into the central part of the system, and prevent it from resuspension and subsequent
removal from the system. For this purpose, the flowvelocities in thesewetland channels should decrease
gradually towards the wetland interior, and residence times should be long enough to allow complete
settling before the return tidal flow starts.

The findings of this study raise intriguing questions regarding the effectiveness of delta restoration by
river diversions, since they suggest the existence of a balance between the enhanced sediment input and
increased flow induced shear stresses, which are both resulting from the new or extra upstream supply
of river water. This is especially the case in tidal systems with relatively high flow velocities, where high
suspended sediment concentrations are needed to compensate sediment loss by resuspension.
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Chapter 6 | Synthesis

Worldwide, deltas areas are among the most stressed and degraded natural systems, of which many are
now at a tipping point from aggradation to drowning. Land use changes, dam building in the upstream
basins, land reclamation, and hard flood protection and engineering works have resulted in sediment
starvation. Combined with soil subsidence and sea level rise, most deltas are now in the considerable
threat of drowning and loss of delta land.

Restoring sediment deposition in delta wetlands is considered an option to prevent deltas from
drowning. Designing adequate and efficientmeasures for restoring delta sedimentation requires a thor-
ough understanding of sedimentation processes and their controls. To this end, the recent restoration
projects carried out in the Brabantse Biesbsch area make this an unique ‘living lab’ to investigate the
hydro- and sediment dynamics in the newly formed tidal freshwater wetland.

The two research goals of this thesis were (1) ‘to obtain a detailed understanding of the hydro-
morphologic processes of a freshwater tidal channel-wetland system in response to the introduction of
renewed sediment dynamics in newly created wetlands’, and (2) ‘to investigate the factors of influence
and the effect of the boundary conditions on the sediment accumulation in the entire freshwater tidal
channel-wetland system. These research goals were elaborated through a series of research questions
for the case-area of the Brabantse Biesbosch freshwater tidal wetland.

The spatial and temporal variation of the sediment dynamics at both the small scale of individual,
newly developed wetlands and the larger scale of the entire Brabantse Biesbosch channel-wetland sys-
tem have been addressed in the preceding chapters. In this last chapter, the main findings of the sed-
iment dynamics within the Brabantse Biesbosch are synthesized. In addition, recommendations for
the development and management of this particular area (section 6.2), of freshwater tidal wetlands in
general and those developed with the purpose of land building and delta restoration (section 6.1) are
presented. Recommendations for the development and management of river diversions are given in
section 6.4.

6.1 Spatial and temporal patterns in sedimentation and erosion in the Bies-
bosch freshwater tidal wetland

The fines that eventually settle in the Biesbosch area enter the Netherlands as wash load of the rivers
Rhine and Meuse at the respective locations of Lobith and Eijsden, approximately 95 and 221 km up-
streamof the Biesbosch.The riversNieuweMerwede andAmer are themajor source of sediment for the
Biesbosch study area (chapter 4). The supply of river sediment increases with river discharge due to the
associated higher water inflow and suspended sediment concentration (chapter 3). However, over time
only 29 % of the sediment supplied by the NieuweMerwede and Amer enters the Biesbosch area (chap-
ter 5). The river-supplied sediment particles enter the Brabantse Biesbosch channel wetland system at
the upstream border through river-dominated proximal side channels, and downstream through the
tidal dominated proximal channels. From this sediment, approximately 12 % becomes trapped within
the channel-wetland system (chapter 5). The other part of the sediment is either transported as wash
load through the system or first deposited and subsequently re-suspended and transported out of the
system as a result of wind events or raised river discharge events (chapters 2, 3, and 5). Most sediment
is supplied by the River Nieuwe Merwede, through one inlet in the north. Despite the tide-driven flow,
most channels in the north of the area function as through-flowing side channels of the River Nieuwe
Merwede with a continuous upstream supply of water and sediment. The water supplied by the River
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Nieuwe Merwede does barely mix with water supplied by the River Amer in the south of the area.
The downstream tidally exchanged volume of water is relatively large during conditions of low or av-
erage river discharge because the discharge of the River Amer is lower than that of the River Nieuwe
Merwerde. During such conditions, the water flow direction in the southern and central part of the
Brabantse Biesbosch area alternates with the tide, but the water is not fully refreshed. This causes the
water to progressively lose its sediment (chapter 4).

Therefore, within the area, two types of channels can be identified that function in a different way in
the sediment pathway network of the wetland: 1) proximal side channels of the rivers, and 2) distal tidal
channels (chapter 4). In general, water and sediment is imported during flood tide and exported during
ebb tide. However, the export during ebb tide can be exceeded by the increased upstream import of
sediment during high river discharges in channel sections of type 1 (chapter 3). As a result, sedimen-
tation takes mainly place in the proximal channels and surrounding wetlands (type 1A), which have
an upstream supply of sediment that becomes supplemented each tidal cycle. Other sediment traps are
the proximal tidal channels, and wetlands, which receive water and sediment during each flood phase.
Conversely, tidal channels and wetlands in the middle of the study area, at a large distance from the
feeding rivers (type 2A and 2B) experience erosion, since they receive in general water poor in sediment
(chapter 4).

Sediment is mainly transported further into the wetland system (towards channels of type 2A and
2B) after wind events (chapter 3) or during conditions of raised river discharge (chapter 5). During such
conditions larger shear stresses prevail, preventing the settling of suspended sediment at a short distance
from the river. The higher shear stresses also increase the probability that sediment becomes eroded
and transported out of the system (chapter 5). An optimum was observed in the sediment trapping
efficiency of the entire study area (chapters 5 and 3).This optimum is caused by the decrease in residence
time and the increase in shear stresses due to increasing flow velocities (3, and (Verschelling et al.,
2017)) which counteract the increased sediment supply.

Not only the total amount of sedimentation in a channel or wetland section, but also the local dis-
tribution of this sediment is important for the building of land as part of delta restoration. In the Bies-
bosch, largest changes in bed level occur in the oversized channels of the newly developed wetland
areas, which rapidly fill in (chapter 2 and 4). Erosion occurs in the channels of the inlet and outlet
of the wetlands, while deposition primarily takes place in the parallel channel systems in the central
part of the newly developed wetland. This enhanced channel bed sedimentation during the first years
after opening is caused by the presence of wide intertidal flats and oversized parallel channels, which
result in a large flow area and associated decrease in transport capacity. However, both the erosion
and sedimentation rates in these channels show a decrease over time, since the channels tend towards
morphodynamic equilibrium (chapter 2). It was observed that mainly sand becomes deposited in the
channels and at the lower-lying locations close to the channels and the inlet of the system. Sandy levees
develop along some of the main channels. Finer silt is deposited further away from the channels and
the inlet of the system. At the intertidal flats, the sediment is in general uniformly distributed, due to
the presence of topographic irregularities and micro-topographic flow paths, which enhance the ex-
change of water and sediment between the channels and more distal intertidal area. Furthermore, the
wind-driven waves and associated increased shear stress hamper sediment settling or even cause resus-
pension of the newly deposited material at the intertidal flats (chapter 2 and 3). Especially increased
shear stresses of peak river discharge events result in a large amounts of sediment that become resus-
pended and transported out of the system (chapters 3, and 5). The quantity of resuspended sediment at
the marshes and intertidal flats could be reduced by the presence of vegetation, or by the construction
of topographic irregularities.
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6.2 The future of the Brabantse Biesbosch

TheBrabantse Biesbosch generally functions as a sink for sediment, with highest rates of sedimentation
in the newly developed wetlands (chapter 2, 4) and in deep oversized channel sections located close to
the rivers (chapter 4). The newly developed wetlands have doubled the total accommodation space for
water and sediment and they account for approximately 64 % of the total accumulation in the Bies-
bosch study area. Furthermore, the river connectivity of the channels in the middle and northeast of
the area has been enhanced. The resulting increase in river discharge into the system causes both an
enhanced sediment input and increased flow-induced shear stresses. For the Biesbosch the increase in
sedimentation due to enhanced sediment input is greater than the reduction of sedimentation due to
increased flow-induced shear stresses and resuspension during conditions of low ormoderate river dis-
charges. Consequently, the sediment budget of the Biesbosch has increased for these low or moderate
river discharge conditions, compared to the former situation without the restoration works. However,
increased shear stresses in the major side channels during raised discharge events result in enhanced
rates of resuspension and a reduced total sediment budget and sediment trapping efficiency of the Bies-
bosch wetland system. Climate change is expected to increase the frequency of raised discharge events.
The inflow of sediment into the area increases, but higher flow velocities and resuspension reduce the
trapping efficiency of the area (chapter 5), resulting in only a minor increase in total sediment accu-
mulation in the area.

The low rate of accumulation and the low trapping efficiency in both the newly developed wetlands
and the entire Brabantse Biesbosch channel wetland system well match the primary objective of the
measures taken in area. Most of the newly developed wetlands in the Biesbosch were designed to store
and divert excess water during peak discharges of the River Rhine towards the SW into the Haringvliet.
For this a rapid silting up of the channel and tidal area is undesired as it reduces the flow capacity of
the wetland. To maintain this flow capacity of the wetland over time, channels in the newly developed
wetlands were designed with oversized dimensions. However, these newly developed channels tend to
find a morphodynamic equilibrium within four years after opening of the wetland (chapter 2). It can
therefore be concluded that the design of oversized channels is not effective for a wetland with the
purpose of storing and diverting excess river water.

The second objective of the newly developed wetlands was to increase the natural quality of the
Biesbosch by the development of new tidal nature. For this purpose, gradual sloping channel banks
with elevations between 0.7 and 1.2 m NAP (between mean water level and the water level for a raised
discharge or storm with return period of 1 year) were developed along the channels in the de-poldered
areas. The areas above 1.1 m NAP (the high marshes) are currently only submerged for approximately
5 % of the time (chapter 2). Sea level rise will result in an upward shift of the sub-, inter-, and supratidal
zone.The current net area averaged sedimentation rate is enough to compensate for the actual rate of sea
level rise and land subsidence, but not for the future rate and especially not for the high-end scenarios of
sea level rise (chapter 2). Furthermore, themajor part of the river-supplied sediment becomes deposited
within the oversized channels and not in the intertidal and supratidal areas. Relatively large parts of the
gradual sloping intertidal zone will become more often submerged and may even become subtidal,
while only a small part of the supratidal area will belong to the new intertidal zone, because of the
higher channel bank slope above 1.2 m NAP. Consequently, large parts of the former Biesbosch polders
such as Kleine Noordwaard will turn into shallow lakes, with a small tidal water level variation and
a small intertidal zone, because of the relatively steep sloping marshes and gradual sloping intertidal
zone.

The closure of the Haringvliet estuary by the construction of the Haringvliet storm surge barrier in
1970 resulted in a reduction in the tidal prism, the development of shallow lagoons, the filling in of
channels, and erosion of banks in the Biesbosch area. A complete removal of the Haringvliet barrier
– which is unfeasible at present – would restore the tidal range in the Biesbosch area to 1.2 m and
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would lead to an increase of the intertidal area. Just like the period after the closure of the Haringvliet
barrier, the tidal channels will then tend to reach morphodynamic equilibrium: this means that the
channels will erode after the first years of opening of the Haringvliet barrier. This channel bed erosion
will surmount the enhanced rate of intertidal sedimentation that results from the increased influx of
sediment by the increased tidal prism (chapter 5). As a result, in case the Haringvliet barrier would be
re-opened again, the short-term net area averaged sedimentation rates and trapping efficiencies of the
Biesbosch area will decrease during the first years after opening.

From this thesis, it can be concluded that the Biesbosch area will not be able to trap enough inorganic
sediment to keep up with future climate change enhanced sea level rise, even though the Biesbosch
wetland area was effectively formed by land building in the period since the Sint Elisabeths flood in the
early 15th century (Kleinhans et al., 2010). After this initial formation, the natural dynamics within the
area have significantly decreased due to local drainage and water level control of the polders, upstream
weir management in the Rivers Rhine and Meuse, and the management of the downstream located
Haringvliet storm-surge barrier. Nowadays, the inflow of water and sediment are restored by the river
restoration works, but these restoration works will not be effective for land building in the Biesbosch,
because of the sediment depletion in the rivers Rhine andMeuse (chapter 5). It should however be noted
that this studymainly focused on the sediment dynamics within the bare newly developedwetlands and
the main channels of the Biesbosch wetland system. Sediment dynamics in the older, densely vegetated
wetlands of the Biesbosch has not been studied. Studies of van der Wal and Pye, 2004, Möller, 2006,
Fagherazzi et al., 2007, Delgado et al., 2013, and Fagherazzi et al., 2013 showed that in such vegetated
areas shear stress is decreased by vegetation and topographic irregularities. If it would be decided to
stop the current grazing and mowing management of the newly developed wetlands, vegetation will
establish here.This vegetation can be used to reduce the resuspension by shear stresses fromwindwaves
or increased river discharge events. Furthermore, the vegetation would result in an input of organic
material that not only increases the bed level, but also the shear strength of the inorganic sediment (Day
et al., 2009; Mudd et al., 2009; Paola et al., 2011). Further research should be undertaken to investigate
the possible positive effect of vegetation on the sediment budget of the Biesbosch area.

6.3 Spatial and temporal factors controlling sedimentation and erosion in a
freshwater tidal wetland system

This study has identified the following factors controlling the sediment budget and trapping efficiency
of freshwater tidal wetland systems:

6.3.1 River Discharge and SSC
The net sediment budget in a wetland increases for an increase in upstream river discharge due to the
associated higher water inflow and suspended sediment concentration at the main inlets of the wet-
land (chapter 3). Because of the higher initial supply of sediment, less sediment is lost before the water
reaches the more distal wetlands. Furthermore, it was observed that redistribution and further trans-
port of sediment into the more distal parts of the large-scale channel wetland system takes place by
the increased shear stress of a raised river discharge event (chapter 5). There is however an optimum
observed between the sediment budget and the river discharge, because a further increase in river dis-
charge and concomitant shear stresses will not result in a local redistribution of sediment, but in a loss
of sediment from the system by the hampering of sediment settling (chapters 3 and 5).

In chapter 5 it was suggested that a balance exists between the enhanced sediment input and in-
creased flow induced shear stresses, both resulting from the increase in river discharge. The same bal-
ance was observed in chapter 3 for the increase in river discharge with concomitant increase in the sus-
pended sediment supply, and the trapping efficiency of a newly developed wetland.Themodel scenario
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calculations in chapter 5 indicated that an increase in SSC in the feeding rivers for the same discharge
regime causes a considerable increase in both the sediment budget and the trapping efficiency of the
Brabantse Biesbosch, because sedimentation rates increased while the resuspension rates remain sim-
ilar. From this, it can be concluded that the suspended sediment concentration of the feeding river is a
critical factor for wetland restoration projects.

6.3.2 Tide
Sediment is in general imported during flood and exported during ebb tide. Despite the tidal difference
in water level, some channels and wetlands in the Biesbosch freshwater tidal wetland system function
as through-flowing side channels, with a net downstream transport of water (chapter 4). Consequently,
these channels receive a nearly continuous upstream supply ofwater and sediment thatmay temporarily
stagnate during flood tide. In these through-flow wetlands the export during ebb tide can be nullified
by the increased upstream import of sediment during high river discharges (chapter 3). Furthermore,
the water flow direction may reverse in upstream and downstream direction along with the tides, and
the water progressively loses its sediment with distance from the river (chapters 3, 4 and 5).

Other channels in the Biesbosch comprise the proximal tidal channels.These proximal tidal channels
receive a fresh supply of sediment during flood tide (chapter 4). The sediment budget of these channels
is also determined by the tidal prism exchanged through these channels, anddepends on the net effect of
incoming amounts of water and sedimentwith the tidal flow, and the eroding power of the tidal currents
preventing settling or causing resuspension (chapter 5). The tidal currents also result in dispersion of
the river sediment towards the more distal dead-ending channels in the middle and northeast of the
area.

6.3.3 Wetland connectivity
The connectivity of a wetland to the feeding river is a major factor controlling the sediment budget of
that wetland, because the connectivity determines both the amount and the frequency that new river
sediment is supplied (chapter 3, 4, and 5). Proximal wetlands receive in general a continuous supply of
river sediment, while most sediment is progressively lost through settling before the water reaches the
distal wetlands.Therefore, the sediment budget of channels and wetlands decreases in general with dis-
tance from the feeding river (chapter 4, and 5). Within a wetland, the flow paths and exchange of water
and sediment between the inlet and the higher intertidal area and marshes determine the distribution
of the incoming sediment. In chapter 2 was observed that the exchange of water and sediment over the
entire intertidal area is increased by the presence of topographic irregularities and micro-topographic
flow paths that transport the water within a short period of time to the more distal intertidal area.
Consequently, sediment is more uniformly distributed over the area, and not all sediment becomes
deposited close to the inlet and major channels within the wetland.

6.3.4 Wind
Chapter 3 and the study of (Verschelling et al., 2017) showed that wind-driven waves and associated
increased shear stress hamper sediment settling or even cause resuspension, especially in the areas
with shallow and bare mud flats during conditions of low river discharge. Still, the sediment export
by resuspension is relatively low when tidal flats are characterised by an irregular topography due to
vegetated remnants of old embankments and polder drainage ditches along the wind fetch (chapter 3).
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6.4 General lessons for the feasibility of delta restoration projects

The results of this thesis raise intriguing questions and implications for management regarding the
effectiveness of delta restoration by inorganic land building through the development of new freshwater
tidal wetlands in deltas using river diversions. Taken together, the findings indicate that an efficient
freshwater tidal channel-wetland system lay-out would comprise multiple proximal throughflow or
dead ending tidal channels in morphodynamic equilibrium that function as inlet, and supply water
and sediment to the distal parts of the channel wetland system. Although the digging of deep and
wide inlet channels seems effective to increase the import of water and sediment into a wetland area,
the transport capacity of these oversized channels in microtidal wetlands is small and the exchange
with the surrounding flats is limited so sediment is already progressively lost in the channel at a short
distance from the river until morphodynamic equilibrium is reached. The findings also indicate that
dead-ending tidal channels and surrounding wetlands should be located close to feeding river or the
suppling channels, so river water with sediment are imported at their downstream boundary during
flood phase (chapter 4).

On a smaller scale, the connectivity between the channels and intertidal area within a wetland can
be improved by a reduction of the elevation differences across the wetland, such that even in microtidal
areas, large zones will become submerged during each tidal cycle. Also the smaller water conveying
channels, such as old furrows, and ditches or mudflat runnels should be maintained or established,
because they improve the exchange of water and sediment with the more distal intertidal area (chapter
2).

Besides these suggestions to improve the sediment accumulation within the wetlands, it is also ad-
vised to reduce the resuspension of this sediment by wind or flow related shear stresses. This can be
achieved by the establishment of topographic irregularities or vegetation (van der Wal and Pye, 2004;
Möller, 2006; Fagherazzi et al., 2007; Delgado et al., 2013; Fagherazzi et al., 2013), especially perpen-
dicular to the main wind fetch (chapter 3).

In chapter 1, it was mentioned that the morphology and development of a delta is driven by a com-
bination of both river discharge, tides and waves (Syvitski and Saito, 2007). These factors vary within a
delta along the geographical gradient from apex to sea. Studies of Siobhan Fennessy et al., 1994; Mid-
delkoop, 1997; Asselman and Middelkoop, 1998; Middelkoop and van der Perk, 1998; Anderson and
Mitsch, 2006 illustrated that the sedimentation in the upstream located floodplains and non-tidal wet-
lands mainly occurs during peak discharge events. The sediment dynamics in these areas is therefore
mainly determined by the river discharge. Other controlling factors are the suspended sediment con-
centration, the local morphology, floodplain connectivity, and the residence time of the water that
should be long enough for the sediment to settle. A large temporal and spatial variation in sedimenta-
tion is found in the downstream located saltwater tidal wetlands in the estuaries and along the coast.
Sediment accretion in these areas is a function of the inundation time, which is controlled by the ele-
vation and tidal range. Furthermore, the creek geometry, the proximity to the major creek systems, the
relative roughness (i.e. by vegetation), and the suspended sediment concentration vary over the wet-
lands and control local sedimentation rates (French and Spencer, 1993; Leonard, 1997; Temmerman
et al., 2003b; Temmerman et al., 2005b; Temmerman and Kirwan, 2015). In these areas sedimentation
takes place during each flood tide. However, sediment is eroded by the tidal flow during ebb tide and
by the presence of wind waves. Wind waves are especially important for the total sediment budget of
the coastal wetlands (Fagherazzi and Wiberg, 2009; Tonelli et al., 2010; Fagherazzi et al., 2013). This
study indicates that in freshwater tidal wetlands located between the upstream non-tidal river and the
downstream-located saline estuary and coast, all the above factors play a role and interact to a varying
degree as a function of space and time, which makes the unravelling of sediment dynamics even more
complicated.
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Appendix A | Supplement to Chapter 3

A.1 Discharge

A.1.1 Methods
For each 10-minute time step, the discharge at each monitoring location was computed from discharge
calibration curves based on a combination of the Index VelocityMethod (IVM) and the Velocity Profile
Method (VPM), which includes linear ordinary least squares regression without an intercept between
the HADCP discharge and total discharge as presented by Hoitink et al., 2009. The HADCP discharge
comprises the discharge through the 1.25 to 3mwide nine cells covered by theHADCP instrument. For
each cell, the discharge was obtained by multiplying the cross-sectional area of the cell by the average
flow velocity. The average flow velocity was derived from a theoretical logarithmic velocity profile that
was fitted through the HADCP velocities. The flow depth was determined for each HADCP cell as the
distance between the bed level (as measured by Rijkswaterstaat in 2012) and the water level measured
using the pressure sensor.

Total discharge was measured during field campaigns using a 1.2 MHz Teledyne RDI RIO Grande
Workhorse Vertical Acoustic Doppler Profiler (VADCP) mounted at the side of a steel boat. The mea-
surement position was determined using the VADCP bottom track and a GPS instrument with a hor-
izontal accuracy of less than 10 m. Additionally, two aligned GPS systems were used to determine
the direction, pitch and roll, since the steel boat interfered with the internal compass of the VADCP.
Measurements were taken along the cross-channel transects near the permanent monitoring locations.
VADCP velocity data was extrapolated to the bed, water surface and channel banks. To capture both
different conditions of the tide and river discharge, multiple VADCP campaigns were carried out in the
Kleine Noordwaard between October 2014 and 11-2-2015 and between 22-10-2015 and 12-2-2016 in
Zuiderklip.

Because Hoitink et al., 2009 show that the distribution of the flow across the cross-sectional area and
the roughness length of the bed vary over the tide, we checked the water budgets for errors and cor-
rected the dischargemeasurements where necessary. For each time step, the water budget in each of the
polders was determined from the total discharge at the permanent monitoring locations. In addition,
this water budget was subtracted from the change in water storage as calculated from the water level
measurements and the storage area derived from the DEM. This difference between the water budgets
derived from the discharge measurements and those derived from the water level measurements was
checked for correlation to the moment in the tidal cycle, mean tidal water level, and tidal amplitude.
These states of these factors were subdivided into classes, and for each combination of classes, themean
water budget error was determined to create a matrix of water budget errors.This matrix was then used
to estimate the water budget error for each time step given the tidal conditions at that time step. To cor-
rect the discharge at the permanent monitoring locations, the water budget error was distributed over
the locations using the unexplained variance of the discharge calibration curves for each location as
weighting factor.

A.1.2 Results
Table A.1 shows the ordinary least squares regression fit, the coefficient of determination, and the stan-
dard error of the regression between the HADCP discharge (QHADCP) and the VADCP total channel
discharge (Qchannel) for all permanent monitoring locations. The coefficients of determination in-
dicate that most of the unexplained variance in the determination of Qchannel is caused by location
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Table A.1: The ordinary Least Squares the coefficient of determination (R2) and the standard error (SE)
of the regression between the HADCP specific discharge (QHADCP) and the VADCP total channel
discharge (Qchannel) for all permanent monitoring locations

Location Fit R2 SE [m3 s-1]

KNW-N Qchannel [m3 s-1] = 5.58 * QHADCP [m3 s-1] 0.991 0.078
KNW-S Qchannel [m3 s-1] = 11.94 * QHADCP [m3 s-1] 0.895 0.451
ZK-NE Qchannel [m3 s-1] = 3.94 * QHADCP [m3 s-1] 0.901 0.187
ZK-SE Qchannel [m3 s-1] = 2.18 * QHADCP [m3 s-1] 0.976 0.033
ZK-W Qchannel [m3 s-1] = 2.66 * QHADCP [m3 s-1] 0.892 0.146

KNW-S for the Kleine Noordwaard and by ZK-W for the Zuiderklip study area. Since these two lo-
cations are the furthest away from the rivers Rhine and Meuse, they are both more susceptible to the
influence of the tide.

Fig. A.1 shows that the water budget error of the study areas is related to tidal characteristics such as
the moment in the tidal cycle (x-axis), the mean water level over a tidal cycle, and the tidal amplitude.
From this figure it can be seen that the water budget error for the Kleine Noordwaard area is negative
most of the time. The negative budget is the result of over-prediction of the incoming discharge during
flood and under-prediction of the outgoing discharge during ebb. This under- and over-prediction of
discharge increases for higher mean tidal water levels and larger tidal amplitudes.

The Zuiderklip water budget error correlates stronglier to the moment in the tide, since both the
incoming discharge during flood and the outgoing discharge during ebb are over-predicted. This over-
prediction increases for higher mean tidal water levels and larger tidal amplitudes.
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Figure A.1: The water budget error (i.e., the difference between the water budget based on water level
measurements and the budget based on discharge measurements) as function of the moment in the
tidal cycle (x-axis), the tidally averaged water level (a,c), and the tidal amplitude (b,d) for the Kleine
Noordwaard (a,b) and Zuiderklip (c,d)
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A.2 Suspended sediment concentrations

A.2.1 Methods
During the monitoring periods the STM sensors were regularly cleaned to minimize the effect of algal
growth. If the STM measurements were affected by algal growth, the data were linearly corrected over
time between the cleaning operations or left out for further analysis in the case that the STM signal
was fully obscured by algae. The suspended sediment concentration (SSC) was computed by linear
ordinary least squares regression without an intercept between the water turbidity as measured by the
STM sensor and the SSC, determined from water samples. Two 3700 ISCO portable automatic water
samplers were used to collect 1 l water samples during the monitoring periods. Water samples were
collected within 10 cm distance from the STM sensors. The SSC of each water sample was determined
by filtering about 750 ml of the water samples through pre-weighted cellulose membrane filters with a
pore size of 0.45 µm. The membrane filters were pre-treated with demineralised water and dried before
filtering of the water samples. Furthermore, weighting of the filters before and after filtering took place
under similar conditions of temperature and relative humidity. Backscatter intensity of the VADCP
data and extra measurements using a STM sensor over depth and width of the channels have shown
that water in the channels of the study areas is well mixed.

A.2.2 Results
For the calibration of STM measurements to measured SSC, we assumed that variations in STM sig-
nal were primarily determined by SSC, and not by changes in grain size of the suspended load. As a
check, different series of water samples were taken. Visual inspection of the filters after filtration and
drying confirmed that different series of water samples taken at a monitoring location do not seem to
have a significant variation in grain size. Table A.2 shows the ordinary least squares regression fit, the
coefficient of determination, and the standard error of the regression between the STM turbidity [V]
and the Suspended Sediment Concentration [g l-1] for all permanent monitoring locations. Although
the coefficient of determination of the STM calibration fits (see Table A.2) is high for all individual
monitoring locations, the standard error of the regression for the Zuiderklip area is relatively large (17
mg l-1), compared to the standard deviation of the turbidity measurements of the entire monitoring
period (29 mg l-1). For the Kleine Noordwaard area, the uncertainty of the turbidity measurements
is smaller, since the standard error of the regression is 9 mg l-1 while the standard deviation of the
turbidity measurements of the monitoring period is 23 mg l-1.

Table A.2: The ordinary Least Squares the coefficient of determination (R2) and the standard error (SE)
of the regression between the STM turbidity [V] and the Suspended Sediment Concentration [g l-1] for
all permanent monitoring locations

Location Fit R2 SE [g l-1]

KNW-N SSC [g l-1] = 0.471 * STM [V] 0.977 0.010
KNW-S SSC [g l-1] = 0.517 * STM [V] 0.988 0.009
ZK-NE SSC [g l-1] = 0.422 * STM [V] 0.940 0.021
ZK-SE SSC [g l-1] = 0.480 * STM [V] 0.956 0.017
ZK-W SSC [g l-1] = 0.434 * STM [V] 0.955 0.012
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Appendix B | Supplement to Chapter 4

B.1 Raw data of all synoptic sampling campaigns

(a)
2015-11-26

(b) (c)

(d)
2015-12-09

(e) (f)

(g)
2016-01-20

(h) (i)

(j)
2016-01-21

(k) (l)

(m)
2016-01-28

(n) (o)
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Figure B.1: Flow magnitude and direction during a tidal period (left), suspended sediment concentra-
tion (middle), and electrical conductivity (right) of the synoptic sampling campaigns
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B.1.1 SSL of all synoptic sampling campaigns

Table B.1: Gradient in SSL [mg s-1 m-1] for different phases in the tidal period. Red colors show positive
changes in SSL, indicative for erosion, and blue colors negative changes in SSL, indicative for sedimen-
tation.The colour of the date of themonitoring campaigns represent the Rijkswaterstaat river discharge
warning code, for lowered (blue,±13 days a year), normal (green,±343 days a year), raised (yellow,±7
days a year), high (orange, once in 5 to 10 years), or extreme (red, once in 1250 years) river discharge.

Flood tide Ebb tide
Date Section 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

23-03-2016 S1 -2.4
13-05-2016 S1
01-04-2016 S1 -

69.5

17-03-2016 S2 0.8
28-01-2016 S2 9.6
12-02-2016 S2 -150.3

17-03-2016 S3 8.8
21-01-2016 S3
28-01-2016 S3 -13.0 39.2
12-02-2016 S3 458.8

23-03-2017 T1 11.8
13-05-2016 T1 -

58.3
3.7

04-04-2016 T1 -8.9

23-03-2017 T2 0.3
13-05-2016 T2 19.0

23-03-2017 T3 -11.2
13-05-2016 T3 -2.2

23-03-2017 T4 -1.3
13-05-2016 T4 -78.5
04-04-2016 T4 -6.7

23-03-2017 T6 -4.2
13-05-2016 T6 -72.3
04-04-2016 T6 -8.0

23-03-2017 T7 1.6

17-03-2016 S4 -0.1
21-01-2016 S4 1.7
28-01-2016 S4 63.1 107.0
01-04-2016 S4 13.7
12-02-2016 S4 110.2
24-02-2016 S4 189.6

17-03-2016 S6 -1.9
01-04-2016 S6 90.7
28-01-2016 S6 51.9 -3.3
12-02-2016 S6 -52.5
24-02-2016 S6 62.0

01-04-2016 S8 -7.8
04-04-2016 S8 -23.4
24-02-2016 S8 13.1

01-04-2016 S9 -4.1
04-04-2016 S9 -132.4

Continued on next page
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Table B.1 – continued from previous page
Flood tide Ebb tide

Date Section 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
24-02-2016 S9 -401.4

17-03-2016 T16 -5.5
04-04-2016 T16 3.6
01-04-2016 T16 -6.2
12-02-2016 T16 -35.1

17-03-2016 T17 7.0
04-04-2016 T17 -0.3
12-02-2016 T17 -1.7

23-03-2017 T18 -32.8
13-05-2016 T18 156.5
04-04-2016 T18 134.5

17-03-2016 T19 -2.9
04-04-2016 T19 -6.3
12-02-2016 T19 -26.8

23-03-2017 T20 -36.2
13-05-2016 T20 1.0
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