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0.3 Versió en Valencià . . . . . . . . . . . . . . . . . . . . . . .xiii

List of Figures xvii

List of Tables xxiii

1 Introduction 1

1.1 Floodplain ecosystems . . . . . . . . . . . . . . . . . . . . 1

1.2 Floodplain benefits and restoration need . . . . . . . . . . .4

1.2.1 The floodplain middle Ebro river . . . . . . . . . . . 6

1.3 The hydraulic model . . . . . . . . . . . . . . . . . . . . . 8

2 Aims of the project 15

2.1 Final aim . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Preliminary aims . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Study outline . . . . . . . . . . . . . . . . . . . . . . . . . 17

ix



CONTENTS

3 GENERAL METHODOLOGY 21

3.1 Study Area . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Ecological aspects . . . . . . . . . . . . . . . . . .23

3.2 Two dimensional hydraulic model . . . . . . . . . . . . . .25

3.2.1 Hydrodynamic simulation . . . . . . . . . . . . . . 26

3.2.1.1 Dissolved solute transport . . . . . . . . .27

3.2.1.2 Suspended solute transport and sedimenta-

tion . . . . . . . . . . . . . . . . . . . . . 29

3.2.1.3 Flow erosive potential estimation . . . . .30

3.2.2 Finite Volume Model . . . . . . . . . . . . . . . . . 31

3.2.3 Hydrodynamic river bed reconstruction . . . . . . .32

4 MODELING THE MIDDLE EBRO FLOODPLAIN FLOODING

DYNAMICS AND ITS IMPLICATIONS FOR ECOLOGICAL

RESTORATION 37

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Description of the study area . . . . . . . . . . . . . . . . .42

4.3.1 Roughness . . . . . . . . . . . . . . . . . . . . . .43

4.3.2 Discharge . . . . . . . . . . . . . . . . . . . . . . .45

4.3.3 Topography . . . . . . . . . . . . . . . . . . . . . . 47

4.3.3.1 Main channel characterization . . . . . . .48

4.4 Full simulation model . . . . . . . . . . . . . . . . . . . . . 49

4.5 Model calibration . . . . . . . . . . . . . . . . . . . . . . . 50

4.6 Validation of the complete model . . . . . . . . . . . . . . .53

4.6.1 Experimental techniques and field measurements . .53

x



CONTENTS

4.6.1.1 Flood inundation extent . . . . . . . . . .53

4.6.1.2 Water depth . . . . . . . . . . . . . . . . 54

4.7 Validation results . . . . . . . . . . . . . . . . . . . . . . . 55

4.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . .72

4.9 Ecological application of the full model . . . . . . . . . . .76

4.9.1 Analysis of current floodplain hydromorphological

dynamics . . . . . . . . . . . . . . . . . . . . . . . 77

4.9.2 Scenario 1: river discharge increasing . . . . . . . .82

4.9.3 Scenario 2: 1m dike reduction . . . . . . . . . . . . 84

4.9.4 Scenario 3: island removing . . . . . . . . . . . . .89

4.9.5 Scenario 4: 2m dike reduction . . . . . . . . . . . . 92

4.9.6 Scenario 5: hydrological connectivity increasing . .94

4.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . .95

5 NUTRIENT RETENTION CAPACITY OF AN AGRICULTURAL

DRAINAGE CHANNEL: DEVELOPING A PREDICTIVE MODEL 99

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.1.1 Nutrient cycling . . . . . . . . . . . . . . . . . . .102

5.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . .105

5.3 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . .108

5.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . .110

5.4.1 Experimental techniques . . . . . . . . . . . . . . .111

5.4.1.1 Experimental set 1: short length irrigation

canal, experiments 1-12 . . . . . . . . . .111

5.4.1.2 Sediment experiments . . . . . . . . . . .112

xi



CONTENTS

5.4.1.3 Experimental set 2: large length irrigation

canal; experiments 13-15 . . . . . . . . .115

5.4.1.4 Sample analysis . . . . . . . . . . . . . .117

5.4.2 Computational analysis: nutrient uptake estimation

models . . . . . . . . . . . . . . . . . . . . . . . .118

5.4.2.1 Steady one-dimensional reactive transport

model . . . . . . . . . . . . . . . . . . . 118

5.4.2.2 Transient storage . . . . . . . . . . . . . .121

5.4.2.3 Kinetic nutrient uptake . . . . . . . . . .123

5.4.2.4 Unsteady two-dimensional simulation model125

5.4.2.5 Predictive SRP uptake formulation . . . .126

5.5 Nutrient retention in the drainage canal . . . . . . . . . . . .127

5.5.1 Physical, chemical, and biological canal parameters. 127

5.5.2 Net retention of Soluble Reactive Phosphorus; exper-

iments 1-12 . . . . . . . . . . . . . . . . . . . . . .129

5.5.3 Net nitrogen retention; experiments 1-12 . . . . . .133

5.5.4 Sediment SRP uptake . . . . . . . . . . . . . . . . .133

5.5.4.1 Sediment incubation . . . . . . . . . . . .133

5.5.4.2 Laboratory channel experiments; experiments

16-20 . . . . . . . . . . . . . . . . . . . . 134

5.6 Nutrient uptake estimation . . . . . . . . . . . . . . . . . .137

5.6.1 Sediment SRP uptake: kinetic approach . . . . . . .137

5.6.2 Sediment uptake estimation: steady and unsteady ap-

proaches . . . . . . . . . . . . . . . . . . . . . . .138

xii



CONTENTS

5.6.3 Irrigation canal SRP uptake estimation: steady and

unsteady approaches . . . . . . . . . . . . . . . . .143

5.6.4 Irrigation canal Nitrogen uptake estimation: steady

and unsteady approaches . . . . . . . . . . . . . . .150

5.7 Predictive SRP uptake formulation . . . . . . . . . . . . . .150

5.7.1 Predictive sediment SRP uptake formulation . . . .152

5.7.2 Validation of the predictive SRP sediment uptake for-

mulation . . . . . . . . . . . . . . . . . . . . . . .154

5.7.3 Water column SRP uptake formulation . . . . . . .155

5.8 Validation of a predictive model combining water columnand

benthic uptake . . . . . . . . . . . . . . . . . . . . . . . . .157

5.8.1 Changing temporal and spatial scale . . . . . . . . .165

5.8.1.1 Results . . . . . . . . . . . . . . . . . . .165

5.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . .169

5.10 Management proposal . . . . . . . . . . . . . . . . . . . . .171

6 MODELING NUTRIENT AND SEDIMENT DYNAMICS IN THE

MIDDLE EBRO RIVER FLOODPLAIN (NE SPAIN): A VALI-

DATION 173

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . .173

6.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . .178

6.3 Description of the study area . . . . . . . . . . . . . . . . .178

6.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . .179

6.4.1 Field experimentation: experiments 21, 22 and 23 . .180

6.4.1.1 Water samples analysis . . . . . . . . . .182

6.4.2 Simulation model . . . . . . . . . . . . . . . . . . .183

xiii



CONTENTS

6.4.2.1 Quantification of the groundwater contri-

bution . . . . . . . . . . . . . . . . . . . 183

6.4.3 Validation of the SRP uptake model . . . . . . . . .184

6.4.4 Validation of the sedimentation model . . . . . . . .184

6.4.5 Model application . . . . . . . . . . . . . . . . . .185

6.4.5.1 Evaluation of the floodplain SRP uptake

potential . . . . . . . . . . . . . . . . . . 185

6.4.5.2 Analysis of the current floodplain nutrient

and sediment dynamics . . . . . . . . . .188

6.4.5.3 Restoration scenarios . . . . . . . . . . .189

6.5 Soluble Reactive Phosphorus retention at the Ebro River. . 189

6.5.1 Physical, chemical, and biological river parameters. 189

6.5.2 Soluble Reactive Phosphorus retention . . . . . . . .190

6.5.3 Quantification of the groundwater contribution . . .192

6.6 Validation of the complete two-dimensional model . . . . .193

6.6.1 Validation of the sedimentation model . . . . . . . .193

6.6.2 SRP uptake model validation . . . . . . . . . . . . .194

6.7 Model application . . . . . . . . . . . . . . . . . . . . . . .197

6.7.1 Analysis of the current scenario . . . . . . . . . . .198

6.7.1.1 Sedimentation . . . . . . . . . . . . . . .199

6.7.1.2 Ambient SRP uptake . . . . . . . . . . .203

6.7.1.3 Floodplain SRP buffering potential . . . .207

6.7.1.4 River dissolved nutrient contribution to the

floodplain . . . . . . . . . . . . . . . . . 211

6.7.2 Current scenario . . . . . . . . . . . . . . . . . . .213

xiv



CONTENTS

6.8 Scenario 1: 2m dike height . . . . . . . . . . . . . . . . . .216

6.8.1 Sedimentation . . . . . . . . . . . . . . . . . . . .216

6.8.2 SRP uptake . . . . . . . . . . . . . . . . . . . . . .222

6.9 Scenario 2: hydrological connectivity increase . . . . . .. . 226

6.9.1 Sedimentation . . . . . . . . . . . . . . . . . . . .226

6.9.2 SRP uptake . . . . . . . . . . . . . . . . . . . . . .232

6.10 Restoration strategies . . . . . . . . . . . . . . . . . . . . .232

6.11 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . .236

7 General Discussion 239

7.1 The hydraulic model . . . . . . . . . . . . . . . . . . . . .239

7.1.1 Flow erosive potential . . . . . . . . . . . . . . . .243

7.1.2 Solute transport . . . . . . . . . . . . . . . . . . . .243

7.1.2.1 Dissolved solute transport . . . . . . . . .244

7.1.2.2 Particulate solute transport: sedimentation

model . . . . . . . . . . . . . . . . . . . 245

7.1.3 Nutrient uptake . . . . . . . . . . . . . . . . . . . .247

7.2 The floodplain analysis across numerical simulation . . .. . 251

7.2.1 Floodplain restoration need . . . . . . . . . . . . . .253

8 General Conclusions 257

8.1 The hydraulic model . . . . . . . . . . . . . . . . . . . . .258

8.2 Nutrient uptake modeling . . . . . . . . . . . . . . . . . . .260

8.2.1 Laboratory and irrigation canal experimentations . .260

8.2.2 The river model validation . . . . . . . . . . . . . .262

8.3 Sediment deposition modeling . . . . . . . . . . . . . . . .263

xv



CONTENTS

8.4 The floodplain analysis through numerical simulation . .. . 264

8.5 Floodplain restoration proposal through numerical simulation 265

9 Conclusiones generales 267
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