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Abstract

0.1 English version

The present work highlights the numerical simulation as a tool

capable of reproducing and predict the main processes that pro-

duces and maintains the floodplain ecosystems. To that end,

floodplain flow dynamics, geomorphic activity, sediment depo-

sition and nutrient uptake are evaluated through field experimen-

tation. Then, the experimental data are included in a numerical

model to perform a complete simulation tool that predict flow

dynamics, geomorphic activity, sediment deposition, river nu-

trient contribution and nutrient uptake. A 2-km river segment

representative of the meandering Middle Ebro (NE Spain) reach

is selected for the study.

The first task is to find the best representation of the floodplain

hydraulics. We select a two-dimensional (2D) finite volume nu-

merical model based on the 2D transient shallow water equa-

tions as the best option to perform the hydrodynamic simula-

tion. Then, the importance of the correct characterizationof the



roughness coefficient and the topography is emphasized in the

study. The former is estimated from a previous classification of

structurally homogeneous habitats and the latter is definedby

merging Digital Terrain Model data with a hydraulic river bed

elevation reconstruction algorithm. The calibration of the full

model resulting from the roughness, bed river and flow simula-

tion models is based on field measurements of flooded area for

two steady discharges of 50 and 500m3/s. The validation is per-

formed by comparing the numerical results with the water levels

measured during five flooding events at certain times, with the

flooded area and with time series of continuous point measure-

ments of water-depth during different situations along theyear

2007. The validation results of the flooded area and water level

were 79±13 % and 0.27±0.05 m, respectively.

Since the model provide accurate predictions of the floodplain

flooding, for both, low and high flow discharges, the simulation

results are used to analyze the current floodplain flooding dy-

namics and its geomorphic potential. As a result, we obtain that

although the current flow regime appears to be enough to induce

the floodplain river nutrient contribution, it does not produce

enough morphological activity to maintain the shifting mosaic

of habitats (SMH) characteristic of the floodplain ecosystems.

On the basis of this analysis, five possible restoration scenarios,

based on the terrain or flow modification, are simulated. The

results enhance the role of the constructed defenses in the mor-



phological activity decreasing.

A predictive nutrient uptake model is included into the 2D hy-

draulic model. For that purpose, retention of dissolved phospho-

rus and nitrogen is examined in several controlled experiments in

an irrigation canal, located within the study site and whoseflow

comes from the Ebro river, and in a laboratory channel. The lab-

oratory channel is used to estimate the sediment nutrient uptake

capacity, whilst the irrigation canal is used to estimate the sedi-

ment and water column nutrient uptake capacity. Retention effi-

ciency is measured using nutrient short-term nutrient and tracer

injections to estimate nutrient uptake coefficient (k) during the

irrigation period. Hydraulic tracer (Br−) and soluble reactive

phosphorus (SRP) were co-injected into both canals. Nitrogen

uptake is measured using the ambient concentration. The results

show an SRP load reduction of 20.7 ± 2.8 % of the net mass

balance by means of the irrigation channel ecosystem, whilethe

nitrogen concentration remained nearly unaltered. Hence,only

the SRP is considered in the nutrient uptake formulation.

The new SRP uptake formulation is performed using the exper-

imental data. First, main nutrient uptake agents are determined

by means of an statistical analysis of the nutrient uptake coeffi-

cient and the physical, chemical and biological irrigationcanal

and laboratory channel characteristics. As a result, the sorption

appears to be the main SRP uptake process, for both the sediment

and the water column. Then, a non linear regression between the



main SRP uptake agents and the uptake coefficient is performed

obtaining an SRP uptake function. The equation is included into

the 2D hydraulic model as a decay term and validated in both

the irrigation canal and the laboratory channel. The comparison

between measured and simulated data provided always a signifi-

cant linear regression (p≤ 0.05) whoser2 ≥ 0.83 in 19 out of 20

experiments, where 3 of them were carried out using a different

spatial-temporal scale. Finally, the new formulation is validated

in the selected river reach by means of three new experimenta-

tions. The model predictions show a good accuracy, where the

linear regressions between measured and calculated SRP con-

centration of the three experiments were significant (r2 ≥ 0.62;

p≤ 0.05).

The particulate solute transport and decay (sedimentationmodel)

is also included into the hydraulic model, and is validated using

field data collected during 2 real flooding events. The compari-

son between calculated and measured sediment deposition shows

a significant (p≤ 0.05) linear regression, whoser2 = 0.97 with

a slope not significantly different from the unit (p≤ 0.05).

The complete model that includes the erosive potential, theso-

lute transport and SRP uptake is used to simulate and analyze

floodplain sediment deposition, river nutrient contribution and

SRP uptake. According to this analysis, the main SRP uptake

process appears to be the sediment sorption. The analysis also re-

veals a disequilibrium between erosion and sedimentation,where



sediment deposition prevails over erosive processes. Finally,

simulation results suggest the presence of a lateral gradient of

hydrological connectivity that decreases as distance to the river

increases and control the floodplain river matter contribution.

According to this gradient, remote floodplain zones would re-

ceive a very low or null suspended and dissolved nutrients, whilst

the adjacent riparian areas would receive the highest concentra-

tions. Hence, this lateral gradient could cause a lack of nutrient

plant availability at the remote riparian forest.

Finally, the complete model was used to propose and simulate

floodplain restoration scenarios based on terrain modification.

0.2 Versíon en castellano

El presente trabajo destaca la simulación numérica como her-

ramienta capaz de reproducir y predecir los principales procesos

que producen y mantienen los ecosistemas de llanuras de inun-

dación. Para ello, la dinámica del flujo, la actividad geomor-

fológica, la sedimentación y la captura de nutrientes de la lla-

nura de inundación, son evaluadas experimentalmente. Seguida-

mente, los datos experimentales son incluidos en un modelo numérico

para desarrollar una herramienta de simulación completa ycapaz

de predecir la dinámica del flujo, la actividad geomorfológica, la

sedimentación, el aporte de nutrientes del rı́o a la llanura de in-

undación ası́ como la captación de los mismos. Para desarrollar



el estudio, se ha seleccionado un segmento de 2 Km del rı́o Ebro

(NE España), representativo de su tramo medio meandriforme.

Para representar correctamente la hidráulica de la llanura de in-

undación, se ha seleccionado un modelo nu- mérico bidimen-

sional (2D), basado en las ecuaciones 2D de las aguas poco pro-

fundas y calculado a partir del método de los volúmenes finitos.

A continuación, se pone de manifiesto la importancia de una cor-

recta caracterización del rozamiento y la topografı́a delterreno.

El rozamiento ha sido caracterizado experimentalmente a través

de la clasificación estructural de los distintos hábitatsde la lla-

nura de inundación. La topografı́a del terreno se define a través

de un Modelo Digital del Terreno, cuyo rı́o ha sido reconstru-

ido mediante un algoritmo desarrollado en el presente estudio.

La calibración del modelo completo resultante del rozamiento,

la topografı́a y el modelo numérico del flujo, se basa en medi-

das experimentales realizadas en la llanura de inundaciónbajo

dos caudales estacionarios de 50 y 500m3/s. La validación del

modelo se llevó a cabo comparando los resultados numéricos con

las medidas experimentales de nivel de agua y extensión delárea

inundada realizadas en la llanura de inundación durante los cinco

eventos de riada ocurridos en el año 2007. Dicha validación dio

como resultado un ajuste medio del área inundada y del niveldel

agua de 79±13 % y 0.27±0.05 m, respectivamente.

Dada la capacidad predictiva del modelo tanto para caudalesele-

vados como bajos, las simulaciones fueron utilizadas para analizar



la dinámica actual de inundación de la llanura ası́ como suac-

tividad geomorfológica. Como resultado, se obtuvo que a pesar

de que el presente régimen de caudales parece suficiente para

inundar completamente la llanura de inundación y proveerla de

nutrientes, no resulta suficiente para generar una actividad geo-

morfológica tal que mantenga el mosaico cambiante de hábitats

caracterı́stico de los ecosistemas de llanura de inundaci´on. En

base a este análisis, se proponen, simulan y analizan cincoposi-

bles escenarios de restauración basados en la modificación del

terreno o de la dinámica de caudales. Los resultados del an´alisis

señalan a las defensas construidas del rı́o como máximos respon-

sables de la carente actividad geomorfológica actual.

Además del flujo y la capacidad erosiva, se ha incluido en el

modelo 2D de simulación, un modelo predictivo de captura de

nutrientes. Para ello, se ha examinado la retención de fósforo

inorgánico y nitrógeno disueltos mediante una serie de experi-

mentos controlados en una acequia de riego, situada en el área

de estudio y cuyo flujo procede del rı́o Ebro, y en un canal de

laboratorio. Dicho canal se utilizó para estimar la retención de

nutrientes por parte del sedimento, mientras que en la acequia

de riego se evaluó la captura de nutrientes como resultado de la

acción conjunta de la columna de agua y el sedimento. En am-

bos casos se realizaron una serie de experimentos basados enla

inyección controlada de fósforo y un trazador (Br−) para estimar

el coeficiente de retención de nutrientesk. Debido a la elevada



concentración de nitrógeno en la acequia de riego, su retención

fue evaluada utilizando la concentración ambiente del mismo.

Los resultados mostraron una capacidad de reducción de fósforo

por parte de la columna de agua y del sedimento de 20.7 ± 2.8

%. Por el contrario, el sistema presentó una capacidad nulapara

retener nitrógeno. Por tanto, sólo el fósforo inorgánico disuelto

será considerado para en el desarrollo del modelo de retención

de nutrientes.

La nueva formulación que describe la retención de nutrientes

se ha desarrollado mediante la utilización de los datos experi-

mentales. En primer lugar, se identifican los principales agentes

relacionados con la captura de fósforo mediante el análisis es-

tadı́stico del coeficiente de captura y las caracterı́sticas fı́sicas,

quı́micas y biológicas del sistema (el canal de riego y el delab-

oratorio). Como resultado se obtuvo que el proceso responsable

de la mayor parte de la retención del fósforo es la adsorci´on,

tanto en el sedimento como en la columna de agua. A contin-

uación, mediante una regresión no lineal entre el coeficiente de

captura y los parámetros fı́sicos, quı́micos y biológicos implica-

dos en la retención de fósforo, se obtiene la ecuación quede-

scribe el proceso de captura de fósforo. Dicha ecuación seintro-

duce en el modelo hidráulico 2D como término de decaimiento

del fósforo, y se valida tanto en el canal de laboratorio como en

la acequia. La comparación entre las predicciones del modelo y

los datos experimentales dio como resultado regresiones lineales



significativas (p≤ 0.05), cuyasr2 ≥ 0.8 en 19 de los 20 experi-

mentos.

El modelo de transporte y sedimentación de solutos particula-

dos se incluyó también en el modelo hidráulico 2D y se validó

en la llanura de inundación utilizando los datos experimentales

recogidos durante dos eventos de riada. La comparación medi-

ante lo calculado por el modelo y lo observado en campo dio

como resultado una regresión lineal significativa (p≤ 0.05) con

unar2 de 0.97.

El modelo de simulación complete que incluye potencial erosivo,

transporte de solutos y retención de fósforo inorgánicodisuelto

se utilizó para simular y analizar dichos procesos en la llanura de

inundación. Según lo obtenido en dicho análisis, la adsorción del

fósforo a los sólidos en suspensión y su posterior sedimentación

parece ser el mayor responsable de la retención de fósforoen

la llanura de inundación. El análisis también revela la existen-

cia de cierto desequilibrio entre los procesos de erosión ysedi-

mentación a favor de este último. Finalmente, las simulaciones

sugieren la presencia de un gradiente lateral de conectividad que

decrece con la distancia al rı́o y gobierna el aporte de nutrientes

a la llanura de inundación. Según este gradiente, las zonas más

alejadas del rı́o reciben una cantidad muy baja o incluso nula

de sólidos disueltos y particulados, mientras que las zonas más

cercanas reciben las concentraciones más elevadas. Por tanto,

dicho gradiente lateral podrı́a estar afectando negativamente a la



vegetación riparia de las zonas más remotas de la llanura de in-

undación.

Finalmente, el modelo completo ha sido utilizado para proponer,

simular y analizar dos alternativas de restauración de la llanura

de inundación basadas en la modificación del terreno.

0.3 Versío en Valencìa

El present treball destaca la simulació numèrica com a ferra-

menta capaç de reproduir i predir els principals processosque

generen i mantenen els ecosistemes de les planes d’inundació.

Per això, s’avaluen experimentalment la dinàmica del flux, l’acti-

vitat geomorfològica, la sedimentació i la captació de nutrients

de la planı́cia de inundació. A continuació, les dades experi-

mentals són incloses en un model numèric per tal de desenvolu-

par una ferramenta de simulació completa i capaç de predirla

dinàmica del flux, la activitat geomorfològica, la sedimentació,

la capacitat de retenció dels nutrients i la contribució d’aquests a

la plana d’inundació. Per desenvolupar l’estudi, s’ha seleccionat

un segment de 2 quilòmetres del riu Ebro (NE Espanya), repre-

sentatiu del seu tram mitjà meandritzant.

Per representar correctament la hidràulica de la plana d’inundació,

s’ha seleccionat un model numèric bidimensional (2D), basat en

les equacions 2D d’aigües poc profundes i calculat a partirdel

mètode dels volums finits. A continuació, es posa de manifest



la importància d’una correcta caracterització de la fricció i la

topografia del terreny. La fricció ha estat caracteritzadaexperi-

mentalment mitjançant la classificació estructural delsdiferents

hàbitats de la plana d’inundació. La topografia del terreny es

defineix mitjançant d’un Model Digital del Terreny, on el riu ha

estat reconstrut utilitzant un algoritme desenvolupat al present

estudi. La calibració del model complet resultant de la fricció,

la topografia i el model numèric del flux, es basa en mesures ex-

perimentals realitzades en la plana d’inundació sota els cabals

estacionaris de 50 i 500m3/s. La validació del model es va dur

a terme comparant els resultats numèrics en les mesures experi-

mentals del nivell de l’aigua i la extensió de l’àrea inundada re-

alitzades en la plana d’inundació durant els cinc esdeveniments

de riuada de l’any 2007. La validació va donar com a resultatun

ajust mitjà de l’àrea inundada i del nivell d’aigua de 79±13 % y

0.27±0.05 m, respectivament.

En la capacitat predictiva del model tant per cabals elevatscom

baixos, les simulacions foren utilitzades per analitzar ladinàmica

actual d’inundació de la planı́cia aixı́ com la seua activitat geo-

morfològica. Els resultats mostren que a pesar de que el present

règim de cabals sembla suficient per inundar completament la

plana d’inundació i proveir-la de nutrients, resulta incapaç de

generar una activitat geomorfològica tal que mantinga el mo-

saic canviant d’hàbitats caracterı́stic dels ecosistemes de plana

d’inundació. En base a aquest anàlisi, es proposen, simulen



i analitzen cinc possibles escenaris de restauració basats en la

modificació del terreny o de la dinàmica de cabals. Els resultats

de l’anàlisi assenyalen les defenses construdes com els m`axims

responsables de la manca d’activitat geomorfològica actual.

A més del flux i la capacitat erosiva, s’ha inclòs en el model

2D hidràulic de simulació un model predictiu de captacióde nu-

trients. Per a tal objectiu, s’ha examinat la retenció de f`osfor

inorgànic i nitrogen dissolts mitjançant una sèrie d’experiments

controlats en una sèquia de regadiu, situada a l’àrea d’estudi i al-

imentada per aigua de l’Ebre, i a un canal de laboratori. Aquest

últim es va utilitzar per estimar la retenció de nutrientsper part

del sediment, mentre que a la sèquia es va avaluar la retenció

de nutrients com a resultat de l’acció conjunta de la columna

d’aigua i el sediment. En ambdós casos es realitzaren una s`erie

d’experiments basats en la injecció controlada de fòsfori un

traçador (Br−) per estimar el coeficient de retenció de nutrients,

k. Degut a l’elevada concentració de nitrogen a la sèquia, la seua

captació va a ser avaluada utilitzant la seua concentraci´o ambi-

ent. Els resultats mostren una capacitat de retenció de fòsfor per

part de la columna d’aigua i del sediment de 20.7±2.8 %. Pel

contrari, el sistema va presentar una capacitat nulla de retenció

de nitrogen. Per aquesta raó, sols el fòsfor dissolt seràconsiderat

al desenvolupament del model de retenció de nutrients.

La nova formulació que descriu la retenció de nutrients esva de-

senvolupar mitjançant la utilització de les dades experimentals.



En primer lloc, es van identificar els principals agents relacionats

amb la captació de fòsfor mitjançant l’anàlisi estadı́stic del co-

eficient de captació i les caracterı́stiques fı́siques, quı́miques i

biològiques del sistema (la sèquia i el canal de laboratori). Els

resultats mostren que el procés responsable de la major part de

la retenció del fòsfor és l’adsorció, tant al sediment com a la

columna d’aigua. A continuació, mitjançant una regressió lin-

eal entre el coeficient de captació i els paràmetres fı́sics, quı́mics

i biològics implicats en la retenció de fòsfor, es va obtenir una

equació que descriu el procés de captació de fòsfor. La equació

s’introdueix en el model hidràulic 2D com a terme de decament

del fòsfor, i es valida tant al canal de laboratori com a la s`equia.

La comparació entre les prediccions del model i les dades ex-

perimentals donà com a resultat regressions lineals significatives

(p≤ 0.05) ambr2 ≥ 0.8 a 19 dels 20 experiments.

El model de transport i sedimentació de soluts particulatstambé

va ser inclòs al model hidràulic 2D i es va validar a la plan´ıcia

de inundació utilitzant les dades experimentals arreplegades du-

rant dos esdeveniments de riuada. La comparació dels càlculs

del model i les observacions de camp donà com a resultat una

regressió lineal significativa (p≤ 0.05) amb unar2 de 0.97.

El model de simulació complet que inclou potencial erosiu,trans-

port de soluts i retenció de fòsfor inorgànic dissolt va ser utilitzat

per simular i analitzar aquestos processos a la plana d’inundació.

Segons aquest anàlisi, la adsorció del fòsfor als sòlids en sus-



pensió i la seua posterior sedimentació pareix ser el major re-

sponsable de la retenció de fòsfor a la plana d’inundació. L’anàlisi

també revela l’existència de cert desequilibri entre elsproces-

sos d’erosió i sedimentació en favor d’aquest últim. Finalment,

les simulacions suggereixen la presència d’un gradient lateral de

connectivitat que decreix amb la distància al riu i governala con-

tribució de nutrients a la planı́cia de inundació. Segonsaquest

gradient, les zones més allunyades del riu reben una quantitat

molt baixa o fins i tot nulla de sòlids dissolts i particulats, men-

tre que les zones més properes reben les concentracions més ele-

vades. Per tant, el gradient lateral podria estar afectant negativa-

ment a la vegetació ripària de les zones més remotes de la plana

d’inundació.

Finalment, el model complet ha estat utilitzat per proposar, simu-

lar i analitzar dos alternatives de restauració de la planad’inunda-

ció basades en la modificació del terreny.
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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 . . . .203

6.7.1.4 River dissolved nutrient contribution to the

floodplain . . . . . . . . . . . . . . . . . 207

6.7.2 Current scenario . . . . . . . . . . . . . . . . . . .207

xiv



CONTENTS

6.8 Scenario 1: 2m dike height . . . . . . . . . . . . . . . . . .211

6.8.1 Sedimentation . . . . . . . . . . . . . . . . . . . .211

6.8.2 SRP uptake . . . . . . . . . . . . . . . . . . . . . .220

6.9 Scenario 2: hydrological connectivity increase . . . . . .. . 221

6.9.1 Sedimentation . . . . . . . . . . . . . . . . . . . .221

6.9.2 SRP uptake . . . . . . . . . . . . . . . . . . . . . .229

6.10 Restoration strategies . . . . . . . . . . . . . . . . . . . . .230

6.11 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . .231

7 General Discussion 237

7.1 The hydraulic model . . . . . . . . . . . . . . . . . . . . .237

7.1.1 Flow erosive potential . . . . . . . . . . . . . . . .241

7.1.2 Solute transport . . . . . . . . . . . . . . . . . . . .241

7.1.2.1 Dissolved solute transport . . . . . . . . .242

7.1.2.2 Particulate solute transport: sedimentation

model . . . . . . . . . . . . . . . . . . . 243

7.1.3 Nutrient uptake . . . . . . . . . . . . . . . . . . . .245

7.2 The floodplain analysis across numerical simulation . . .. . 249

7.2.1 Floodplain restoration need . . . . . . . . . . . . . .251

8 General Conclusions 255

8.1 The hydraulic model . . . . . . . . . . . . . . . . . . . . .256

8.2 Nutrient uptake modeling . . . . . . . . . . . . . . . . . . .258

8.2.1 Laboratory and irrigation canal experimentations . .258

8.2.2 The river model validation . . . . . . . . . . . . . .260

8.3 Sediment deposition modeling . . . . . . . . . . . . . . . .261

xv



CONTENTS

8.4 The floodplain analysis through numerical simulation . .. . 262

8.5 Floodplain restoration proposal through numerical simulation 263

9 Conclusiones generales 265
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1

Introduction

1.1 Floodplain ecosystems

Floodplains are ecotones between upland and river-channelenvironments that

alternate between aquatic and terrestrial states (Junk et al. (102)). The dy-

namic interaction between water and land, generated by recurring flooding,

is the main process that produces and maintains these ecosystems (Bayley

(14)). As a result, a diverse shifting mosaic of habitat (SHM) patches is gen-

erated across the riverine landscape, where many species can co-exist (Hauer

and Lorang (71)). This interaction is known as hydrological connectivity, and

constitutes the driving force that produces the lateral interchange of particu-

late and dissolved matter, both via surface flow (the flood pulse concept of

Junk et al. (102)) and via groundwater pathways (Heiler et al. (73), Ward and

Standford (212), Galat et al. (59), Ward et al. (213)) (see Figure1.1).

Hydrological connectivity between the river and the floodplain provides

the opportunity for the floodplain to function as a natural sink for sediment
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1. INTRODUCTION

and nutrients, emanating from the headwaters and lateral sources such as agri-

cultural crops, and urban and industrial effluents (Burt et al. (31)). Hence, the

floodplain receives directly from the main channel all classes of nutrients, and

its basic nutrient status would be expected to correspond tothat of the river

(Junk et al. (102)). However, ecotones are characterized by their own set

of ecological processes and interactions (Odum (147)), and therefore, flood-

plains tend to establish their own cycles (Junk et al. (102)). For instance,

gases such as CO2, O2, H2S, CH4 and N2 are produced and/or consumed in

the floodplain, within systems with slow, regular flood pulses, independently

of processes in the main channel (Junk et al. (102)). Particulate inorganic

matter increases its ecosystem relevance once it reaches the floodplain and

becomes a basic part of the nutrient pool, available to primary producers in

the dry phase and during part of the wet phase (Junk et al. (102)). Dissolved

nutrient content is also affected by the floodplain biotic and abiotic processes

(Junk et al. (102)), which tend to reduce the floodplain nutrient concentration.

The river nutrient contribution into the floodplain constitutes an elemental

process for the floodplain production and maintenance. Essential nutrients,

such as nitrogen (N) or phosphorus (P), are often floodplain productivity lim-

iters, and needs the river inflowing to replenish their concentration (Junk et al.

(102)). However, an excess of river contribution of N and/or P might produce

the eutrophication of the system, and the consequent water quality decreas-

ing. In the same way, a lack of N and/or P might produce an impoverishment

of the freshwater ecosystem. Hence, the concentration and equilibrium be-

tween both compounds determines the floodplain ecosystem status.
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1.1 Floodplain ecosystems

The processes that undergoes the transformation and/or uptake of N and P

in the floodplain are very different. The P cycle comprises the dissolved and

particulate forms, its major source is the sedimentation (Mitsch and Dorge

(131), Johnston (101); Vought et al. (206)) and the sorption and precipi-

tation are considered the most important longterm P sequestration mecha-

nisms (Richardson (171); Richardson and Marshall (172); Reddy et al. (166)).

In contrast, the N cycle comprises three forms: dissolved, particulate and

gas, and its main source varies among the floodplains. Some authors found

the sedimentation as the major nitrogen contribution (OldeVenterink et al.

(150)), whilst other authors pointed out the atmospheric deposition and nitri-

fication as the main N sources (Koerselmanb and Verhoeven (109); Johnston

(101); Vought et al. (206); Olde Venterink et al. (148)). Three processes con-

tribute to N retention: denitrification, sedimentation anduptake by aquatic

plants. The relative importance of each mechanism depends on the flood-

plain ecosystems characteristics (Saunders and Kalff (179)).

Sedimentation is therefore an essential process for both pollutant trapping

and floodplain nutrient contribution. During the last decade, attention has fo-

cused on the fluxes of suspended sediment and particulate P through fresh-

water drainage systems because of severe eutrophication effects in rivers,

lakes, reservoirs and coastal waters observed throughout the world (e.g. Mey-

beck et al. (126), Carignan and Vaithiyanathan (40), Bowes and House (23),

Olde Venterink et al. (149), Braskerud et al. (26)). Several studies based on

field measurements confirm the largely influence of the sedimentation process
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on P uptake (Johnston (101), Alexander et al. (4), Bowes and House (23),

Olde Venterink et al. (149)). Predictions of P retention in riparian buffers

are nowadays extremely challenging because of the complex interactions and

feedback between hydrology and biogeochemical transformations of P (Mar-

tin and Reddy (121); Cirmo and McDonnell (49); Hattermann et al. (70)),

and so is its numerical modeling, that includes transport and transformation

of both sediment and P (Carignan and Vaithiyanathan (41)).

1.2 Floodplain benefits and restoration need

Floodplains are among the biologically most productive anddiverse ecosys-

tems on earth (K. and Standford (103)). In the last few decades, the ecological

services and goods that these ecosystems provide have been widely recog-

nized, and even their value has been economically estimated. The major ser-

vices of floodplains include disturbance regulation (37% oftheir total value),

water supply (39%) and waste treatment (9%) (K. and Standford (103)), al-

though these areas also are highly valued for their transportation potential,

food and fiber production, recreation, and beauty. The estimated worldwide

value of the services provided by flood plains is US 3920E09yr−1, assuming

that the total floodplain area is about 2E06 Km2 and area-based value is US

19580ha/yr (K. and Standford (103)).

In spite of their values, floodplains are among the most threatened ecosys-

tems in the world (K. and Standford (103)). Man induced alterations through

impoundments, river regulation and channelization represent the major threat
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to river systems worldwide. These impacts affect importantriverine hydro-

morphological processes (fluvial dynamics), which define the dynamic equi-

librium of habitat distribution with their characteristicbiota (Giller (62), Nils-

son et al. (145), Reckendorfer et al. (165), Schiemer et al. (180)). In many

riverine systems, hydrological connectivity between the river and its flood-

plain is restricted to groundwater pathways, and geomorphological dynamics

are mostly absent (Marchand (118); Heiler et al. (72)). As a result, river

restoration has become a global issue in terms of geomorphology, hydrology

and ecology, and river engineers are seeking the cooperation of these sciences

to improve degraded waterways within small to large scale river restoration

projects (Palmer et al. (154)).

Most river restoration efforts are almost exclusively based on empirical

experience (Richards and Hughes. (170)), where the relationship between ef-

fort and results is not always satisfactory. Most of these empirical studies

show a difficult application in other systems or even at otherspatial-temporal

scales within the same system. It is widely recognized that empirical data are

necessary to understand the past, present and future of the riparian processes,

but it is also true that considering the different spatial-temporal scales of the

operating processes is fundamental in riparian system restoration (Ward et al.

(215)). Including all spatial-temporal scales in the empiricalapproach re-

quires a temporal and economic effort that is not always possible to assume.

Therefore, numerical simulation can be a useful tool, capable of considering

diverse spatial-temporal scales but without excluding theneed of some empir-

ical experience. Using numerical simulation it is possibleto reproduce and
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predict the dynamic interaction between river and its floodplain, and there-

fore, fundamental riparian processes such as solute transport, nutrient uptake

and hydromorphological dynamics. Numerical simulation iscommonly used

as a predictive tool. Indeed, it can be an efficient restoration tool, capable

of represent and predict the results of different riparian restoration alterna-

tives before to carry them out. Furthermore, the accurate reproduction of the

floodplain-river dynamic interaction, makes the numericalsimulation a use-

ful tool for a better understanding of the different spatial-temporal riparian

processes.

At the same time, numerical simulation progress needs the empirical ex-

perience. The use of numerical simulation in real cases, makes possible the

validation of the models, but it also stimulates the implementation of new

functions as a response of the needs of a particular experience. Therefore,

the use of numerical simulation for riparian restoration purposes favor the

improvement of both disciplines.

1.2.1 The floodplain middle Ebro river

The middle Ebro river does not constitute an exception in thefloodplain

degradation problematic. The Ebro river is the largest Mediterranean river of

the Iberian Peninsula, and therefore, it is a greatly regulated river. The alter-

ations of river flows and floodplains have disrupted the intensity, frequency,

and timing of the natural disturbance regime responsible for maintaining the

ecological integrity of these ecosystems. During the last century, the flow
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regime has been greatly disrupted. Irrigation of lowland areas and abandon-

ment of farms-lands in upland areas during 20’s century (Garcı́a-Ruı́z et al.

(60), Ibanez et al. (92), Beguerı́a et al. (18), Batalla et al. (9), Beguerı́a et al.

(17), Lopez-Moreno et al. (113), Vericat and Batalla (205)), construction of

dams from 1913 to 1975 for irrigation purposes, and the agricultural produc-

tion that since 1980’s has been largely driven by an emphasison the cultiva-

tion of water-hungry crops (Frutos et al. (58)), has resulted in a dramatically

change of both hydrology and sediment transport and the occupation of river

margins and massive construction for flood protection (Pinilla (160)).

Several studies have been carried out within the study reachreporting the

current floodplain anthropic degradation. Regato (168) reported that natu-

ral vegetation had been strongly modified by anthropic alterations, and this

was later confirmed by Castro et al. (45). Ollero (151) highlighted the mor-

phological dynamics decreasing as a result of river regulation and protection

structures. Cabezas et al. (34) reported a strong morphological stability of the

floodplain that leads to a lack of landscape diversity. Cabezas et al. (36) mea-

sured biodiversity within the study site and reported the presence of an ho-

mogeneous river scape dominated by wetlands at mature successional stages

as a result of the hydrological connectivity decrease. Cabezas and Comı́n.

(33) pointed out that human occupation of the Ebro river region has lead to

smaller accumulations of soil organic carbon and soil organic matter dur-

ing the intervals between floods. González et al. (63) found successional and

hydrological gradients within the floodplain, where the main successional ac-

tivity is near the main river channel. These studies resulted in an important
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scientific and ecological contribution that highlighted the need of a floodplain

restoration strategy focused on restoring the hydromorphological dynamics.

However, since all of them are exclusively based on field measurements, nu-

merical simulation might be a necessary tool for an efficientselection of the

best restoration alternative.

1.3 The hydraulic model

In the present work, the hydrodynamics of a floodplain are simulated, attend-

ing to the physical-chemical processes within the main river channel as well

as within the floodplain. Therefore, it is crucial to choose asuitable simu-

lation model capable of reproducing properly the hydraulics of the problem.

Simulating a stream, floodplain, coastal areas or urban zonemay not require

the same numerical model. Thus, each problem needs to choosethe most

efficient solution, and our focus of attention is the floodplain modeling.

Floodplains are extended flooding areas, subjected to recurring floods

whereas the properly representation of the flood wave advance is of doubt-

less interest. Therefore, a model that takes into account the complexity of the

water movement over the terrain surface becomes necessary.It is important

to make sure that the model is able to handle properly the topographic com-

plexity as it is one of the major factors governing the water flow dynamics.

Secondary channels, depressions and general terrain irregularities play an im-

portant role in environmental flows, and it dismiss simplistic approximations
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1.3 The hydraulic model

Most popular hydraulic models use the one-dimensional (1D)Saint-Venant

equations, or also called 1D shallow water equations. They consider that flow

is directed only in the longitudinal direction of the river,and do not consider

transversal variations for the water depth and for velocity. Being useful in

problems where the flow is confined between river banks, in cases where

water overflows and leaves the main river bed, they render useless. This is

approximation is specially inappropriate in meandering rivers.

Being the flow in rivers three-dimensional (3D), models thatmake use of

the Navier-Stokes equations seems to be the best option to represent flood-

plain hydrodynamics. 3D models produce accurate results atthe cost of a

high computational effort. In fact, simulation of flooding events becomes un-

approachable in cases of extent areas. When evaluating realflows in rivers

the cost of the non-simplified three-dimensional numericalmethods can be

avoided using two-dimensional (2D) depth integrated models, as water depths

involved allow for such kind of approximation.

As water in rivers and estuaries are usually well-mixed and flows are

pressure-driven, so the dissolved chemicals are generallydistributed uni-

formly over a water column. Understanding that dissolved solute transport

is determined by the characteristics of the fluid flow, the shallow water model

has been accepted as the basis for the development of ambitious environmen-

tal or hydraulic models (Vreugdenhil (207) and Wu (219)).

Indeed, looking at the available literature in surface environmental flood

9
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Table 1.1: Model comparison.

Comparison of some of the most used 2D hydraulic models to theused in
this work, SFS2D.

Model Flow equations Method Coupled
solute
trans-
port

Discretization Field Applica-
tion/validation

TELEMAC-2D
(Hervouet (76)
and Hervouet
(77))

Shallow water
equations with
turbulence clo-
sure

Finite
differ-
ence

No Structured-
unstructured
quadrangular-
triangular
mesh

Horritt and Bates (82):
84 % flooded area
agreement using low
resolution satellite
imaginary data. The
authors conclude that
a substantially more
validation is required.

RMA-2 (Roig
(174) and King
(104))

Shallow water
equations with
turbulence clo-
sure

Finite
ele-
ment

No Structured-
unstructured
quadrangular-
triangular
mesh

Wagner (208): 0.1 m
difference between
measured and calcu-
lated water depth using
3 gauging stations.
Two of them were also
used as a boundary
conditions.

MIKE-21
(Institute (93))

Shallow water
equations with
turbulence clo-
sure

Finite
differ-
ence

No Structured
square or
rectangular
mesh

(Ahmad (2)) 0.1-0.3
m difference between
measured and calcu-
lated water depth in the
gauging stations used
as boundary conditions.

HYDRO2DE
(Beffa and
Connell (16))

Shallow water
equations with
turbulent diffu-
sion

Finite
volume

No Structured-
unstructured
triangular mesh

Connell et al. (51):
±0.26 m Standard
error in water depth
using resident-supplied
information and pho-
tographs.

SFS2D
(Murillo
et al. (136) and
Murillo et al.
(138))

Shallow water
equations with
turbulent diffu-
sion

Finite
volume

Yes Structured-
unstructured
triangular mesh

Validation in Chapter
1: 79% flooded area
agreement using a dif-
ferential GPS data.

IBER (CEDEX
(47))

Shallow water
equations with
turbulent diffu-
sion

Finite
volume

No Structured-
unstructured
triangular-
quadrilateral
mesh10



1.3 The hydraulic model

simulations, most studies use depth-averaged 2D models (Bates et al. (13),

Somes et al. (187), Horritt (81), Beffa and Connell (16), Cobby et al. (50),

Bates et al. (12).). Table1.1shows the comparison of the main properties of

some of the most used 2D hydraulic models.

Some of the 2D models applied in floodplains are based on simplified

models, neglecting the inertial terms and assuming important simplifications

of the hydrodynamical effects. They are usefully if the emphasis is put in

flooding impact in terms of flood extent, flood depth and flood duration, and

provide information with a low computational cost (Hervouet (76) and Her-

vouet (77), Roig (174) and King (104), Horritt (81), Cobby et al. (50)).

In terms of the physical-chemical floodplain processes suchas nutrient

transport, simplification of the equations reduces significantly the accuracy

of the results, as the responsible terms involved in transport are omitted or

excessively simplified. On the contrary, using the full shallow water equa-

tion models (Murillo et al. (138)) instead of the simplified models, reliable

information of the flow velocity can be provided, and it is of paramount im-

portance when dealing with transport of dissolved chemicalspecies.

Also, although numerical modeling of free surface flows withchemical

transport over complex bed in realistic situations involves transient flow and

movable flow boundaries, the conventional methods for performing environ-

mental simulations in rivers uncouple the hydrodynamics and the transport of

chemical agents. Ignoring unsteady hydrodynamical effects means that only

11
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a quasi-steady process over very slowly varying bed level can be reasonably

modeled, so that, the correct simulation of solute transport in rapidly varying

flows containing shocks or discontinuities remain excluded. When solving

real problems one is likely to encounter all sorts of situations, with a high

probability that naive methods will compromise the qualityand reliability of

the solution.

In this context, we propose the use the SFS2D (Shallow Flow Simulation

in 2D) numerical model developed by Murillo et al. (136) and Murillo et al.

(138), which solves the full shallow water equation models and couples the

hydrodynamic part and the solute transport. The numerical discretization is

based on a finite volume method that used an augmented Roe’s approximate

Riemann solver. Detailed information of the numerical model is showed in

Chapter3.2.

12



1.3 The hydraulic model

Hydrological connectivity: phisical-chemical state

Connectivity lost

Figure 1.1: Floodplain hydrological connectivity.
Up: floodplain hydrological connectivity via surface flow. (1) Lateral
floodplain-river connectivity, (2) tree swamp, (3) non-floodplain grass-sedge-
herb swamp and (4) longitudinal connectivity and within system. Down:
Loss of hydrological connectivity. Figure from QueenslandGovernment,
Australia.
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Aims of the project

Considering the relevance of the floodplain ecosystems and the hydrological

connectivity as the main process that produces and maintainthose ecosys-

tems, we pretend to enhance the need of the restoration and preservation of its

natural hydrodynamics. Hence, the focus is on floodplain hydrological con-

nectivity, sedimentation, hydromorphological and nutrient dynamics. Taking

into account the need of an efficient tool capable of understand and predict

this hydrodynamics, the development of a simulation tool that includes those

processes is a major part of the present work.

2.1 Final aim

Our ultimate goal is to analyze the hydrological and the physical-chemical

processes that produce and maintain the floodplain ecosystem by means of

the numerical simulation. We aim to establish the numericalsimulation as

15
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a predictive tool suitable for the management and restoration of the riparian

ecosystems.

2.2 Preliminary aims

The main goal has been specified in nine specific objectives that cover both

numerical and experimental floodplain analysis, in an attempt to develop,

validate and apply a simulation tool that integrates flow dynamics, sediment

transport and nutrient uptake. These objectives are described below:

1. Validate a complete 2D shallow water model in finite volumes.

2. Include a simple hydromorphological dynamics representation in the

2D shallow water model.

3. Development of an unsteady nutrient uptake model of predictive char-

acter and couple it to the 2D shallow water model.

4. Couple sediment transport to the 2D shallow water model.

5. Validate the complete simulation model in a real ripariansystem using

experimental field data.

6. Analyze the current floodplain hydrological connectivity.

7. Analyze the influence of the current flow regime and the constructed

river defenses in the floodplain geomorphic activity thorough the sim-

ulation tool.

16
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8. Analyze the current sediment and dissolved phosphorus floodplain dy-

namics by means of the simulation tool.

9. Generate possible restoration scenarios through the simulation tool.

2.3 Study outline

Chapter4 focuses on floodplain flooding dynamics (see fig.2.1). A two-

dimensional simulation model was validated using field dataand GIS analy-

sis. Then, we included a simple hydromorphological dynamics representation

in the 2D shallow water model to analyze the current floodplain flooding dy-

namics and its geomorphological activity. Based on this current floodplain

analysis, five possible hydromorphological restoration alternatives have been

simulated and analyzed.

Chapter4 has been accepted for publication in Journal of Hydraulic En-

gineering as: Gonzalez-Sanchis, M., Murillo, J., Latorre,B., Comin, F. and

Garcia-Navarro, P. Transient two-dimensional simulationof real flood events

in a mediterranean floodplain.

In Chapter5, nutrient uptake capacity was examined by means of exper-

imental and computational analysis (see fig.2.1). Field experimentation was

carried out in an irrigation canal within the study area, whose water discharge

comes from the Ebro river. Solute transport, including bothreactive and non

reactive substances, was included in the two-dimensional simulation model.

To determine the main factors related to the nutrient uptake, experimental

17
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data were subjected to multivariate statistical analyses involving Principal

Component Analysis (PCA). A nutrient uptake coefficient wasestimated us-

ing different approaches: one-dimensional steady state, two-dimensional un-

steady state and kinetic. A new nutrient uptake formulationwas developed

and included in the two-dimensional simulation model. Accuracy of the four

nutrient uptake calculation methods was analyzed comparing experimental

and calculated data thorough a linear regression analysis.

A summarized version of chapter5 has been submitted to the journal Wa-

ter Resources Research as: Gonzalez-Sanchis, M., Murillo,J., Vermaat, J.,

Comin, F. and Garcia-Navarro, P. Nutrient retention capacity of an agricul-

tural drainage channel: developing a predictive model.

In Chapter6, validation of the nutrient uptake and sediment transport

model is performed by means of field experimentation in the Ebro river (see

fig. 2.1). Then, floodplain solute dynamics, nutrient uptake and sedimenta-

tion pattern were analyzed using the complete two-dimensional simulation

model. Finally, following the results of the floodplain analysis, two possible

restoration scenarios have been simulated and analyzed.

Chapter6 has been submitted to the journal Water Resources Research

as: Gonzalez-Sanchis, M., Murillo, J., Cabezas, A. Vermaat, J., Comin, F.

and Garcia-Navarro, P. Modeling nutrient and sediment dynamics in the mid-

dle Ebro river floodplain (NE Spain): a validation.
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2.3 Study outline

FLOODING DYNAMICS AND NUTRIENT RETENTION IN THE MIDDLE EBRO FLOODPLAIN: 
EXPERIMENTAL ASSESSMENT AND NUMERICAL MODELING

Hydraulic model

Numerical model
Murillo et al. (116) and (118)

Terrain model

Bed elevation 
reconstruction

Roughness Mesh generation

Model calibration

Validation in the floodplain

Application

Sedimentation SRP uptake Dissolved nutrient 
transport 

Murillo et al. (116)
 and (118)

Predictive model
development

Validation: controlled 
and semicontrolled

conditions

Validation in the floodplain

Analysis of current floodplain:
geomorphical activity, dissolved nutrients 

and sediment dynamics,
SRP uptake and buffering potential

Final restoration
 scenarios

Application

Analysis of current
 geomorphological activity

Restoration scenarios

Functions implementation: flow erosive 
potential, sedimentation, dissolved solute 

transport and SRP uptake

Flow erosive 
potential

CHAPTER 3

CHAPTER 4

CHAPTER 5

Figure 2.1: Study approach.
General study outlines. Main objectives are indicated and the chapter where
they are accomplished.
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3

GENERAL METHODOLOGY

3.1 Study Area

Three studies were carried out in a 2Km river segment located along the

middle Ebro basin, 12Kmdownstream Zaragoza city (NE Spain). The reach

of the Ebro river in the study area forms a meander (3.7 Km2, river width:

110 m with one island and an oxbow lake) included in the Natural Reserve

”Los Galachos de la Alfranca, Pastriz, la Cartuja y el Burgo de Ebro” (see

Figure4.1). The discharge, averaged over the years 1927 to 2010, within this

reach is 230m3/s (Ebro River Basin Administration: www.chebro.es), and

the surface elevation ranges from 175m above sea level (a.s.l.) at the river

channel to 185ma.s.l. at the base of the old river terrace.

The Ebro is the largest Mediterranean river of the Iberian Peninsula, with

a basin of 85Km2 and a channel length of 930km. It has an annual discharge

into the Mediterranean Sea of 1.8E07 m3/y, with a maximum in February, a

minimum in August, and an asymmetry in the upward and downward curves
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Zaragoza

Natural Reserve
"Los Galachos de la Alfranca"

Ebro River

0 1 2 Km

Study site

Ebro River
 Basin

SPAIN

Figure 3.1: Location of the study area.
Black line represent the limit of the computational domain.

with a prolongation of the high water level in spring and the low water level

in autumn (Ollero (153)). The water regime is regulated by the presence of

234 dams and reservoirs on the river basin, impounding 57% ofthe mean

annual runoff (www.chebro.es), and whose main objective isirrigation pur-

poses. Most (89.3%) of the water supply is dedicated to agriculture, whilst

domestic and industrial activities ocupes 7.2 and 3.5 % respectively Bouza-

Deano et al. (22). Hence, agricultural activities take up most of the Ebro

catchment area (Pinilla (160)), and are directly related to the large number of

lateral defenses constructed in the middle Ebro basin. As a result, the trend of

middle Ebro river discharge has decreased, specially sincethe 1950s, and it

causes a narrowing in the riparian corridor of the free meandering Ebro River

over the last several decades (Ollero (153)) that reduces the natural floodplain

forests to only 4.5% in the whole Middle Ebro (Ollero (152)). Furthermore,

agricultural practices and the increasing of human activity during the last cen-

tury decreases the water quality (Torrecilla et al. (198)).
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3.1 Study Area

3.1.1 Ecological aspects

The selected river segment is notably affected by embankment structures,

where a 20% of its surface is occupied by crops and pasture. However, still

some active morphological dynamics occurs, but this is restricted to the clos-

est river floodplain (González et al. (63)). As a witness of the past hydrogeo-

morphic activity, the floodplain shows an oxbow lake and a paleochannel (see

Figure3.2), which still get superficially connected to the river during flood-

ings, when sedimentation process prevail over erosion (Cabezas and Comı́n.

(33)).

Steppic shrubby vegetation dominates the uplands adjacentto the flood-

plain. The riparian forest is composed of three softwood Salicaceae species:

white poplar (Populus alba), European black poplar (P. nigra) and white wil-

low (Salix alba), and five hardwood species: saltcedar (Tamarix gallica, T.

africanaandT. canariensis), narrow leaf ash (Fraxinus angustifolia) and field

elm (Ulmus minor) (González et al. (63)). The flow regime creates a ripar-

ian forest gradient whereas the youngest vegetation is close to the main river

channel, while the oldest is located in the upper floodplain terrace, further

from the main river channel. Therefore, it is possible to findsuccessional and

hydrological gradients, where the main successional activity is near the main

river channel (González et al. (63)).

The water quality is characterized by a high nitrogen concentration, high

alkalinity, basic pH and low dissolved phosphorus content (see Table3.1).

The molar rate between total Nitrogen and Phosphorus (N:P 409:1) suggest
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Figure 3.2: Natural and anthropic floodplain formations.
Numbers represents the different morphologic and anthropic formations, (1):
crops and pasture fields, (2): young riparian forest, 3 is theold riparian for-
est, (4): paleochannel, (5): oxbow lake, (6): secondary channel and (7): con-
structed wetlands. White lines represent the lateral dikesbuilt for flood pro-
tection. Dotted white lines denote the limits of the NaturalReserve ”Los
Galachos de la Alfranca, Pastriz, la Cartuja y el Burgo de Ebro”. The black
quadrant represent the limit of the computational domain. The aerial picture
was taken in 2007.
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3.2 Two dimensional hydraulic model

that probably the phosphorus is a limiting nutrient for algal production (Zhen-

Gang (221)).

Table 3.1: Water quality parameters at the study site.

Concentrations are expressed inmg/l , conductivity inµS/cm and tempera-
ture in0C.

Water parameter average±STD
Total Nitrogen 3.7±1.1
N-NO3 2.4±1.5
N-NH4 0.2±0.1
P-PO4 0.04±0.01
Dissolved Oxygen 8.8±1.9
Alkalinity 239.9±106.0
pH 8.0±0.2
Conductivity 1156±466.6
Temperature 16.4±6.6

3.2 Two dimensional hydraulic model

A two-dimensional numerical model that includes dissolvedand suspended

solute transport, sedimentation and an estimation of the flow erosive potential

was calibrated, validated and used to analyze and predict the floodplain mor-

phological activity and flooding, dissolved nutrients and sediment dynamics.

Furthermore, an SRP uptake model has been developed, calibrated, validated

and coupled to the numerical model to represent the current SRP floodplain

uptake as well as the total buffering capability.
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3. GENERAL METHODOLOGY

3.2.1 Hydrodynamic simulation

A two-dimensional hydraulic simulation model, SFS2D, developed by Murillo

et al. (136) and Murillo et al. (138) was used in the present work. Water flow

under shallow conditions can be formulated by means of the depth averaged

set of equations expressing water volume conservation and water momentum

conservation. That system of partial differential equations will be formulated

here in a conservative form as follows:

∂U
∂ t

+
∂F(U)

∂x
+

∂G(U)

∂y
= S(U,x,y) (3.1)

where

U = (h, qx, qy)
T (3.2)

are the conserved variables withh representing the water depth,qx = hu and

qy = hv, with (u,v) the depth averaged components of the velocity vectoru

along the(x,y) coordinates respectively. The fluxes of these variables are

given by:

F =

(
qx,

q2
y

h
+

1
2

gh2,
qxqy

h

)T

, G =

(
qy,

qxqy

h
,

q2
y

h
+

1
2

gh2

)T

(3.3)

whereg is the acceleration of the gravity. The source terms of the system are

the bed slope and the friction terms:

S=

(
0, Sox−

τb,x

ρw
, Soy−

τb,y

ρw

)T

(3.4)
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3.2 Two dimensional hydraulic model

where the bed slopes of the bottom levelzare:

Sox =−gh
∂z
∂x

, Soy =−gh
∂z
∂y

(3.5)

The friction forces are expressed through the bottom shear stressTb=(τb,x,τb,y),

whose components can be written in terms of the Manning’s roughness coef-

ficient n:

τb,x

ρw
= ghSf x Sf x =

n2u
√

u2+v2

h4/3
,

τb,y

ρw
= ghSf y Sf y =

n2v
√

u2+v2

h4/3

(3.6)

System (3.8) is time dependent, non linear, and contains source terms.

Under the hypothesis of dominant advection it can be classified and nu-

merically dealt with as belonging to the family of hyperbolic systems. The

mathematical properties of (3.8) include the existence of a Jacobian matrix,

Jn, of the flux normal to a direction given by the unit vectorn, En, with

E = Fnx+Gny, defined as:

Jn =
∂En
∂U

=
∂F
∂U

nx+
∂G
∂U

ny (3.7)

This Jacobian can be used to form the basis of the upwind numerical

discretization that will be outlined in next section.

3.2.1.1 Dissolved solute transport

Solute transport and water flow under shallow conditions canbe formulated

by means of the depth averaged set of equations expressing conservation of
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3. GENERAL METHODOLOGY

water volume, solute mass and flow momentum. The diffusion ofthe trans-

ported variables can be computed by inserting the formulation of the depth

averagedκ-ε turbulence model (Rastogi and Rodi (164)), that are also mod-

eled as transported scalars. Such a system of partial differential equations

will be formulated here in coupled form forp general species as:

∂U
∂ t

+
∂F(U)

∂x
+

∂G(U)

∂y
= S(U)+R(U)+

−→
∇ D(U) (3.8)

where in matrix notation

U =
(

h qx qy hφ1 hφ2 . . . hφp hκ hε
)T

(3.9)

describes the conserved variables withh representing the water depth,qx

and qy, with (u,v) the depth averaged components of the velocity vector

u along thex andy coordinates respectively,φ1,φ2 ,. . .,φp representing the

scalar depth-averaged concentration of the different quantities transported,κ

the turbulent kinetic energy andε the dissipation rate. The diffusion term

D and the reaction termR are constructed using theκ − ε model proposed

by Rastogi and Rody (Rastogi and Rodi (164)). The fluxes of the conserved

variables are given by:

F =
(

qx
q2

y

h + 1
2gh2 qxqy/h qxφ1 qxφ2 . . . qxφp qxhκ qxhε

)T

G =
(

qy qxqy/h
q2

y

h + 1
2gh2 qyφ1 qyφ2 . . . qyφp qyhκ qyhε

)T

(3.10)

whereg is the acceleration of gravity. The first source termS includes the
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3.2 Two dimensional hydraulic model

bed slope and friction in the momentum equations:

S=
(

0 gh(Sox−Sf x) gh(Soy−Sf y) 0 0 . . . 0 0 0
)T

(3.11)

where the bed slopes of the bottom levelzare

Sox =−∂z
∂x

Soy =−∂z
∂y

(3.12)

and the friction losses are written in terms of the Manning’sroughness coef-

ficient n:

Sf x = n2u
√

u2+v2/h4/3 Sf y = n2v
√

u2+v2/h4/3 (3.13)

3.2.1.2 Suspended solute transport and sedimentation

The suspended soluteφ transport is calculated from:

∂ (hφ)
∂ t

+
∂ (huφ)

∂x
+

∂ (hvφ)
∂y

=
∂
∂x

(hDxx
∂φ
∂x

)+
∂
∂y

(hDyy
∂φ
∂y

)+wS(D−E)

(3.14)

wherewS is the particle settling velocity andD, E are the deposition and

erosion rates respectively.wS is calculated following Jimenez and Madsen

(98) formulation.
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3. GENERAL METHODOLOGY

3.2.1.3 Flow erosive potential estimation

To represent the floodplain geomorphological activity it isnecessary to add

a new term in the numerical scheme. As previously stated, thesystem of

equations3.8assumes fixed bed. However, it is also possible to obtain infor-

mation regarding the erosive capability of the flow. The bed erosion rate is

directly related to the dimensionless bottom shear stress or Shields parameter

(Wu (219)):

θ =
|Tb|

g(ρs−ρw)dm
(3.15)

whereρs andρw are solid material and water densities,dm is the bed particles

median diameter (mm) andθc the critical Shields parameter, expressing the

critical condition for incipient motion of sediment. The value ofθc can solely

be determined by fluid and sediment characteristics Cao and Meng (39) by

means of the particle Reynolds numberRe=
√

d3
m(s−1)g/ν , beingν the

fluid kinematic viscosity.

The mathematical model does not account for morphodynamic changes

of the bed, but it is possible to evaluate the following parameter:

rθ =
θ
θc

(3.16)

and whenrθ > 1 erosion is likely to occur.
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3.2 Two dimensional hydraulic model

3.2.2 Finite Volume Model

For the application of the finite volume scheme, (3.8) is integrated in a volume

or grid cellΩ:

∂
∂ t

∫

Ω
UdΩ+

∫

Ω
(
−→
∇ E)dΩ =

∫

Ω
SdΩ (3.17)

Following previous work, it is assumed that the third integral can be re-

formulated as in (? )

∫

Ω
SdΩ =

∮

∂Ω
(Tn)dl (3.18)

whereT is a suitable numerical source matrix. This enables the following

formulation

∂
∂ t

∫

Ω
UdΩ+

∮

∂Ω
Endl =

∮

∂Ω
Tndl (3.19)

When the domain is sub-divided in cellsΩi ,using a mesh fixed in time,

(3.19) can also be applied to each cell. Assuming first order in space approach

equation (3.19) reduces to (Murillo et al. (138)):

(Un+1
i −Un

i )

∆t
Ai +

NE

∑
k=1

(δE−T)knklk = 0 (3.20)

whereAi is the cell area,δE = E j −Ei, with Ei andE j the value of the

function E at cell i and at cell j respectively, withj a neigbouring cell ofi

connected through the edgek, nk = (nx,ny), is the outward unit normal vector

to the cell edgek, lk is the corresponding edge length,NE is the number of

edges in the cell andTk to be defined.
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3. GENERAL METHODOLOGY

Due to the non-linear character of the fluxE, the definition of an approx-

imated Jacobian matrix,̃Jn,k, allows for a local linearization and is exploited

here Roe (173). The problem is reduced to a 1D Riemann problem projected

onto the directionn at each cell edge.

Following the unified discretization in (Burguete et al. (30)) with the dis-

cretization of the friction term based on Murillo et al. (138). Both bed slope

and friction term can be split on the basis of eigenvectors inorder to enforce

the discrete equilibrium with the flux derivative terms, so (C-property) is en-

sured in steady cases with nil and not nil velocity (Murillo et al. (138) and

Rosatti et al. (175)).

A careful discretization is specially required for the automatic treatment

of wet/dry borders since it avoids unphysical results (Murillo et al. (138)). To

allow the computation at the minimum computational cost a conservative flux

redistribution presented in (Murillo et al. (138)) not affecting the accuracy of

the results, has been used in this work. Also, a hybrid technique combining

pointwise implicit and upwind explicit formulations for the friction source

term presented in Murillo et al. (138), has been applied.

3.2.3 Hydrodynamic river bed reconstruction

In general Digital Terrain Models (DTM) developed in permanent rivers do

not furnish any information of the region covered by the water, or at least, not

with the same resolution as the rest of the terrain. However,when using 2D

hydraulics models, it is necessary to provide the complete DTM, including
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3.2 Two dimensional hydraulic model

Figure 3.3: Example of auxiliar lines in the river reach.

the river bed elevation. Hence, an alternative method to interpolate and/or

reconstruct the river bed elevation is necessary. The present work, propose a

new method whose starting point is a gridded DTM of the area that includes

the water surface level in the river at a given value of the river discharge.

The information concerning the water surface elevation andthe discharge

is used to reconstruct the river bed. For that purpose, threeauxiliar lines

corresponding to the longitudinal axis and the left and right banks of the river

are drawn (see Figure3.3).

Several points along the axial or central line are chosen in order to as-

sign them the water level elevation and to get an approximation of the water

surface elevation derivative along the channel axis. The free surface level

variations between adjacent points has a lower limit in the resolution of the

terrain measurement technique used. Therefore, the computation of the sur-

face elevation derivative at a point requires the use of information from other

points located as far away as required by this limit. Furthermore, the com-
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3. GENERAL METHODOLOGY

puted derivatives must be locally averaged in order to damp possible peak

values and to produce realistic and smooth distributions. Only values of the

derivative strictly greater than zero are allowable and a lower limit of 10−4

was selected in this study.

The river bed is reconstructed by following a path along all theP points

in the original DTM file and applying a method that can be summarized as:

1. Every pointP is identified as located inside or outside the river bed.

2. If point P is outside the river bed, the original bed elevation is kept and

another point is considered.

3. If point P is in the river, the nearest point in the river axisPC is sought.

A straight line betweenP andPC is drawn so that the intersection with

the bank lines provides two new pointsPR andPL. See Figure3.4(left).

4. PointsPR andPL define a cross sectionS in the river that contains point

P and the top width of this cross section 2W is estimated as the distance

betweenPR and PL. The value of the water surface level derivative

along the river axis at pointPC, previously calculated, is assigned to

the cross section as well as a value for the roughness coefficient.

5. A simplifying hypothesis concerning the cross section shape is made

by assuming a symmetric triangular geometry. Then, with reference

to Figure3.4(right) the required depthξ to convey the assumed wa-

ter dischargeQ across this section under uniform flow conditions is
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3.2 Two dimensional hydraulic model

estimated:

Sd =
∂ (h+z)

∂ lr
=

n2Q2

A2R4/3
h

(3.21)

where lr is the coordinate direction that follows the channel axis de-

fined by the central line containing pointPC and

A=Wξ (3.22)

Rh =
A

2
√

ξ 2+W2
(3.23)

From (3.23), the following non linear equation,f (), for the unknown

ξ can be worked out in terms ofn,Q andSd:

f (ξ ) =W10/3ξ 10/3− n2Q224/3(ξ 2+W2)2/3

Sd
= 0 (3.24)

The roots of f (ξ ) are computed using the Newton-Raphson method,

that requires the derivative

f ′(ξ ) =
d f
dξ

=
10
3

W10/3ξ 7/3− 4
3

n2Q224/3(ξ 2+W2)−1/3ξ
Sd

= 0

(3.25)

Starting with an approximated value of, for instance,ξ0 = 0.5m, the

iterative procedure leads to the desired convergence in thesolution that,
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Figure 3.4: Example of auxiliar lines in the river reach.

in our case, was fixed in 10−3m.

ξn+1 = ξn−
f (ξn)

f ′(ξn)
(3.26)

Being a quadratic convergence, the solution is obtained in no more than

three or four iterations.

6. Once the cross sectional shape is determined, the water depth and

therefore the bed level at pointP can be calculated

Lξ =
ξ (W−Lη)

W
(3.27)

beingLη the distance betweenP and the midpoint of the line (PL,PR).

The application of these steps to all the points in the DTM provides an

estimation of the full river bed reconstruction.
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4

MODELING THE MIDDLE

EBRO FLOODPLAIN

FLOODING DYNAMICS

AND ITS IMPLICATIONS

FOR ECOLOGICAL

RESTORATION

4.1 Introduction

Floodplains are domains situated between upland and river channel environ-

ments (Hauer and Lorang (71)) where aquatic and terrestrial systems coexist

and are subject to recurrent flooding. The principal processthat produces
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RESTORATION
and maintains river-floodplains is the dynamic interactionbetween water and

land (Bayley (14)). The fluvial action of flooding creates a shifting mosaic of

habitat (SHM) patches across the riverine landscape (Ward et al. (214)) and

is a fundamental part of the hydrographical dynamics of riparian zones (Junk

et al. (102), Standford (188)). Flooding, geomorphic change owing to cut and

fill alluviation, and subsequent succession of the floodplain vegetation, con-

tinually transform the SHM establishing a transient equilibrium among new

and old habitats (Hauer and Lorang (71)).

To interpret and predict the changes in river-floodplain interaction under

different flow regime and/or management conditions, the numerical simula-

tion of the overland water flow can be used as a tool to know the hydrological

floodplain dynamics and to predict the hydrological behavior. When eval-

uating real flows in rivers, the cost of the non-simplified three-dimensional

numerical methods can be avoided using depth integrated models, as water

depths involved allow for such kind of approximation in mostcases (Murillo

et al. (138)). In river modeling, the use of the Shallow Water equationshas

been often justified (Vreugdenhil (207) and Wu (219)), where the flow can

be assumed to be governed by the bottom friction and bed levelirregularities

maintaining the temporal transient character. This allowsfor an adequate rep-

resentation of the surface flow processes that are a basic part of the mentioned

hydraulic connectivity which is conditioned in part by the terrain topography

Florsheim and Mount (56). When performing numerical simulations, this to-

pography must be represented with enough fidelity to ensure accurate results,

otherwise a different scenario will be simulated (Cook and Merwade (52)). In
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this context, Digital Terrain Models (DTMs) provide exhaustive information

of the floodplain, but the regions covered by water are a source of uncertainty

(Hunter et al. (89)). Therefore, the decisions made to represent the river bed

elevation may be of primary importance for some discharge values.

When the shallow water equations are solved in order to modelthe flow

evolution in a river for floodplain inundation prediction orsome other kind of

eco-hydraulic simulation, the choice of the spatial model involves more than

a change in the governing system of equations. A one-dimensional approach

is led by boundary conditions at two points, the inlet and theoutlet, and the

computational domain is well defined between them. A two-dimensional ap-

proach involves a new difficulty: the computational domain is no longer fixed

and well defined but can change as the flow evolves and is determined by a

combined influence of the flow properties and the bed form.

Structured quadrilateral grids are generally preferred inhydraulic engi-

neering practice since the connectivity between neighboring cells is trivial

and there is no requirement for grid generation, in principle. These grids ei-

ther fit perfectly or introduce undesirable corners in the borders of the wet

computational domain. Triangular grids are useful mainly for their poten-

tial interest in adaptation to irregular boundaries but have not yet gained the

same acceptance as quadrilateral grids for hydraulic applications. Therefore,

not only most of the flow dynamics is considered in the mathematical formu-

lation but it is also complemented with the best discrete representation of the

relevant terrain information (Uchida et al. (201), Schubert et al. (181), Brown
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et al. (27)).

In recent years, the development of robust and efficient explicit finite vol-

ume models of shallow water flow has been the matter of research in the

computational hydraulics literature as the basis for the development of more

ambitious environmental or hydraulic models. Bottom friction and bed level

irregularities have been shown to influence not only flood waves behavior

but also numerical methods performance drastically. A few efforts have been

reported on the search for the best methods (Vazquez-Cendon(203), Hub-

bard and Garcı́a-Navarro (86)) in presence of flow over irregular geometries

( Zhou et al. (223), Audusse et al. (7), Murillo et al. (137)). When dealing

with simulation problems that involve bed variations and transient flow over

a dry bed, a correct numerical treatment becomes crucial. The best treatment

of the wet/dry frontier in shallow water finite volume computation has been

a matter of some activity (Akanbi and Katopodes (3), Bradford and Sanders

(25), Murillo et al. (136)).

The present chapter is devoted to the application of a complete 2D shal-

low water model in finite volumes (see Chapter refGeneral Methodology) to

the simulation of overland flow problems and to the validation of the numer-

ical results with measured data with the aim of developing a tool capable of

predicting the hydrodynamic floodplain behavior that couldplay a key role

in the ecological restoration. For that purpose, first the area of study is de-

scribed and the importance of the decisions concerning the use of the topo-

graphic data is emphasized. For that reason, the full model is defined as a
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combination of the hydrodynamic flow simulation part, the roughness model

and the topographic data representation. In order to gain confidence in the

forecasts of mathematical models as a practical tool it is necessary to con-

front them with real life data. The necessary calibration phase is performed

to decide the best roughness coefficients and the best topographic data repre-

sentation. After that, the validation is performed by comparing the numerical

results obtained from the complete model so defined with the water levels

measured during other five flood events, with time series of continuous water-

depth point measurements during different situations along the year and with

flooded area measurements.

Once the model is validated, the simulations are used to evaluate the cur-

rent floodplain geomorphic dynamics. Finally, different topographic scenar-

ios, based on changes in the hydraulic river-floodplain connectivity, are gen-

erated in order to analyze their potentially beneficial effect in the floodplain

geomorphic dynamics.

4.2 Objectives

Present chapter develops a tool to predict floodplain hydrodynamics that can

be used as an ecological restoration tool. In this way, the specific objectives

of the present work are:

1. Find an efficient representation of the roughness and terrain topogra-

phy, including the main channel bed.

2. Validate a complete 2D shallow water model in finite volumes.
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3. Analyze the current floodplain hydromorphological activity through

the simulation model.

4. Analyze the influence of the current flow regime and the constructed

river defenses in the floodplain geomorphic activity.

5. Propose and simulate possible geomorphological restoration scenarios.

4.3 Description of the study area

The study was carried out in a reach of the middle Ebro River, 12 Km down-

stream Zaragoza city. The reach was 2 Km long with an island and an oxbow

lake (see Figure4.1) and is included in the Natural Reserve ”Los Galachos de

la Alfranca, Pastriz, la Cartuja y el Burgo de Ebro”. The discharge, averaged

over the years 1927 to 2010, within this reach is 230m3/s (Ebro River Basin

Administration: www.chebro.es), and the surface elevation ranges from 175

mabove sea level (a.s.l.) at the river channel to 185ma.s.l. at the base of the

old river terrace.

Zaragoza

Natural Reserve
"Los Galachos de la Alfranca"

Ebro River

0 1 2 Km

Study site

Ebro River
 Basin

SPAIN

Figure 4.1: Location of the study area.
Black line represent the limit of the computational domain.
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4.3 Description of the study area

The flooded area by the 19yr return period flood (3000m3/s, 1927−
2010) is 3.7 Km2, whilst only about 30 % of the area is flooded by a river

discharge of 1000m3/s(0.37yr return period, 1927−2003), and only 10 % is

flooded by a river discharge of 600m3/s (0.14yr return period, 1927−2003).

The oxbow lake is connected with the river when the dischargereaches 1000

m3/s, and this occurs 1-3 times per year.

4.3.1 Roughness

Floodplain roughness has been characterized in situ, dividing the floodplain

in a set of habitats of homogeneous structure using differential GPS TopconR©

(0.03 m accuracy). The Manning roughness coefficient has been assigned to

each habitat according to the recommendations found in the specialized bib-

liography as detailed in table4.1. Figure4.2 shows the roughness map used

in the simulations.

43



4.
M

O
D

E
LI

N
G

T
H

E
M

ID
D

LE
E

B
R

O
F

LO
O

D
P

LA
IN

F
LO

O
D

IN
G

D
Y

N
A

M
IC

S
A

N
D

IT
S

IM
P

LI
C

AT
IO

N
S

F
O

R
E

C
O

LO
G

IC
A

L
R

E
S

T
O

R
AT

IO
N

Table 4.1: Manning coefficients.

Roughness coefficients used in the floodplain.

Description Manning’s n Reference
Main channel 0.035 Acrement and Schenides (1)

Urban 0.05 Sande van Der et al. (177)
Crops 0.035 Palmeri et al. (155)

Permanent water 0.024 Palmeri et al. (155)
Pine forest 0.124 Poole et al. (161)

Unsurfaced road 0.027 Chow (48)
Grassland 0.033 Palmeri et al. (155)

Poplar plantation 0.05 Martin Vide (122)
Gravel 0.028 Acrement and Schenides (1)

Cottonwood or willow dominant 5−10yr with gravel soil 0.1 Acrement and Schenides (1)
Cottonwood or willow dominant 10−15yr with sand soil 0.04 Acrement and Schenides (1)

Cottonwood or willow dominant,<2m tall and<5cm in diameter at base 0.13 Poole et al. (161)
Reed 0.13 Rhee et al. (169)

High grassland and disperseed willow 1−5yr 0.124 Acrement and Schenides (1)
Mature forest with blackberry undergrowth 0.12 Poole et al. (161)

Old secondary channel 0.13 Poole et al. (161)
Dispersed cottonwood and Tamarix 15−20yr with gravel soil 0.036 Bedient and Huber (15)

Scarp 0.023 Chow (48)
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4.3 Description of the study area

Figure 4.2: Roughness map.
Roughness coefficient,n, in the area of study.

4.3.2 Discharge

As this is a natural reserve it is not possible to build a proper gauging station

in the domain of interest. The best approximation to estimate the time evolu-

tion of the inlet discharge into our area of study is given by agauging station

belonging to the Ebro River Authority located approximately 12kmupstream

the reserve, therefore, data from this station have been used.
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In order to relate discharge with water depth at the outlet section and

therefore be able to provide a downstream boundary condition to the model,

the natural narrowing of the river, leading to an acceleration of the flow in this

region, was used. This was useful to define a discharge/stagerating curve by

means of observed field data (using differential GPS TopconR©), so that pairs

of values of water discharge and water level were supplied. For values of

discharge greater than 2250m3/s it was not possible to collect field data, so

the gauging curve has been completed by extrapolation. On the other hand,

the computational grid is divided into internal cells and boundary cells. The

boundary cells are also labeled as inlet and outlet. When performing simula-

tions of the river flow, the outlet boundary cells are forced to meet two con-

ditions simultaneously: they must share a single value of surface water level

(the water depth varying according to bed level variations)and the sum of the

individual discharges must correspond to the total discharge in the gauging

curve. The finalQ(h) curve used as outlet boundary condition is displayed in

Figure4.3.

As shown in Figure4.3, the outlet flow curve has a sigmoid form. The first

part, from 0 to 1000m3/s, represents the water depth rising within the main

channel, that corresponds to a linear adjustment. The value, 1000m3/s cor-

responds to the threshold where the river burst its banks (observed data), and

it represents an inflexion point within the gauging curve. From 1000 to 2000

m3/s the relation between the river discharge and the water leveldepends on

the floodplain topography, which induces an irregular shape.

As figure4.3shows, the outlet curve has a sigmoid form. The first part of
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4.3 Description of the study area

Figure 4.3: Gauging curve used in the outflow section.

the curve, from 0 to 1000m3/s, represents the water depth rising within the

main channel, whose representation corresponds to a linearadjustment. The

value, 1000m3/scorresponds to the threshold where the river burst its banks

(observed data), and it represents an inflexion point withinthe gauging curve.

From 1000 to 2000m3/s the relation between the river discharge and the

water level depends on the floodplain topography, which induces an irregular

shape.

4.3.3 Topography

The Digital Terrain Model (DTM) used in this work was provided by the

Ebro River Basin Administration (www.chebro.es) as a support to the re-

search project. It had been obtained using the Laser InducedDirection and

Ranging (LIDAR) data, by means of a single pulse scanning sensor, with 0.15

m vertical accuracy and 1m horizontal resolution. Scanning LIDAR sensors

produce distributed high quality topographic data that provides a good terrain

information to integrate with two-dimensional numerical hydraulic models
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(Marks and Bates (119)).

However, since triangular grids are the best discrete representation of the

relevant terrain information (Uchida et al. (201), Schubert et al. (181), Brown

et al. (27)), we discretized the DTM into a triangular structured grid. The

triangular computational cells were created from the 5m side gridded DTM

by drawing the main diagonals. As a result, a triangular meshwith 214880

cells was developed (see Figure4.4).

Terrain elevation (m):

Figure 4.4: Digital Terrain Model using triangular mesh.
Left: 2D DTM view. White lines represents the measured rivercross sections
at the study area. Right: 3D DTM view.

4.3.3.1 Main channel characterization

The DTM supplies good quality information about all the surface not covered

by water, but does not furnish any information of the region covered by the

water. The main channel shape was characterized with an in-situ bathymetry
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4.4 Full simulation model

within the 2Km study reach length, where 13 cross sections were measured

using a portable depth sounder with the help of the Army Corpsof Sappers

(see Figure4.4 left).

A first bed elevation map of the full domain was thereafter produced by

interpolating these measured values with the DTM data usingArcGis soft-

ware (resample tool), by transforming the network from 1m resolution to 5

m. Most floodplain flooding studies use DTM with 10− 100 m resolution

(Horrit and Bates (80), Connell et al. (51), Bates and De Roo (11), Marks and

Bates (119)), but in our case, with these resolutions many of the terrain de-

tails are lost, and therefore, the floodplain hydraulic behavior is represented

too superficially to comply with the objectives of this paper. This river bed

reconstruction will be calledRB1 from now on. The interpolation methods

based on statistical treatment of the overall information provided incorrect re-

sults when reconstructing the river bed as will be seen later. For this reason,

another interpolation method intended to produce a better representation of

the river bed from the available data was developed and is outlined in Chapter

3.2.3. This second terrain model will be calledRB2 from now on. A compar-

ison of river bed sections using the three terrain models (LIDAR data,RB1

andRB2) is shown in figure4.5.

4.4 Full simulation model

The full model presented in this work combines the hydrodynamic simulation

and the topographic data submodels. The hydrodynamic simulation is shown
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in Chapter3.2.

The topographic submodel includes the terrain representation and the

roughness characterization. Both variables are fundamental in a simulation

model, where its incorrect representation produces unrealistic simulation re-

sults. In that sense, we developed a triangular structured mesh using the LI-

DAR data and the bed channel reconstruction, which is shown in 4.3.3. The

roughness representation is shown in4.3.1.

Application of the full model requires two steps: calibration and vali-

dation. Calibration establish the sensitivity of the hydrodynamic simulation

submodel to the topographic data representation. Validation refers to the ac-

curacy evaluation of the complete model through comparisonof simulated

and available field information.

4.5 Model calibration

The calibration step is an important point that states the sensitivity of the hy-

drodynamic simulation submodel to the topographic data representation. At

the present work the sensitivity was stated on the basis of a steady state dis-

charge.

Although some authors agree that river bathymetry is a key part of a field

survey, it is also true that a high number of measured cross section data is not

always available, and sometimes is absolutely missing in a LIDAR dataset
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4.5 Model calibration

(Cook and Merwade (52)). Our results were highly sensitive to the precise

definition of the full river channel shape required by the 2D model and this is

the point we want to emphasize.

For calibration purposes, the hydrodynamic model was used to simulate

two steady flows in the river reach. All the calculations in this work were

performed over triangular grids in order to better fit the terrain irregularities.

To check the validity of the river bed reconstruction, a steady state so-

lution for a constant discharge equal to 50m3/s, low regime, was computed

using the described shallow water model and run to convergence. The quality

of the reconstruction can be evaluated by comparing the numerical results for

the water level surface with the information provided by theoriginal DTM

of the area (Figure4.7). Figure4.7 (upper) shows the water level surface

computed over theRB1 bed elevation model and it shows unrealistic dry ar-

eas and overflooded regions when compared to the LIDAR information of

the water surface at that discharge (Figure4.7 lower). Comparison between

measured and predicted flooded area has been estimated according to Bates

and De Roo (11) criteria, where the accuracy of the calculated flood extent

versus the observed is defined on:

FitA(%) = 100
(Ao

⋂
Ac)

(Ao+Ac)− (Ao
⋂

Ac)
(4.1)

whereAo corresponds to observed flooded area,Ac corresponds to calculated

flooded area andAo
⋂

Ac is the intersection between observed and calculated

flooded areas.
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Following this criterion,RB1 shows an agreement between observed and

calculated flooded area ofFitA = 85.4%, while the agreement forRB2 isFitA

= 98.3%. Therefore, if the bed elevation provided byRB2 is used, the pre-

dicted water surface in the river is more accurate. Figure4.7 (lower) shows

the agreement between measured and computed data.

The second set of simulations at discharge of 500m3/s flowing at steady

state, was performed to assess the quality of the predicted river bed eleva-

tion. The extension of the flooded area was also measured using the dif-

ferential GPS. When using theRB1 bed elevation, the computed floodplain

was excessively flooded and many habitats were erroneously connected to the

river. This is shown in Figure4.8 (upper) where the calculated flooded area

has been plotted together with a dashed line representationof the measured

flooded area. The flooded area obtained using theRB2 interpolation tech-

nique is shown in Figure4.8 (lower) and it can be seen that both computed

and measured (dashed zone) flooded areas match rather better.

The sensitivity of the numerical results to the choice of roughness coef-

ficients was low for a given topographic data submodel and a given compu-

tational mesh. Variation of the Manning’s roughness coefficients shown in

Table4.1with ± 40 % led to negligible differences in the flooded area extent

(data non shown).
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4.6 Validation of the complete model

The calibration step was useful to decide that RB2 was the best topographic

data submodel. The rest of the computations were carried outto validate

the full model with no more changes than the inlet discharge corresponding

to the individual flooding events. This process is based on the comparison

of the computed results and the available field information,where several

field data such as flooded area, water depth and flow velocity are required.

The agreement between the measured and predicted flooded area has been

estimated using equation4.1.

4.6.1 Experimental techniques and field measurements

The collection of field data for validation proposes was carried out during

2007, registering the five flooding events occurred within this year. The data

collection covered a wide range of discharges from 400 to 2250 m3/s, with

a return period of: 0-7yr (estimated within 1980-2010), and was focused on

water depth and flood inundation extent. Water velocity was not registered

because of, as Bates et al. (10) pointed out, the collection of a full representa-

tion of the variability of flow velocities during flood events, especially in an

extensive floodplain, is very difficult.

4.6.1.1 Flood inundation extent

The shoreline of the maximum flooded area was measured in situin every

flooding event using differential GPS TopconR© (0.03 m accuracy). Points

were manually recorded every 5−20 mwithin the limit between the dry and

53



4. MODELING THE MIDDLE EBRO FLOODPLAIN FLOODING
DYNAMICS AND ITS IMPLICATIONS FOR ECOLOGICAL
RESTORATION

wet area. Point recording was 1− 3 hr long, whereas the maximum inlet

discharge variation was 5.2 m3/s. Inland dry areas were also recorded using

the same methodology, except for the highest river discharge, 2250m3/s,

where it was not possible to enter in the floodplain, and it wasobserved from

the old river terrace.

4.6.1.2 Water depth

Water level was registered both manually and automaticallyduring 2007,

where the measuring locations will be referred to as locations L1, L2, L3,

L4, L5 and L6. L1 to L5 are located in a secondary channel closeto the

main river channel that is hydrologically connected with the river in ordinary

flooding events. L6 is located in the oxbow lake, and is the farthest probe

from the river (see Figure4.9).

Water level was registered manually at probes L2, L3, L4 and L5 using a

ranging rod during the five flooding events, as soon as it was possible to enter

the secondary channel. 1-3 daily water level measurements were registered

at each probe during the whole flooding event, whose took from2 to 4 days

each one.

At probes L1 and L6 Water level was recorded continuously every 30

minutes using water depth and temperature sensors (DiverR©, 0.5 cm accu-

racy) with a barometric correction, during 2007. The agreement between

measured and predicted water level is estimated as follows:

FitD =
1
N

N

∑
i=1

|(Dp−Do)i | (4.2)
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whereDp is the predicted water level,Do is the observed water level andN is

the number of observations.

Five simulations, corresponding to the five real events (seeSection4.6.1.1),

that will be referred to as hydrographs I, II, III, IV, and V were performed (see

Figure4.10). Every event was simulated starting from the previously com-

puted steady state of the river, that correspond with the initial discharge of

each flood event, and was compared to the field measurements. The compu-

tational cost was 60, 64, 64, 68 and 73hr for hydrographs I, II, III, IV and V

respectively. Computed and measured data comparisons are stated bellow.

4.7 Validation results

Hydrograph I (Figure4.11) is representative of an ordinary flooding event

of peak discharge 420m3/s in 50 hr. Figure4.11 shows four snapshots of

the numerically predicted flooded area at timest = 0h, t = 15h, t = 30h and

t = 45h. At the initial time all the probes are dry. As the flood progresses,

a back flow appears submerging L1. Figure4.12displays the comparison of

predicted and measured flooded area at maximum discharge. The agreement

between measured and predicted flooded areaFitA is 78%. Once the peak

discharge passes, the level decreases retaining water in the area surrounding

L1. Figure4.13shows the comparison of the numerical predictions and the

field measurements of the water surface level at probe L1, where the average

of the difference between measured and predicted water level is 0.19± with

an Standard Deviation of±0.20 m using equation4.2. In agreement with

the field observations, the numerical simulation predictedno flooding in lo-
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cations L2, L3 and L5. The simulation predicts that locationL6 in the oxbow

lake is not affected by this flooding, in agreement with field observations.
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Figure 4.5: River bed sections.
Comparison of four river bed sections using LIDAR data (circle), RB1 recon-
struction (square) andRB2 reconstruction (triangle).

57

3/figures/secc1.eps
3/figures/secc2.eps
3/figures/secc3.eps
3/figures/secc4.eps


4. MODELING THE MIDDLE EBRO FLOODPLAIN FLOODING
DYNAMICS AND ITS IMPLICATIONS FOR ECOLOGICAL
RESTORATION

h+z

Figure 4.6: River bed reconstruction
Upper, original elevation as taken from the DTM. Middle,RB1. Lower,RB2.
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4.7 Validation results

Figure 4.7: Computed and measured flooded area atQ= 50m3/s.
Comparison of computed (white) and measured (hatch) floodedareas atQ=
50m3/s. Upper, computed using theRB1 river bed reconstruction. Lower,
computed using theRB2 reconstruction.
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Figure 4.8: Computed and measured flooded area atQ= 500m3/s.
Comparison of computed (white) and measured (hatch) floodedareas atQ=
500m3/s. Upper, computed using theRB1 river bed reconstruction. Lower,
computed using theRB2 reconstruction.
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4.7 Validation results

Figure 4.9: Probes location.
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Figure 4.10: Hydrographs of the simulated flooding events.
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(a) (b)

(c) (d)

h(m)

Figure 4.11: Flooding area temporal evolution for hydrograph I.
Inundation area at (a)t = 0h, (b) t = 15h, (c) t = 30h and (d)t = 45h for
hydrograph I.
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4.7 Validation results

Hydrograph II is also representative of an ordinary floodingevent (see

Figure4.10). Figure4.14shows four snapshots of the predicted flooded area

at timest = 0, t = 20h, t = 40h and t = 70h. In the initial time, locations

L1 to L5 are dry and, as time evolves, the five locations get flooded. Fig-

ure4.12displays the comparison of predicted and measured flooded area at

maximum discharge. The agreement between both areas in thiscase isFitA

= 76%. Once the peak discharge passes, the level decreases again leaving

water stored in the areas surrounding L2, L3 and L4, whilst L1and L5 re-

main hydraulically connected with the river channel. Figure 4.15shows the

comparison of the computed and measured water surface levels at the five

probes. A good agreement between the numerical predictionsand the field

measurements, particularly for locations L2, L3 and L4, canbe observed.

The largest errors are produced in the initial and final times, being the aver-

age of the difference between measured and predicted water level 0.49± 0.14

m. This desagreement could be due to the interactions of the surface water-

groundwater, which is relevant at these stages of the flooding, and they have

not been considered in the mathematical modelling of the present work. Oth-

erwise, excluding the initial and final stages of the floodingevent, the average

of the difference between measured and predicted water level is 0.23± 0.04

m. This lack of information also affects the first stages of numerical evolution

of locations L1 and L5 as displayed in4.13. As these two probes continue to

be connected with the river flow during the recession part of the hydrograph,

the water elevation surface predicted is more accurate at that stage (0.16 ±
0.34 m). The simulation predicts that location L6, in the oxbow lake, is still

not affected by the flooding, according to field observations.
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Hydrograph I Hydrograph II

Hydrograph III Hydrograph VI

Hydrograph V

Figure 4.12: Flooded area at peak discharge of hydrographs I, II, III, IV and V.
Computed (white) and measured (hatch) flooded area.
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Figure 4.13: Water surface elevation at probe 1 and hydrograph I.
Computed (white circles) and measured (black circles) water elevation at
probe 1 and hydrograph I.
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(a) (b)

(c) (d)

h(m)

Figure 4.14: Flooded area temporal evolution for hydrograph II.
Inundation area at (a)t = 0h, (b) t = 20h, (c) t = 40h and (d)t = 70h for
hydrograph II.
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4.7 Validation results

(a) (b)

(c) (d)

(e)

Figure 4.15: Probes water surface level under hydrograph II.
Comparison of measured (black circles) and simulated (white circles) water
level at probes (a) L1, (b) L2, (c) L3, (d) L4 and (e) L5, duringhydrograph
II.

Hydrograph III is an ordinary flooding event (see Figure4.10), whose

peak discharge is only about 100m3s bigger than the peak discharge of hy-

drograph II, but enough to increase the hydrological connectivity between the

river and the floodplain. Figure4.16shows the flooded area att = 40h and at

t = 60h, and how only locations L1 and L5 in the artificial secondary chan-
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nel remain connected with the river. The comparison among field data and

predicted values for the water level elevation at the five L1 to L5 probes is

shown in Figure4.17showing a good agreement in general (0.36± 0.03 m).

Figure4.12(III) displays the comparison of predicted and measured flooded

area at maximum discharge, where the agreementFitA is 74%. The simula-

tion predicts also in this case that location L6 in the old meandering channel

is not affected by the flooding, according to field observations.

(a) (b)

h(m)

Figure 4.16: Flooding area temporal evolution for hydrograph III.
Inundation area at (a)t = 40h and (d)t = 60h for hydrograph III.
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(a) (b)

(c) (d)

(e)

Figure 4.17: Probes surface water level for hydrograph III
Comparison of measured (black circles) and simulated (white circles) water
level at probes (a) L1, (b) L2, (c) L3, (d) L4 and (e) L5, duringhydrograph
III.

Hydrograph IV at Figure4.10 is a case of great interest to validate the

accuracy of the full model as in this case the old river oxbow must be hy-

drologically connected to the river by means of the surface flow for a certain

period of time. It corresponds to a peak discharge of 1169m3/s in 70 hr.

Figure4.18shows the evolution of the computed inundation area by means
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of six contour plots at timest = 20h, t = 30h, t = 35h andt = 70h, and how

the oxbow lake becomes connected at a certain time through a secondary

channel. Due to the magnitude of the flooding wave, only information re-

garding water surface elevations at locations L1 and L6 was recorded. Figure

4.19 shows the comparison of the time evolution of the water levelsurface

measured and computed at those locations showing a good accordance. Lo-

cation L1 is flooded all along the entire simulation and the difference between

measured and predicted water level is 0.29 ± 0.08 m using (4.2). The time

dependent hydraulic connectivity between the oxbow lake ant the river is well

reproduced by the model as reflected by the results at L6. Figure 4.12(IV)

displays the comparison of predicted and measured flooded area at maximum

discharge, where the agreementFitA is 66 %.
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(a) (b)

(c) (d)

(e) (f)

h(m)

Figure 4.18: Flooded area temporal evolution for hydrograph IV.
Inundation area at (a)t = 20h, (b) t = 25h, (c) t = 30h , (d) t = 35h, (3)
t = 40h and (f)t = 70h for hydrograph IV.
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Figure 4.19:Probes water surface elevation for hydrograph IV.
Comparison of measured (black circles) and simulated (white circles) time
evolution of water surface elevation at probes (a) L1 and (b)L6, with hydro-
graph IV.

Hydrograph V (Figure4.10) is a high flooding event of 2250m3/s in 120

hr that corresponds to a case of extensive inundation and the old river oxbow

also hydrologically connected to the river by means of the surface flow for

a long period of time. Figure4.12 (V) is a comparison of the extent of the

computed flooded area with the observed flooded area, in dashed lines, at

t = 60h where the agreement between the observed and predicted flooded

areaFitA is 92 % using (4.1). Figure4.20shows the comparison of the time

evolution of the water level surface measured and computed at locations L1

and L6 showing a good accordance (0.29 ± 0.12 m using (4.2)). The time

dependent hydraulic connectivity between the oxbow lake and the river is

well reproduced by the model as reflected by the results at L6.

4.8 Discussion

The predicted flood extension is in good agreement with the observed flood

extension in all cases (FitA average of 79±13%). An accurate prediction of

72

3/figures/hidro4s1.eps
3/figures/hidro4s6.eps


4.8 Discussion

(a)
 182.5

 183

 183.5

 184

 184.5

 185

 185.5

 0  20  40  60  80  100

W
at

er
 le

ve
l s

ur
fa

ce
 (

m
)

time (hr)

Hydrograph III; Probe L1

(b)
 182

 182.5

 183

 183.5

 184

 184.5

 185

 0  20  40  60  80  100

time (hr)

Hydrograph III; Probe L6

Figure 4.20: Probes water surface elevation for hydrograph V.
Comparison of the measured (black circles) and simulated (white circles)
time evolution of the water surface elevation for probes (a)L1 and (b) L5,
with hydrograph V.

flood inundation extent is a good test of model capabilities and is of a sig-

nificant practical interest Bates et al. (10). The flood extension provides, in

some way, the superficial hydrological connectivity between the river and the

floodplain. As mentioned in the introduction, the hydrological connectivity

is essential to the riparian ecosystems maintenance, and with this results, new

flow regime scenarios can be drawn in order to improve the floodplain func-

tions.

Given that the hydraulic behavior of the floodplain can condition the

floodplain functions, the detailed information of the flow characteristics over

the irregular floodplain is of maximum interest. This information is one of the

present model results and has been validated by paying attention to the local

water level measurements. In this way, although the simulated water levels

were in agreement with the measured data in general, some errors were found

at the initial and final stages of most flood events at the L5 location. How-

ever, as Cabezas et al. (36) pointed out in a previous study, this location is
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a groundwater discharge zone, so this disagreement betweenthe simulated

and measured data could be due to the surface water-groundwater interaction

that is not considered in the present hydrodynamic model. Atfloodplains,

there are zones of groundwater recharge or discharge, and there exists a close

relationship between the water table and the topography Zhou et al. (222).

The L5 location is one of the lowest points of the riparian forest and, given

that a flood event is the result of the joint action of surface and groundwater

flows, this point is wet with exfiltered water since the beginning of the flood

events season. However, when this location is connected to the river by sur-

face pathways, surface and groundwater flows mix and, above certain river

discharge, the surface flow is dominant. As the surface-groundwater flow in-

teraction has not been considered in the present mathematical modeling, the

initial state where the L5 location has an exfiltration wateris not included in

the simulation. Therefore, there is an initial disagreement at the beginning of

every simulated flood event that can be noticed in the water level values and

the water level time evolution. The groundwater exfiltration phenomenon at

the L5 location can be detected using continuously water temperature mea-

surements. The exfiltered water at the beginning of the flood event remains

stagnant so that its temperature depends on the ambient temperature varia-

tions as well as on the water exfiltration temperature. When exfiltered and

surface water are connected, water temperature depends also on that of the

new entering flow. Above certain river discharge, when the surface flow pre-

dominates, a sudden temperature change is observed, being the new temper-

ature better explained by that of the river surface flow. Figure 4.21shows the

temperature an water level measurements at each simulated flood event at L5.
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Figure 4.21: Measured water level and temperature.
Temperature (circle) and water level (cross) time evolution at probe L5 for
each flooding event.

At the hydrographs II and III, the temperature change was abrupt. This

change was produced with very similar river discharge (751 m3/s in the hy-

drograph II and 760 m3/s in the hydrograph III), and at the same measured

water level (181.4 m.). It suggest the surface flow predominance over the to-

tal water volume occurs when the river discharge is about 750m3/s and 181,4

m. water level.

In contrast, at the hydrograph I, the temperature change wasnot so sud-

den. The L5 location was flooded with bakflow, and providing that this flood-

ing rate is slowly, the temperature change should be more gradual. In addi-

tion, as we mention above, the surface discharge predominance should occur
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when the river discharge is about 750 m3/s and the water level 181,4 m., and

either of them occurs in this flood event. Therefore, the surface flow did not

predominate over the total water volume, and it could cause the diffuse tem-

perature change.

At the hydrograph IV, the temperature change was sudden, andin agree-

ment with the hydrographs II and III, it occurs when the riverdischarge was

760 m3/s and the water level 181.4 m. In this flood event, the river discharge

overcomes very soon (at 10 hr.) the 760 m3/s, therefore, the initial disagree-

ment is lower than at the previous hydrographs.

At the hydrograph V any sudden or gradual temperature changewas ob-

served. This could be due to the surface flow predominance over the total

water volume, because of the river discharge and the water level were always

above 1150 m3/s and 181.9 m., respectively. Therefore, the water temperature

at the L5 location should be the river surface flow temperature, and no initial

disagreement should be observed at the simulated and measured results.

4.9 Ecological application of the full model

On the basis of the observed and calculated results, we can affirm that the

full model is a suitable tool to predict the hydraulic connectivity between

river and floodplain. In this way, the model becomes a useful tool in ecohy-

drology, where the hydrologic/hydraulic mechanisms that underlie important

ecological processes such as nutrient transport or sedimentation patterns need
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to be interpreted and predicted.

In the same way, a fundamental process such as the geomorphicactivity

can also be represented and predicted. Hydromorphologicalprocesses define

the dynamic equilibrium of habitat distribution with theircharacteristic biota

(Schiemer et al. (180)), and are critical in the production and maintenance

of the floodplain ecosystem (Bayley (14)). Hence, the full model, including

the flow erosive potential estimation (see Chapter3.2.1.3) has been used to

evaluate current floodplain geomorphic dynamics and to propose different

scenarios that might induce geomorphological activity.

4.9.1 Analysis of current floodplain hydromorphological dynam-
ics

The geomorphological processes that we refer to in the present work are

mainly bank erosion and sediment deposition (see Chapter ),which at the

reach scale are seen as lateral movements of the channel across a floodplain.

This movement is usually based on the equilibrium between concave bank

erosion and the convex bank sedimentation. Point bar features tend to be

built along convex banks, whilst concave banks are eroded into higher flood-

plain and bench features. As a result, concave banks tend to be bordered by

higher riparian margins that are less frequently flooded than convex banks

(Steiger and Gurnell (190)).

However, the selected river segment is notably affected by embankment

structures, where limited morphodynamic activity has beenobserved since
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the last half of the twentieth century (Ollero (152), Cabezas et al. (34), Cabezas

et al. (37)). Indeed, cut-avulsion phenomenon is almost restricted to the river

adjacent floodplain González et al. (63), whilst in the rest of the floodplain

sedimentation prevails over erosion (Cabezas et al. (37)). Hence, our focus is

on erosive processes.

Table 4.2: Flooded and eroded area.

Flooded and potentially eroding area at the current scene, under six different
peak discharge. The recurrence period (T) has been estimated within the
years 1927-2010.

Q T Flooded area Eroded area
m3/s yr. m2 % m2 %
400 < 0.1 277800 11 0.31 0.00
800 0.21 522400 21 0.83 0.00
900 0.25 627850 25 0.00 0.00
1169 0.40 965350 38 0.00 0.01
2250 3.4 2355700 94 854 0.03
3000 18.7 2476350 99 12983 1

In order to study the current geomorphological floodplain dynamics, the

erosive potential of six ordinary and extraordinary flooding events has been

analyzed. According to the results, the study area is almostcompletely flooded

with a return period of 3.4 yr, where almost 30 % of the study area is flooded

every year (see Table4.2and Fig.4.22). The frequently flooded area is adja-

cent to the main channel, and mainly corresponds to riparianforest.

Simulation results also show a lack of hydromorphological activity, where

the highest erosive potential is only capable of eroding 1 % (12983m2) of the

study area (see Table4.2). Moreover, this erosive phenomenon corresponds
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0.5 1.6 2.6 3.7 4.7 5.8 6.8 7.9 8.9 10.0

Hydrograph I Hydrograph II

Hydrograph III Hydrograph VI Hydrograph V

Water depth (m):

Figure 4.22: Flooded area under the peak discharge of each hydrograph.
Water depth the current situation under 400 (I), 800 (II), 900 (III) and 1169
(IV) and 225m3/s (V) river discharge.

to an extraordinary flooding event, with 18.7 yr recurrence period and 3000

m3/sof river discharge, where its major erosive potential is restricted to river

defenses and urban and agricultural constructions (see Figure4.23). In agree-

ment with these results, we can affirm that after a 2250m3/s river discharge

flooding event, the only significant geomorphological change that we found

in the study area was a gravel bar deposition that destroyed the artificial sec-

ondary channel (Gonzalez-Sanchis et al. (65)) (see Figure4.24).

The current lack of hydromorphological activity of the middle Ebro river

floodplain has previously been pointed at many studies (i.e.Ollero (151),

Ollero (152), Cabezas et al. (34), Cabezas et al. (37), González et al. (63),

Ollero (153), Magdaleno and Fernandez-Yuste (116)), where some of them
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Figure 4.23: Eroded area under 3000m3/s river discharge.
Erosive potential under 3000m3/s river discharge at the current situation.

has been developed in the same study area (Ollero (151), Cabezas et al. (34),

Cabezas et al. (37) and González et al. (63)). In that sense, González et al.

(63) confirm that maintenance of current hydrogeomorphological patterns

will not produce disappearance of most of the existing forests but will keep

aging them, and new pioneer forests will be confined to smaller and more

dynamic areas (usually close to the main channel or in-channel areas). Ollero

(152) stated that the Ebro river, at the ’Natural Reserve Los Galachos’, has

lost its geomorphic dynamics, and therefore, no more oxbow lakes will be

provided. An aerial photograph of the same study area can be observed in

Cabezas et al. (34) and Cabezas et al. (37), where the authors pointed the

presence of limited morphodynamic activity since the last half of the twenti-

eth century.
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Figure 4.24: Gravel deposition.
Comparison of the constructed secondary channel before (A) and after (B) a
flooding event of 2250m3/s peak discharge. Circle shows the gravel deposi-
tion area.

When the current flow regime has a very limited erosive potential, the

recovering of an actively shifting mosaic of habitats (SMH)would require

hydrologic restoration measures.

The lack of a significant hydromorphological activity couldbe due to

the current flow regime, the constructed river defenses or a combination of

both. River flow regulation has decreased the number of peak discharges

and the duration of flooding events (Cabezas et al. (34) and Magdaleno and

Fernandez-Yuste (116)), while river defenses have decreased the floodplain

eroding capability and the hydraulic connectivity betweenthe river and the

floodplain (Ollero (152) and González et al. (63)). Hence, a restoration of

floodplain hydrogeomorphology needs a change in the river basin manage-

ment (Ollero (152), González et al. (63), Cabezas et al. (35)), where flow
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regime as well as river defense construction policy should be reconsidered.

Floodplain restoration purposes also have to consider the social-economic sit-

uation, which is actually devoted to agriculture, pasture,and recreational use.

In this context, we propose the numerical simulation as a useful tool capa-

ble of predict the result of the possibles restoration alternatives, and choose

the most efficient solution. In the present chapter, four possible restoration

alternatives based on terrain modification and/or the discharge increase are

proposed:

1. Discharge increase.

2. Initial river defense height reduction.

3. River island elimination.

4. Height reduction of the river defense and its adjacent crops.

The alternatives based on terrain modification (2, 3 and 4) have been

analyzed by means of the simulation of the erosive potentialof the highest

flooding events (1169, 2250 and 3000m3/s).

4.9.2 Scenario 1: river discharge increasing

Discharge can be increased by means of two alternatives: increasing the wa-

ter discharge of one flooding event, producing a huge floodingevent, or just

increasing the frequency of certain flooding events.

In order to test the first alternative, we simulated three peaks discharge of

4000, 5000 and 6000m3/s, respectively, whose recurrence period are higher
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than 250yr. (see Table4.3). Simulation results showed that in spite of the

high river discharge considered, the possible eroded area does not signifi-

cantly increase from the one provided by the flooding event of3000 m3/s

river discharge. Therefore, this alternative produce non satisfactory results,

which in addition, has a high economic and social cost because the Spanish

water policy management.

Table 4.3: Scenario 1.

Flooded and eroded area at the scene 1 and under three different peak dis-
charge.

Q Flooded area Eroded area
m3/s m2 % m2 %
4000 2494575 99 27176.7 1.1
5000 2494575 99 31541.7 1.3
6000 2494575 99 34835.2 1.4

Usual river flooding events, such us the ones simulated in Section 4.9.1,

does not produce significant hydromorphological dynamism (see table4.2.

However, reducing its recurrence period without a discharge increase, can be

an alternative to restore the floodplain hydromorphological activity. In this

way, if for instance, natural flooding events with a peak discharge of 2250

m3/s occurs every 1 or 2 years instead of the current 3.4 yr, there could be a

significant increase of the eroding area. Nevertheless, considering that most

of this erosive potential is restricted to the dikes, it is necessary not to restore

these dykes after the flooding events.

This second alternative is also difficult to apply because ofthe Spanish

water policy management, where a conflict between ecology and agriculture
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and risk management, can be produced. On the other hand, providing that the

eroding area increase is slow and can take years to restore the morphologi-

cal dynamism, the efficiency of the alternative is not satisfactory, although it

might restore the hydraulic connectivity between the riverand the floodplain

in the end.

4.9.3 Scenario 2: 1m dike reduction

The study area has a river defense to protect the agricultural fields from flood-

ing events. The crops are located adjacent to the river bed inside the flood-

plain (Ollero (152)), and the river defense extends to riparian forest. In order

to combine floodplain restoration and risk management, we propose to reduce

the height of the river defense top 1m, corresponding to riparian forest de-

fense (see Figure4.26). This strategy is proposed to enhance the flooded area

and erosive potential of the flow, but without damaging agricultural fields.
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(a) (b)

(c)

Figure 4.25:Erosive potential under scenario 1.
Erosive potential under 4000m3/s river discharge (a), 5000m3/s (b), 6000
m3/s (c).
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Terrain elevation (m):

Figure 4.26:Digital Terrain Model of the Scenario 2.
Left: 2D DTM view. Right: 3D DTM view.

86

3/figures/TerrainScn2.eps


4.9 Ecological application of the full model

(a) (b)

(d)(c) (e)

Figure 4.27:Erosive potential under 1169m3/s river discharge.
Erosive potential under 1169m3/s river discharge at the current situation (a),
scenario 2 (b), scenario 3 (c), scenario 4 (d) and scenario 5 (e).

According to the simulation results, this scenario increases a 4 % the

flooded area (Table4.4). At the same time, the new flooded area does not in-

clude the crops, where the erosive potential is the same as atthe one at the ini-

tial situation. The increase of the flooded area also improves the floodplain-

river hydrological connectivity, where the oxbow lake and paleochannel are

connected to the river surface pathway under lower discharge values than at

the initial situation (Figure4.28). In contrast, the results show only a slight

erosive potential increase. The erosive potential is restricted mainly to urban

constructions and near river areas. Although the eroded area and hydrolog-

ical connectivity would increase compared to the current situation, they are
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not large enough to restore floodplain hydrogeomorphologicdynamics, but

can only recover hydrological connectivity and some of the geomorphologi-

cal activity.

Table 4.4: Scenario 2.

Flooded and eroded area at the scene 2 and under three different peak dis-
charge.

Q Flooded area Eroded area
m3/s m2 % m2 %
1169 1083550 43 108 0.01
2250 2436175 97 6487 0.26
3000 2494575 99 47 0.00
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(a) (b)

(d)(c) (e)

Figure 4.28: Erosive potential under 2250m3/s river discharge
Erosive potential under 2250m3/s river discharge at the current situation (a),
scenario 2 (b), scenario 3 (c), scenario 4 (d) and scenario (5).

4.9.4 Scenario 3: island removing

Removing the island could be another strategy that combinesfloodplain hy-

dogeomorphological activity and risk management, where the flood erosive

potential can be increased, but without increasing flooded area. This strategy

could be easily carried out using heavy machinery during thesummer dry pe-

riod. However, to study its efficiency through the simulation tool, the island

has been removed from the DTM and replaced by a river bed reconstruction

(see Figure4.29).

According to the simulation results, this strategy does notincrease the
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Terrain elevation (m):

Figure 4.29:Digital Terrain Model of the Scenario 3.
Left: 2D DTM view. Right: 3D DTM view.

flooded area, but only the erosive potential (Table4.5). Hydrological connec-

tivity between river and floodplain remains the same as in theinitial situation

but, in contrast, flow energy increases and makes possible the morphologi-

cal changes. These changes are located mainly at adjacent river areas, being

very difficult to find geomorphological activity at the rest of the riparian for-

est (Figures4.28and4.27(d)). The erosive potential increase is bigger than

in the previous scenario, but is still not enough to restore floodplain hydro-

geomorphologic dynamics, where a more drastic change in thefloodplain is

needed.
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Table 4.5: Scenario 3.

Flooded and eroded area at the scenario 3 and under three different peak
discharge.

Q Flooded area Eroded area
m3/s m2 % m2 %
1169 955500 38 259.1 0.01
2250 2435575 97 8342 0.33
3000 2496550 99 1132.7 0.05
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(a) (b)

(d)(c) (e)

Figure 4.30:Erosive potential under 3000m3/s river discharge.
Erosive potential under 3000m3/s river discharge at the current situation (a),
scenario 2 (b), scenario 3 (c), scenario 4 (d) and scenario (5).

4.9.5 Scenario 4: 2m dike reduction

Reduction of the initial river defense height seems not enough to enhance

flow erosive potential. Since the land adjacent to this riverdefense is an

abandoned crop, we propose to reduce 2m height of the river defense and

abandoned crop in order to increase floodplain hydraulic connectivity and

hydogeomorphological dynamics, but without affecting theagricultural fields

(see Figure4.31).

This strategy increases flow erosive potential more than theprevious sce-

narios (Table4.6). Although the erosive potential is restricted again mainly to

urban constructions and river adjacent areas, some of the riparian forest zone
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Terrain elevation (m):

Figure 4.31:Digital Terrain Model of the Scenario 4.
Left: 2D DTM view. Right: 3D DTM view.

is affected by this flow energy. This scenario does not produce a sudden hy-

dromorphological dynamic restoration, but since some of the riparian forest

is affected, a progressive hydromorphological dynamic recovering could be

expected. Hence, this scenario would be able to restore someof the hydrogeo-

morphological floodplain activity but affecting part of theurban construction

located inside of the Natural Reserve.

Table 4.6: Scenario 4.

Flooded and eroded area at the scenario 4 and under three different peak
discharge.

Q Flooded area Eroded area
m3/s m2 % m2 %
1169 1114600 44 1116 0.04
2250 2364975 97 6419 0.30
3000 2489375 99 20470 0.82
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4.9.6 Scenario 5: hydrological connectivity increasing

Increasing the surface hydraulic connectivity of the paleochannel, the sec-

ondary channel and the oxbow lake, reproduces in some way thefloodplain

structure corresponding to the one previous to the regulation of the Ebro river

(see Figure4.32). Hence, this scenario should increase the hydromorpholog-

ical activity at these areas.

Terrain elevation (m):

Figure 4.32:Digital Terrain Model of the Scenario 5.
Left: 2D DTM view. Right: 3D DTM view.

As expected, simulation result shows an increasing erosivepotential com-

pared to Scenarios 2 and 3 (see Table4.7). Moreover, the erosive potential

increasing does not affect urban area nor agricultural fields, but it is mainly

restricted to the natural floodplain habitats. Although thetotal eroded area

does not rise 1% of the floodplain, this restoration strategyis capable of in-

ducing morphological activity at the paleochannel as well as at the riparian

forest under an ordinary flooding event (see Figure4.27(e)). The potentially
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eroded area increases with the river discharge, and affectsremote floodplain

habitats such as one of the constructed wetlands.

Table 4.7: Scenario 5.

Flooded and eroded area at the scenario 5 and under three different peak
discharge.

Q Flooded area Eroded area
m3/s m2 % m2 %
1169 934843 37 4082 0.16
2250 2499535 99 6839 0.30
3000 2499940 99 21198 0.84

According to the present results, Scenario 5 is the best strategy to re-

store the floodplain hydromorphological activity without affecting urban nor

agricultural zones. Moreover, since this strategy induceshydromorphologi-

cal activity from ordinary flooding events, the floodplain restoration process

becomes faster and does not need a new flow policy management.

4.10 Conclusions

A river flow simulation model has been presented and its performance as a

predictive tool has been analyzed. The model is based on a finite volume hy-

draulic model of the surface water flow, a roughness model anda topographic

model from the available DTM. The method provides information of the time

and space variation of the water depth, the depth-averaged velocities and the

friction bottom stress, indicative of the erosive capacityof the flow. The cal-

ibration of the model has been based on available field information on water
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level elevations for two discharges. The calibration phasehas revealed the

extreme sensitivity of the hydraulic model to the river bed shape. As stan-

dard LIDAR techniques do not supply information on the part of the river

covered by water, this can be considered an important issue.The interpola-

tion methods based on statistical treatment of the overall information, such

as the GIS tools, provide incorrect results when reconstructing the river bed

and are therefore unable to recover with accuracy the measured field data.

In consequence, the numerical results for flood modeling based on the GIS

model reconstruction alone are inaccurate. In this work, a simple procedure

to recover the river bed shape from both geometric and hydraulic information

has been proposed leading to a correct model performance in almost all the

measured situations.

A systematic discrepancy still remains during the rising limb of the flood

at one of the measured probes. The explanation for this discrepancy comes

from the groundwater-surface flow interaction, at that particular location, that

is not considered in our model. The field observations concerning water tem-

perature indicate important mixing of water from differentsources near that

point. The extension of the model to include this flow interaction is part of

the immediate future work but is outside the scope of the present work.

In the validation shown here, the full model has demonstrated to be an ex-

cellent tool to predict the hydrological connectivity between river and flood-

plain, provided that the correct topographical information is supplied. At the

same time, the model supplies detailed information on the flow characteristics
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over the irregular floodplain. These flow characteristics determine important

ecological properties such as the particulate organic matter contribution, the

dissolved oxygen content or the type of macroinvertebrate at certain habitat.

The floodplain analysis highlight its limited erosive potential under the

current topography and flow regime. The restoration scenario based on in-

creasing the water discharge indicates that probably, the lack of geomorphic

activity is actually influenced more by the constructed river defenses and the

floodplain land use than the Ebro river basin discharge regulation. In this

way, the best restoration alternative appears to be recovering the past flood-

plain structure.
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5

NUTRIENT RETENTION

CAPACITY OF AN

AGRICULTURAL

DRAINAGE CHANNEL:

DEVELOPING A

PREDICTIVE MODEL

5.1 Introduction

Nutrient loads to water became a great concern in the industrialized West-

ern countries as their concentration increased exponentially since the sixties,

mainly due to the increased use of mineral fertilizers and phosphorus com-
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pounds in detergents (Baker (8)). The impact of human activity on surface

stream habitats has been extensively studied throughout the world (Hynes

(91), Johnson et al. (100), Townsend et al. (199), Parker et al. (156)), forming

the basis for many stream restoration efforts (Standford etal. (189), Wiss-

mar and Beschta (217)). Indeed, the European Union has approved specific

directives relative to Nitrates and Phosphorus in an attempt to control the

problem with medium and long-term perspectives (Directives: 91/271/EEC,

91/676/EEC and 2000/60/EC). As a consequence, over recent decades, par-

ticularly point sources of water pollution have been reduced. However, non-

point sources such as agriculture, are still substantial, agriculture being con-

sidered one of the main nutrient sources worldwide (Baker (8)).

Streams in relatively undisturbed ecosystems differ substantially from

those found in agricultural regions, where a high nutrient concentration and

reduced riparian vegetation increases primary production(Melody et al. (125)).

Indeed, nutrient concentrations in catchments with high agricultural activity

can be orders of magnitude higher than in undisturbed catchments (Melody

et al. (125)), which contributes to the eutrophication of aquatic systems (Car-

penter et al. (42)).

A large number of studies has identified water courses as important sys-

tems for nutrient uptake (Meyer (127); Klotz (107); Richardson (171)). The

retention of nutrients is due to both, biotic and abiotic mechanisms (Reddy

et al. (167)). In agricultural landscapes, the drainage and irrigation network

could also be considered as a nutrient removal system. In irrigated agricul-
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ture, the channel networks are designed and managed to optimize water de-

livery and drainage from the crops (Santos (178)), and this drainage water

is often discharged into existing streams or rivers. Hence,part of the agri-

cultural nutrient load is located in the channel networks. Drainage channels

often carry residual nutrients, pesticides and suspended solids, altering the

water quality of the receiving stream (Terrado et al. (195), Castaneda and

Bhuiyan (44), Causape et al. (46)), which may affect in-stream biota and cre-

ate a concern for river management. Possibly, part of the load is retained in

the drainage channels themselves, and the retention capacity could be com-

parable to that of first order streams because of morphological similarities.

Irrigation channel, thus, can be understood as rivers or streams, where the

same uptake models can be applied.

The linkage between solute reactions and transformations and downstream

transport with the stream has been incorporated in several models (Bencala

and Walters (20), Newbold et al. (141), Kuwabara and Helliker (111)). The

most widely used are the one-dimensional (1D) models that assume steady

state and uniform cross-sectional parameters (Mulhollandet al. (135), Martı́

and Sabater (120), Haggard et al. (68), Melody et al. (125), Hoellein et al.

(79)). However, these models have two disadvantages. On the onehand,

adopting the simplification is not always adequate to represent a real river or

stream (Workshop (218)). On the other hand, their application needs the out-

let and inlet nutrient data, which are not always available.Therefore, another

formulation that represents more realistically the river and whose application

does not need the inlet and outlet nutrient data is required.
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In this context, the present paper proposes two main objectives. The first

one pretends to evaluate the irrigation infrastructure nutrient uptake potential

through a set of 20 nutrient addition experiments in a selected irrigation canal.

The second evaluates the steady-state one-dimensional calculation method

for nutrient uptake and proposes to overcome its two disadvantages by means

of an alternative model supplied with new nutrient uptake formulation based

on the nutrient addition experiments. At each time step the system is under

steady state conditions, but flow conditions could vary among them. There-

fore, it makes possible to consider flow velocity and water depth variation.

The second disadvantage is solved by formulating the nutrient uptake as a

function of the most uptake influential parameters, where the function does

not need the outlet nutrient data, and can vary in time and space according to

the selected uptake parameters.

5.1.1 Nutrient cycling

Nitrogen and phosphorus are widely recognized for their importance in agri-

cultural and forest production as well as for their roles as limiting nutrients in

the eutrophication of lakes, streams, estuaries, and near coastal oceans (Bink-

ley et al. (21)). The directly available forms in aquatic systems are mainly in-

organic, although some algae are able to use organic forms ofthese nutrients

(Darley (53)). Its dissolved inorganic forms are ammonium (NH4), nitrite

(NO2), nitrate (NO3), and orthophosphate (PO4). Both nutrients have a dif-

ferent metabolic cycle, where the greatest difference liesin the interference

of micro-organisms in the cycle, opening upN2 fixation and denitrification as
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pathways to and from the atmosphere that are not available for P.

Major processes affecting nutrient concentration of cycling are:

1. Algal uptake

2. Hydrolysis converting particulate organic nutrients into dissolved or-

ganic form

3. Mineralization and decomposition of dissolved organic nutrients

4. Chemical transformation of nutrients

5. Sediment sorption and desorption

6. Settling of particulate matters

7. Nutrient fluxes from sediment bed

8. External nutrient loading

Phosphorus is often considered the limiting nutrient in many freshwater

systems (Reddy et al. (167)). It is typically present in both inorganic and

organic forms. Total phosphorus consists of phosphorus in particulate and

dissolved forms, and it can be classified as: dissolved organic and inorganic

phosphorus (P) and particulate organic and inorganic P.

Dissolved and particulate organic P generally are the main components

of total phosphorus. Dissolved inorganic P is considered bioavailable, where

organic and particulate P forms generally must undergo transformations to
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inorganic forms before they are considered bioavailable (Reddy et al. (167)).

PO4 reacts with many cations, such as iron and calcium, and readily sorbs

to suspended solids in the water column, but the phosphorus cycle is a func-

tion of a number of biotic and abiotic processes (Reddy et al.(167)). Bi-

otic processes include assimilation by vegetation, plankton and periphyton.

Abiotic processes include sedimentation, adsorption by sediments/soils, pre-

cipitation, and exchange processes between soil/sedimentand the overlying

water column. Organic forms of phosphorus are generated by the death of

algae and then are mineralizated to phosphate. Particulatephosphate sorbs to

sediments and settles to the sediment bed. Dissolved phosphate is sorbed to

particulate matter, taken up by algae, plants and bacteria into the food chain,

and eventually returned to the water as organic phosphorus.Therefore, the

processes that affect phosphorus concentrations are sorption and desorption

of phosphate to suspended and sedimented particles, algal metabolism and

algal predation and mineralization and hydrolysis.

Nitrogen is a major component of proteins and is used by animals and

plants to synthesize protein, and its cycle comprises several forms in the water

column, in the air and in the sediment bed. In this way, nitrogen can enter the

ecosystem in several chemical forms:

1. Dissolved and particulate organic nitrogen

2. Inorganic nitrogen, both in detritus and live organisms:as a gas N2,

nitrate NO3, nitrite NO2 and ammonia NH3.
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The major components of the nitrogen cycle are organic nitrogen, ammo-

nia and nitrate. Organic nitrogen is one of the primary formsof the exter-

nal nitrogen loadings, undergoes bacterial decompositionand is mineralized

to ammonia. Ammonia is often the major form of nitrogen used for algal

growth. Algae will use NO2 + NO3 for growth as the ammonium concentra-

tion becomes depleted.

The present chapter presents an analysis of the irrigation canal phospho-

rus and nitrogen uptake potential. Then, the steady-state one-dimensional

calculation method for nutrient uptake is evaluated, and finally, an alternative

formulation to estimate the nutrient uptake is presented.

5.2 Objectives

Our main hypothesis is that a drainage channel system composed of vege-

tation, sediment, micro-organisms and periphyton, works as a nutrient sink,

whose damping capacity can be modulated by channel operation and mainte-

nance. The specific objectives of the present work are:

1. Quantification of the dissolved phosphorus and nitrogen uptake capac-

ity of a Mediterranean drainage channel system.

2. Identification of the parameters most influential in dissolved phospho-

rus and nitrogen uptake.

3. Validation of the steady flow one-dimensional reactive transport model.
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4. Development of a new unsteady nutrient uptake model of predictive

character where the outlet nutrient data are not necessary.

5. Validation of the proposed nutrient uptake model in a different spatial-

temporal scale.

A scheme of the chapter is presented below (see Table5.1 and fig. 5.1)

indicating the corresponding method, model and section foreach objective.

Table 5.1: Objectives.

Breakdown of approach applied in each objective, experiments (Exp.) used
and the section where is reached each objective.

Objective Method Model Exp. Section
1 Field experimentation:

nutrient addition at the
irrigation canal

Mass balance 1-12
5.5

2 Field and labora-
tory nutrient addition
experimentation; dif-
ferentiation between
sediment (laboratory)
and water column
(field) uptake

Principal Component
Analysis of both sedi-
ment and water column
experimentation

1-12
and
16-20

5.5

3 Comparison between
measured and simu-
lated water column and
sediment uptake

1D steady flow reactive
transport model and 2D
unsteady flow reactive
transport model

1-12
and
16-20

5.6

4 Non-linear regression
of water column and
sediment data

2D Unsteady simula-
tion model with the new
uptake term

1-12
and
16-20

5.7

5 Field nutrient addition
experiment under a
higher spatial-temporal
scale

2D unsteady simulation
model with the new up-
take term

13-15
5.8
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SRP DIN

Modeling

Sediment

Water column and Sediment

Exp. 16-20

Exp. 13-15

Comparison steady-unsteady 
approaches

Sediment

Water column and Sediment

Predictive model development

Model validation

Exp. 1-12

Irrigation canal nutrient uptake (SRP and DIN)

Exp. 1-12

Exp. 16-20

Exp. 1-12 Exp. 1-12

Figure 5.1: Scheme of Chapter5.
Scheme of the main raised points and the used experiments (Exp.) in the
present chapter
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5.3 Study area

The study area is located along the floodplain middle Ebro river in North-

east Spain (fig.5.2). It has a Mediterranean climate, with marked seasonal

variation where the mean annual precipitation is 318mmand the mean an-

nual temperature is 15oC. Most of the floodplain is covered with farming

land, and major crops are corn, alfalfa and poplar plantation. Organic and

inorganic fertilizers are applied in the catchment. Torrecilla et al. (198) esti-

mated a contribution by agricultural drainage to the Ebro load of 113.2 and

0.4Kg/(dayKm) of NO3−N andPO4−P respectively.

The irrigation channel chosen is situated in the floodplain 12 Km down-

stream of Zaragoza city and is included in the Natural Reserve ”Los Galachos

de la Alfranca” (41o36
′
N; 2o55

′
W). The irrigation network is variable in ge-

ometry and construction materials. Most channels have a concrete rectangu-

lar cross section, where some semicircular stretches are made of earth. The

study reach is a section of irrigation a canal, within 2Km of the discharge

point into the Ebro river. Since it is one of the ends of the local irrigation

network, the canal also receives some of the irrigation drainages.

108



5.3 Study area

Figure 5.2: Location of the study site.
Upper: location. Lower: White line indicates the irrigation channel.

The canal is flooded by the Ebro river with a recurrence periodof 0.4 yr,

so that some material (seeds, sediment, organic matter, etc.) is deposited in

the channel quite frequently. The reach has natural vegetation and sediment

which are never removed (fig.5.9). The channel flows full of water most

of the year except in February, when it is left dry because of the upstream

irrigation network cleaning.
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The canal reach is 1.1 mwide, 1.5mdeep, 0.001 % slope and its longitude

ranged between 57 and 300m, depending on the experimentation. The bed

topography was characterized by a digital terrain model (DTM) with 0.25 m

resolution and 0.03 m accuracy, using a differential GPS (TopconR©). Bed

channel roughness was characterized after dividing the channel in a set of

habitats of homogeneous structure. The roughness coefficient was assigned

to each habitat according to the recommendations found in the specialized

bibliography (Palmeri et al. (155), Acrement and Schenides (1)).

5.4 Methods

The nutrient uptake potential of the irrigation canal was evaluated by means

of 12 short-term nutrient addition experiments (experiments 1-12). In order to

differentiate between sediment and water column uptake, 4 nutrient addition

experiments were performed in a laboratory channel using fresh sediment

from the irrigation canal (experiments 16-20). At the same time, 5 sediment

incubations were carried out.

Once the irrigation canal nutrient retention efficiency wasevaluated, the

phosphorus was selected as the nutrient to be modeled. The steady-sate 1D

and unsteady-state 2D reactive transport models were compared. Then, a

new alternative phosphorus uptake model was developed and validated. The

models comparison and the new formulation validation were carried out by

means of a linear regression between measured and calculated phosphorus
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uptake for each model using SPSSR© 14.0 software. For the validation pur-

poses, 3 new nutrient addition experiments were carried outat the irrigation

canal using a higher spatial-temporal scale (experiments 13-15).

5.4.1 Experimental techniques

5.4.1.1 Experimental set 1: short length irrigation canal,experiments

1-12

A set of 12 short-term (60-80 min) nutrient additions to the irrigation canal

under semi-controlled conditions were carried out in the irrigation period

(March-August, October-December) on 2008-2009. Only dissolved inor-

ganic phosphorus was added because the agricultural drainage water was

known to have a high Dissolved Inorganic Nitrogen (DIN) concentration.

Bromide (Br−) was used as a conservative tracer.

57 m

7 m

SS 1 SS 2

Injection point

1.1 m

Figure 5.3: Irrigation canal scheme.

White dots represents the Sampling Stations: SS 1 and SS 2.

Two sampling stations located at−7m and+50m of the injection point

were defined. At the second section (50m), three sampling points along the

cross section were used, whilst only one sampling part was used at the first

section (−7m) (see Figure5.3). After collecting three background samples of

channel solute concentration, a solution ofKH2PO4 and conservative tracer
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(KBr) was pumped steadily into the channel using a peristaltic pump (see

Figure 5.4). Water samples were taken every 5 minutes for 60-80 min at

both sampling sections using acid-washed PP bottle (100ml). Conductiv-

ity (WTW R© Multiline P4) was registered every 2.5 min from the injection

starting time until conductivity returned to near-background levels after the

injection ended (see Figure5.4).

Figure 5.4: Irrigation canal experimentation: 1-12.

Left: deposit of the SRP and tracer injected at the inlet of the
domain. Right: conductivity measurement at the outlet of the
domain.

5.4.1.2 Sediment experiments

In order to verify the potential sediment uptake capacity, the irrigation canal

sediment was isolated to perform two different laboratory experiments: sed-

iment incubations and laboratory channel nutrient addition experiment under

controlled conditions.

• Experimental set 3: Sediment incubations
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Five sediment incubations were developed where undisturbed sediment

cores (6cm) were taken at three locations in the channel reach using

transparent PVC tubes (diameter = 0.46cm). The sediment phosphorus

uptake (SPU) capacity was determined by incubation of sediment in a

0, 0.5, 1, 1.5 and 2 ppm of PO4-P solution at ambient temperature (20o

C). After 24 h shaking, the supernatant was filtered, analyzed (Murphy

and Riley (139)) and the results were expressed as mass (g) of phospho-

rus uptake per unit mass (µg) of dry sediment. The equilibrium phos-

phorus concentration (EPCo) was determined incubating an amount of

sediment in five different solutions of PO4-P (0, 0.1, 0.25, 0.35 and 0.50

mg/l ) during 24 hour whilst being gently shaken (House and Denison

(83)). Simple linear regression of P sorbed (mg Psorbed kg−1 dry sed-

iment) against final Soluble Reactive Phosphorus (SRP) concentration

(SRPf inal, mg/l ) in the solution was used to estimate sedimentEPCo,

where thex intercept represents the point of negligible P adsorption or

release from sediments to the aqueous solution. The slope (Kslope) of

this line was used as a measure of sediment adsorption capacity, where

greaterKslopevalues would indicate a stronger ability to adsorb P from

the aqueous solution (Froelich (57)).

• Experimental set 4: Sediment laboratory channel experiments; experi-

ments 16-20

We used a laboratory channel to perform five nutrient addition experi-

ments using the irrigation canal sediment as a substrate. The laboratory

channel is 5m length, 0.24 m width and 0 slope, and fed with con-

trolled tap water discharge (see Figure5.5and5.6). Velocity and water
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depth were manipulated in order to reproduce the irrigationcanal wa-

ter parameters. Both parameters where manipulated in the laboratory

channel until the Froude Number was within the same magnitude of

order as the obtained at the irrigation canal.

5 m

Injection
 point

Obstacle SS 1

Sediment

0.7 m

0.24 m

Figure 5.5: Laboratory canal scheme.

White dot represents the Sampling Station SS 1. Black dot repre-
sents the injection point.

0.027−0.033 m3 of sediment were removed from the irrigation canal

and replaced at the laboratory channel, where 2.02− 2.73 m of the

channel were covered with sediment, depending on sediment availabil-

ity. Then, 5 short term additions (30-60 min) of phosphate and a con-

servative tracer (Br−) were carried out with different phosphorus con-

centrations. A solution ofKH2PO4 and conservative tracer (KBr) was

pumped steadily using a peristaltic pump. The mixing acrossthe chan-

nel length and depth was produced with an obstacle at 0.7m from the

injection point, before the sediment (see Figure5.5 and5.6). At each

nutrient addition the sediment was renewed so as not to condition the

nutrient uptake with the previous addition. Water samples were taken

at the end of the canal every 2-5 minutes using acid-washed PPbottles

(100 ml). Conductivity was registered at the same point every single
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minute from the injection starting time until conductivityreturned to

near-background levels after injection ended.

Figure 5.6: Laboratory canal experimentation: 16-20.

Left: Laboratory channel during one experiment. Right: obsta-
cle placed upstream from the inlet of the domain.

5.4.1.3 Experimental set 2: large length irrigation canal;experiments

13-15

In order to validate the model at a different spatial-temporal scale, a set of 3

new nutrient addition experiments were carried out in the drainage canal. The

experiments were performed using the same methodology as before, but with

an increased spatial and temporal scale: 300m length and 2−4 hr nutrient ad-

dition duration. Two sampling stations were established at−7m (upstream)
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and 300m (downstream) of the injection point. A solution of KH2PO4 and

conservative tracer (KBr) was pumped steadily into the channel using a peri-

staltic pump. Water samples were simultaneously taken every 20−30 min-

utes for 2−4 hr at both sampling sections using automatic samplers (SigmaR©

SD900) and acid-washed (HCl 50 %) PP bottles (1l ) (see Figure5.7). Con-

ductivity (WTW R© Multiline P4) was registered every 5− 10 min from the

injection starting time until conductivity returned to near-background levels

after the injection ended. Temperature and pH were measuredin situ using a

WTW R© Multiline P4 probe. Water velocity was measured at the upstream

sampling point using a current meter (HydrobiosR©), and the measure was

verified with conductivity data at the outlet sampling station.

Figure 5.7: Irrigation canal experimentation: 13-15.

Left: automatic sampler. Right: irrigation canal.
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5.4.1.4 Sample analysis

All the samples, both from the field and the laboratory experimental cam-

paigns, were transported to the chemical laboratory in darkcool-boxes and

filtered with nitrocellulose filters (Millipore, 0.45µm-pore size). Soluble re-

active phosphorus (SRP), total dissolved nitrogen (TDN) and alkalinity were

analyzed within 24 h. The remaining samples were preserved frozen be-

fore analysis of nitrate (NO3) and bromide (Br−). SRP was analyzed using

Murphy and Riley (139) molybdenum blue colorimetric method. TDN was

analyzed by catalytic combustion at high temperature (850oC) using a Multi-

N/C 3100 analyzer (AnalytikKjenaR©). Nitrate and bromide were analyzed

using ionic chromatograph (Metrhom 861 Advanced compact IC) fitted with

100µ l sampling loop.

Background samples from experiments 1-12 and all samples for experi-

ments 13-15 were used to quantify alkalinity, suspended anddissolved solids.

Alkalinity of unfiltered water was estimated within 4 h of collection by a

potentiometric automatic titration with H2SO4 0.04 N (APHA (5)). Total

Suspended Solids (TSS) was determined by filtering samples through pre-

combusted (450o C, 2 h) 0.45 µm-pore size WhatmanR© GF/F glass-fiber fil-

ters, followed by drying filters at 60o C until a constant weight was reached.

This filter was used then to determine the Suspended Particulate Inorganic

Matter (SPIM) by means of combustion (450o C, 4 h) followed by weighing.

Suspended Organic Matter (SPOM) was calculated as the difference between

TSS and SPIM. Total Dissolved Solids (TDS) were determined by weighing

the residue after evaporating 25ml of filtered water at 100oC (APHA (5)).

117



5. NUTRIENT RETENTION CAPACITY OF AN AGRICULTURAL
DRAINAGE CHANNEL: DEVELOPING A PREDICTIVE MODEL

Suspended Chlorophyll (a, b, c and d) was determined by filtering samples

through 0.45 µm-pore size WhatmanR© GF/F glass-fiber filters, followed by

23 h of filter extraction in acetone 90 %, adsorption measurements in a spec-

trophotometer equiped with a 1cmquartz cuvette and using the mixed phy-

toplankton extinction coefficients (Jeffrey and Humphrey (97)).

To quantify covariance of nutrient uptake with the stream and water qual-

ity characteristics, a Principal Component Analysis (PCA)based on the Ward

algorithm (SPSSR© 14.0 package) was carried out.

5.4.2 Computational analysis: nutrient uptake estimationmod-
els

Several modeling approaches have proved to be useful in predicting nutri-

ent uptake in streams. This section describes the following: Steady one-

dimensional reactive transport model, transient storage,kinetic nutrient up-

take and unsteady two-dimensional reactive transport model. Finally, the

methodology to generate the new predictive phosphorus uptake model is de-

scribed.

5.4.2.1 Steady one-dimensional reactive transport model

The model is based on the solute mass conservation equation that represents

the cross sectional averaged solute concentration dynamics as governed by

one-dimensional (1D) advection and dispersion in uniform channels with
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constant discharge:

∂AC
∂ t

=−∂uC
∂x

+
∂
∂x

[AD
∂C
∂x

] (5.1)

whereC is solute concentration,t is time, x is distance,A is the cross sec-

tional area,u is water velocity andD is a dispersion coefficient.

For non-conservative solutes, equation (5.1) must be modified by adding

terms to simulate solute decay or uptake:

∂C
∂ t

=−Q
A

∂C
∂x

+
1
A

∂
∂x

[AD
∂C
∂x

]−kAC (5.2)

wherek (T−1) is the first order uptake coefficient andQ is the discharge.

To compartmentalize the nutrient uptake in benthic uptake,sediment uptake,

periphyton uptake, etc. additional first order termskxC can be added withkx

standing for thex individual nutrient uptake complexes.

It is widely admitted that the assumption of steady uniform flow is valid,

and instead of (5.2) the concentration dynamics is formulated as:

∂C
∂ t

=−u
∂C
∂x

− kC
A

(5.3)

Then, the global nutrient uptake coefficientk is usually calculated by

means of a simplification of (eq.5.2) that consists of considering constant

discharge, uniform velocity and cross sectional area and uniform distribution

of concentration in the whole domain. In those conditions, it is possible to
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write:

C=C0e−k x−xo
u ⇒ ln(

C
C0

) =−k
x−xo

u
(5.4)

This formulation requires the inlet and outlet nutrient concentration to

calculate the nutrient uptake coefficientk. This could an inconvenient when

one or both data are not available.

Using the uptake coefficientk, it is possible to calculate another uptake

metrics such as: uptake length, transfer coefficient and uptake rate (Work-

shop (218)).

The uptake length is then obtained according to the cross sectional water

velocity:

Sw =
u
k

(5.5)

It is a characteristic length related to the 1D distance traveled by the solute

in dissolved form (Workshop (218)). It is possible to define also the turnover

length, which is the sum of distances traveled in particulate form (Workshop

(218)).

The transfer coefficientVf represents the nutrient uptake normalized by

the concentration in the water column (Workshop (218)):

Vf =
uh
Sw

(5.6)
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whereh is the water depth.

Finally, the uptake rate (U (mg/m2s)) is the total flux of nutrient from the

water column to the stream bottom, and it refers only to grossuptake rather

than retention.

U =
Q(Ci −Co)

SwW
(5.7)

whereCi(mg/l) is the input nutrient concentration,Co(mg/l ) is the output

nutrient concentration, andW is the canal width (m).

The model assumes that nutrient concentrations are at steady state, and

discharge and cross sectional area do not vary over the reach, and that trans-

port is controlled by advection only. Therefore, this simplification could be a

problem in some systems, where the heterogeneity plays an important role in

the nutrient uptake (Newbold et al. (142)).

5.4.2.2 Transient storage

The transient storage model is based in the above mentioned steady one-

dimensional reactive transport model. Solutes can be temporally retained in

zones of nearly still water. The eventual movement of this water may return

the solutes back to the stream. This phenomenon is known as Transient Stor-

age (Bencala and Walters (20), Bencala (19)) and it can be included in the

nutrient uptake formulation. The most widely used version of the transient
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storage model adds an additional term to equation5.2(OConnor et al. (146))

as follows:

∂C
∂ t

=−Q
A

∂C
∂x

+
1
A

∂
∂x

[AD
∂C
∂x

]+α(Cs−C)−kC (5.8)

∂Cs

∂ t
= α

A
As

(C−Cs)−ksCs (5.9)

whereα is the storage zone exchange coefficient;Cs is the solute con-

centration in the storage zone;As is the cross sectional area of the storage

zone andks is the first-order reaction coefficient in the storage zone. Stor-

age parameters can be estimated using a variety of techniques, from physical

measurements to empirical relationships.

Transient storage refers to the temporary retention of solutes and its sub-

sequent returning to the stream. Presence of pools and riffles or some obsta-

cle such as emergent vegetation, generates water recirculation phenomenon

or transient storage. Provided that the model assumes steady state and uni-

form velocity and cross sectional area, an additional coefficient is needed to

cover transient storage, because exclusion of transient storage underestimate

nutrient uptake (OConnor et al. (146)). However, a transient flow model with

a non uniform velocity cross sectional area, may not need an special transient

storage coefficient, because recirculating zones are defined through flow ve-

locity and area.
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5.4.2.3 Kinetic nutrient uptake

The uptake rate formulated in eq. (5.7) is a linear function of nutrient con-

centrationC. Some systems display under non-linear uptake rates, where

another formulation is needed. In this context, the commonest formulation is

Michaelis-Menten function (Workshop (218)), also referred as Monod formu-

lation (Monod (132)). This function was developed for enzyme kinetics, but

it has been used to describe the rate of nutrient uptake by natural streambed

communities (e.g. Bowie et al. (24), Mcintire and Colby (124), Mulholland

et al. (133), Payn et al. (158)), and others saturating processes:

U =
UmaxC
Ks+C

(5.10)

whereU represents the uptake flux of a nutrient or organic solute (mass

per unit stream bed area per unit time),Umax is the maximum uptake flux that

would occur under high (saturating) water-column nutrientconcentration (C)

andKs is the half-saturation concentration, i.e., the concentration at which:

U =
Umax

2
(5.11)

This approach provides a saturation curve (Figure5.8) that represents the

usual system behavior: lower nutrient concentrations cause a linear uptake

increases, while high concentrations, lead to saturation.

Another common formulation is the Elovich equation, which is frequently

used to interpret the kinetic data for phosphate exchange inmixed systems
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Figure 5.8: Schematic representation of the Michaelis-Menten
formulation.

(e.g. sediment water phases):

dUNET

dt
= aexp(−bUNET) (5.12)

so thatdUNET(0)
dt = a. With the condition thatn= 0 att = 0, this integrates:

UNET(t) = [
1
b
]ln[1+abt] (5.13)

whereUNET is the net uptake (mg/m2), t is time (min), a is the initial

uptake rate (mg/m2min) andb the rate constant (m2/mg).

Both formulations provides two coefficients that describesthe system up-

take capacity, and those coefficients need experimental calibration. There-

fore, if we change the aquatic system or some of the water quality conditions,
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the coefficients must be different, being necessary more experimental data to

recalculate again the coefficients. This is one of the major inconvenient of this

kind of formulation, where predictive capacity is reduced to an aquatic sys-

tem with an specific water quality parameters. To avoid this lack of predictive

potential, we tried to find an equation where the coefficientsare described in

terms of sediment and water parameters, making possible itsapplication in

other systems.

On the other hand, kinetic or non-linear nutrient uptake formulation solves

the nutrient uptake estimation, but not the stream flow dynamics. A complete

stream nutrient uptake model needs the nutrient decay expression as well as

a flow dynamics representation, where a steady or unsteady flow model can

be used.

5.4.2.4 Unsteady two-dimensional simulation model

The 2D unsteady simulation model SFS2D developed by Murilloet al. (136)

and Murillo et al. (138) was used to evaluate the 1D steady model accuracy

and to estimate the 2D unsteady uptake coefficient. The 2D simulation model

is showed in3.2.

The 1D steady model evaluation was developed including its uptake co-

efficient obtained from equation5.3 in the 2D unsteady simulation model

in equation (3.8) as a reaction term in (R(U)). For a general soluteφp the
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reaction term is

Rp =−hφp (5.14)

where is the steady-state nutrient uptake coefficient.

The unsteady uptake coefficient has been obtained by a trial and error

procedure using the steady-state uptake coefficient as a starting point.

The suspended solute transport is calculated as expressed in Chapter3.2.1.2

5.4.2.5 Predictive SRP uptake formulation

A new SRP uptake formulation for both, sediment and water column SRP

uptake, is developed considering the system under quasi steady state flow

conditions instead of stationary. The SRP uptake coefficient of experiments

16-20 (sediment) and 1-12 (water column and sediment) was calculated, for

every time step, using equation (5.4). Then, non-linear regressions between

the calculated SRP uptake coefficients and the most influential SRP uptake

parameters were performed for both the sediment and the water column us-

ing SPSSR© 14.0 software. The resulting equations were considered as the

new SRP uptake formulation.

Both formulations were validated using experiments 16-20 (sediment)

and 1-12 (sediment and water column). Since there were no experiments de-

veloped without sediment, the water column formulation wasvalidated with
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the sediment formulation using experiments 1-12. For the validation, the sed-

iment and the water column SRP uptake formulations were included in the

2D unsteady simulation model in equation (3.8) as a decay terms (R(U)).

Then, experiments 16-20 and 1-12 were simulated, and a linear regression

between measured and calculated outlet SRP concentration was performed to

analyze its accuracy.

Finally, to validate the model on a different spatial and temporal scale,

experiments 13-15 were simulated using the new formulation. A linear re-

gression between measured and calculated outlet SRP concentration analyzes

the accuracy of the new model.

5.5 Nutrient retention in the drainage canal

5.5.1 Physical, chemical, and biological canal parameters

The channel bed was irregularly covered by a 0 to 5cm deep layer of sed-

iment and vegetation (mainlyRumex sp.andPoa sp.; fig. 5.9). Sediment

composition was dominated by silt. During our observations, the discharge

ranged between 19−94 l s−1 and velocity varied from 0.06 m s−1 to 0.3 m

s−1 (Table5.2).
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Table 5.2: Physical and chemical characteristics of the experimentalirrigation
canal.

Concentration variables (arithmetic mean± SD) are expressed inmg/l ex-
cept SRP and Chl-a, which are inµg/l . Nomenclature: Temp: Temperature,
Ca+: Calcium, DIN: Dissolved Inorganic Nitrogen, TDN: Total dissolved
Nitrogen, SRP: Soluble Reactive Phosphorus, SPOM: Suspended Particulate
Organic Matter, SPIM: Suspended Particulate Inorganic Matter, TSS: Total
Suspended Solids and TDS: Total Dissolved Solids.

Variable Spring Summer Autumn Winter
Discharge(m3/s) 0.09± 0.02 0.06± 0.02 0.05± 0.01 0.05± 0.02
Temp.(oC) 18.23± 3.61 18.33± 3.93 11.95± 4.95 6.44± 0.99
pH 8.33± 0.09 8.43± 0.05 8.35± 0.05 8.38± 0.07
Ca+ 93.6± 7.2 83.7± 6.1 113.1± 4.8 97.3± 19.5
DIN 1.50± 0.03 2.05± 0.48 2.58± 0.81 2.35± 0.27
TDN 2.16± 0.01 3.35± 0.24 2.85± 0.75 2.76± 0.20
SRP 0.01± 0.01 0.02± 0.01 0.03± 0.01 0.03± 0.01
Chl-a 12.00± 1.00 14± 6 4± 1 3± 1
SPOM 8.48± 1.11 10.45± 3.54 8.33± 1.00 7.60± 2.08
SPIM 25.93± 2.29 41.50± 13.88 76.33± 33.00 29.92± 18.00
TSS 34.41± 2.90 51.95± 15.32 84.67± 34.00 37.52± 16.02
TDS 500.00± 37.67 717.33 ±

174.12
564.00± 4.00 560.00± 68.20

At base flow,N−NO3 concentrations were high (1.78− 3.13 mg l−1),

representing more than 70 % of TDN, and practically 100 % of DIN. Indeed,

we found no significant differences among theN−NO3 and DIN concentra-

tions (t test,P >0.05). Hence, to avoid collinearity problems, we have only

included the DIN uptake metrics.

Ambient SRP concentrations ranged from 1 to 46µg l−1, and the mean

molar DIN:SRP ratio was 206 : 1. Ambient nutrient concentrations were
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higher than in most of the reported studies on streams (Hoellein et al. (79),

Melody et al. (125), Newbold et al. (142), Mulholland (134), Martı́ and

Sabater (120), House et al. (84)), but nutrient concentration in streams with

high agricultural activity can be orders of magnitude higher than in undis-

turbed systems (Melody et al. (125)).

Figure 5.9: Irrigation canal used for the field experiments.
Left: detailed view of the vegetation. Right: view of channel reach dimen-
sions: width: 1.1 m, height: 1.5 m, length: 57−300m.

5.5.2 Net retention of Soluble Reactive Phosphorus; experiments
1-12

The net mass balance of each experiment reveals an average decrease in SRP

concentration over the length of the study reach of 16.0± 3.5 % of the net

mass balance, corresponding to 0.70± 0.10 mg m−2 h−1. Several factors

may have affected this retention, and their covariance pattern was explored in

a PCA (fig. 5.10). The three first principal components together accounted

for 73% of the total variability. Variance among and within variables was
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considerable, and most variables correlated significantlywith one principal

component (10 out of 16 with p¡0.01; Table5.3), (fig. 5.10). The first princi-

pal component (PC1, explaining 31 % of variance) appearst tocorrespond to

suspended solids (SPOM, TSS and SPIM), pH and SRP retention,suggesting

a relation between TSS, pH and SRP uptake.

Table 5.3: Irrigation canal PCA for experiments 1-12.

Correlation of measured channel variables and nutrient mass balance esti-
mates with the first three components of a PCA analysis (73 % explained
variance). A correlation is considered significant ifp≤ 0.01 (r > 0.71) and
printed bold. Correlations significant atp≤ 0.05 (r > 0.59) are in italics.

Variable PC1(31 %) PC2(26 %) PC3(17 %)
Velocity 0.38 -0.54 -0.56
Discharge 0.13 -0.84 0.05
pH 0.82 -0.03 -0.14
Temp. 0.25 -0.68 0.46
TSS 0.85 -0.05 -0.26
SPOM 0.87 -0.18 -0.31
TDS 0.49 0.50 0.61
Alkalinity 0.03 0.82 0.17
Chl-a 0.60 -0.23 0.67
SRP added -0.24 0.63 -0.22
SPIM 0.79 -0.01 -0.23
DIN 0.26 0.74 -0.20
DTN 0.44 0.81 0.04
Depth 0.27 -0.02 0.93
DIN consumed 0.51 0.00 0.11
SRP consumed 0.81 0.22 -0.18

The second principal component (PC2, 26 % of variance) relates to vari-
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ation in alkalinity, TDN and DIN. At the same time, it was negatively corre-

lated to discharge and water temperature. This negative correlation could be

due to a dilution effect produced by the higher discharge that is maintained

during the main irrigation period, the summer. The third principal component

(PC3, 17 %), still explains a considerable proportion of thetotal variance, and

it correlates to water depth (fig.5.10).

The PCA results provides a differentiation among factors inSRP reten-

tion. It appears that TSS, SPOM, SPIM and pH could be the most positively

influential variables, indicating an abiotic phosphorus uptake process taking

place in the water column. Correlation between SRP retention and suspended

solids suggests that probably the main SRP uptake process isphosphorus ad-

sorption. This process states that in presence of oxygen, dissolved phosphates

combine with suspended particles, and these particles settle to the sediment

bed to be temporally removed from the phosphorus cycling process (Zhen-

Gang (221)). The settling of suspended solids and adsorbed phosphorus can

provide a significant transport mechanism of phosphorus from the water col-

umn to the bed (Zhen-Gang (221)).

The positive correlation with pH may imply that higher concentrations

of suspended solids go together with increased alkalinity.Variability among

experiments was very low (pH = 8.32 ± 0.08), and it should not cause any

effect on phosphorus consumption. Therefore, TSS, SPOM, SPIM could be

identified as the most influential SRP uptake parameters.

On the other hand, chlorophyll a (Chl-a) covaried positively with SRP
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Figure 5.10: Irrigation canal PCA; experiments 1-12.
Correlation coefficients of measured variables and nutrient uptake with the
first two principal components. The interior square indicates the area where
the correlations are> 0.71.

uptake (p = 0.05) but also with PC3, suggesting an increase of the Chl-a

concentration with water depth, that is during stagnation of the flow. This

correlation also suggests the presence of algal phosphorusuptake in the water

column. However, biotic phosphorus uptake takes more time than the abiotic

processes, being the former on the order of days, and the latter on the order

of minutes (Zhen-Gang (221)). Providing that the experiments were based

on short term additions (60− 80 min), it was no time enough to notice a

significant biotic phosphorus consumption. Therefore, dominant SRP uptake

process may be abiotic, and in this case it is addressed by adsorption process.
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5.5.3 Net nitrogen retention; experiments 1-12

The net DIN mass balance showed an irregular behavior, suggesting DIN

release from the channel in some of the experiments. The budget balance

average was−0.31± 2.42 % and which did not differ significantly from 0

(t = −0.19; p= 0.85). Therefore, there was no DIN system uptake. At the

same time, as the PCA analysis has revealed, this DIN budget balance did

not covary with flow or any water quality parameter (Table5.3). The DIN

concentrations (1.78 to 3.13 mg/l of N−NO3) may well suggest saturation

similar to the observations of Haggard et al. (68) at a range of 0.52 to 2.65

mg/l of N−NO3.

Under these results, we can affirm that there is no DIN uptake at the irri-

gation canal, hence, only the SRP will be considered in the sediment isolation

experiments.

5.5.4 Sediment SRP uptake

5.5.4.1 Sediment incubation

Sediment incubations showed a high SRP uptake, with an estimatedkslope

of 130 (l /kg); (fig. 5.11). This suggests that retention mainly occurs across

the sediment-water surface, through benthic plant uptake,co-precipitation

and sedimentation. However, the incubation methodology provides a full

and prolonged contact between SRP and the whole sediment. This mixing

generally does not occur in the canal system, where only a fewmillimeters
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of the sediment column are in a permanent contact with the water column.

Therefore, the sediment phosphorus uptake was probably overestimated.
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Figure 5.11: Relationship between the P sorbed and final SRP concentration.
The sedimentEPCo value was obtained using the regression equationy =
130.0x−4.4 (r2 = 0.93), where the intercept represents theEPCo. ”◦” repre-
sents the SRP concentration.

5.5.4.2 Laboratory channel experiments; experiments 16-20

Nutrient addition experiments always resulted in a positive net SRP mass

balance (21±3 g/m2s), indicating SRP retention in each experiment. This re-

tention may be affected by several factors and their covariance pattern was

explored in a PCA. All the measured parameters were includedin the PCA,

including the proportional relationship between sedimentand water mass

(sediment mass/water mass), which is labeledRATEhere. As sediment incu-

bations showed, the proportion of the sediment in contact with water affects

to SRP uptake potential.

PCA results showed that the three first principal componentstogether

accounted for 88% of the total variability, and all variables correlated signifi-

134

4/figures/EPC.eps


5.5 Nutrient retention in the drainage canal

cantly with one of these three principal component (9 out of 9with p≤ 0.01;

Table5.4), (fig. 5.12). The first principal component (PC1, explaining 40

% of variance) corresponds to SRP retention, SRP inlet concentration, water

temperature, Reynolds number and discharge, suggesting positive relation-

ships among water temperature, SRP concentration, flow turbulence and SRP

uptake.

Table 5.4: Laboratory channel PCA for experiments 16-20.

Correlation of measured channel variables and nutrient mass balance esti-
mates with the first three components of a PCA analysis (88 % explained
variance). A correlation is considered significant ifp≤ 0.01 (r > 0.71) and
printed bold. Correlations significant atp≤ 0.05 (r > 0.59) are in italics.

Variable PC1(31 %) PC2(26 %) PC3(17 %)
SRP added 0.79 -0.25 -0.26
Time step -0.28 0.46 -0.35
∆SRP 0.68 -0.43 0.02
Temp. 0.83 0.02 -0.29
Discharge 0.64 0.37 0.59
Re 0.61 0.47 0.54
Sediment length -0.30 0.74 -0.28
Chl-total -0.43 0.04 0.85
RATIO -0.41 -0.78 0.23

The second principal component (PC2, 29 % of variance) includes the

variation in sediment lenght and theRATEparameter with a negative corre-

lation. This pattern probably is a consequence of the experimental design,

where the highest water depth corresponds to the shortest sediment layer.
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The third principal component (PC3, 19 %), still explains a significant

proportion of the total variance, and it corresponds to sediment chlorophyll

concentration (fig.5.10). Sediment chlorophyll content appears an impor-

tant parameter in the total experiment variability, but it did not correlate with

any other parameter, hence did not explain variation in uptake among experi-

ments.
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Figure 5.12:Laboratory channel PCA; experiments 16-20.
Correlation coefficients of measured variables and nutrient uptake with the
first two principal components. The interior square indicates the area where
the correlations are> 0.71.

The PCA results provides a differentiation among factors inSRP sedi-

ment retention, where SRP inlet concentration, water temperature and flow

characteristics appear the most positively influential variables. These cor-

relations suggest dominance of an SRP adsorption process inthe total up-

take. The role of sediment in regulating P concentrations ofthe porewater
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and the overlying water column is well known (Johnson et al. (99), McCal-

lister and Logan (123); Hill ( 78), Reddy et al. (167)). Meyer (127) reported

abiotic sorption by stream sediments as primary regulatorsof P concentra-

tion in Bear Brook, New Hampshire. Moreover, the composition of sediment

in our stream (silt predominance), enhances dissolved phosphorus adsorption

(Froelich (57), House et al. (84) and Haggard et al. (67)). Phosphorus adsorp-

tion should also be influenced by sediment length and theRATEparameter,

and both parameters explain a great part of the total variability.

Abiotic phosphorus uptake is probably not the only phosphorus uptake

process, biotic SPR uptake is probably occurring through the periphyton.

Sediment chlorophyll content covaries with one of the main components

(PC3), and it could be an indicator of biotic uptake.

5.6 Nutrient uptake estimation

5.6.1 Sediment SRP uptake: kinetic approach

Application of the experimental data to the Elovich equation (eq. (5.12)),

did not provide a significant model curve fit. That suggest this model is not

applicable for the current data set. In the same way, using our experimental

data to fit Michaelis-Menten equation results in a non significant model. Both

formulations describe a saturation curve, and to describe it properly through

experimental data, it is necessary to provide data from at least three parts of

the saturation curve. Our experimental data are probably representing only
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the saturated part of the curve, preventing a satisfactory curve fit across the

fully necessary range of concentrations.

5.6.2 Sediment uptake estimation: steady and unsteady approaches

Laboratory channel uptake coefficient estimations throughfirst order reaction

simplification (eq. (5.4)) supplied always positive values of uptake coeffi-

cients, indicating an SRP retention in each experiment. SRPuptake coeffi-

cients ranged from 1.70E−04 to 3.46E−05s−1 (see Table5.5).

Table 5.5: SRP uptake coefficients at the laboratory channel experiments using
the steady and unsteady approaches.

Arithmetic mean± SD.

Model k(s−1) Sw (m) V f (m s−1) U (mg m−2 s−1)
Steady 6.6E-05±5.3E-05 912.1±454.2 6.07E-06±5.1E-065 1.8E-02±1.9E-02
Unsteady 4.7E-03±6.7E-03 385.5±466.1 6.76E-06±1.0E-05 1.8±3.4

The unsteady two-dimensional (2D) model was applied to simulate each

laboratory channel experiment. To evaluate the accuracy ofthe numerical

model, measured and calculated Br− concentrations were compared with lin-

ear regressions (Table5.6). All the experiments except number 19 showed an

excellent agreement between measured and calculated bromide concentra-

tions, withR2≥0.91, and slopes not significantly different from 1 (see Table

5.6 and Figure5.13). However, the agreement in experiment 19 was lower

than in the rest, where the slope and the intercept were significantly different

from 1 and 0 respectively, which introduces a systematic error in the predic-

tion of tracer concentration (Table5.6). Most of the disagreement in experi-
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ment 19 occurred at the beginning and at the end of the experiment. When the

comparisons are limited to the period that bromide concentration remained

more or less stable, the agreement improved:R2 = 0.74;slope= 0.96±0.11

(p≥ 0.5); intercept = 0.69±1.98 (p≥ 0.5). Since the experimental method-

ology assured the complete water mixing across channel length and depth,

we speculate that the initial and final disagreement in experiment 19 is due to

a transient storage effect, where bromide was temporally retained in sediment

pores.

Table 5.6: Comparison of measured and calculated bromide concentrations in
laboratory channel experiments (16-20).

Presented arer2, the slope, the intercept, andp values oft-test comparing the
slope with 1 and the intercept with zero. Slopes differ significantly from 1 at
p≤0.05 and are printed in bold. Intercepts differ significantly at p≤0.05 and
are printed in bold.

Experiment df r2 Slope±SE pslope Intercept±SE pintercept

16 19 0.91 1.00±0.07 1 -0.04±0.09 1
17 14 0.99 0.96±0.04 1 0.10±0.13 1
18 16 0.99 0.95±0.03 1 0.18±0.13 0.2
19 33 0.76 0.83±0.08 0.02 2.35±1.22 0.05
20 25 0.97 0.94±0.03 0.1 0.83±0.60 0.1

Once we were sure the unsteady 2D model correctly represented the dis-

solved solute transport, the outlet and inlet SRP concentrations were used

to find the unsteady SRP uptake coefficient. In this way, the new k val-

ues found from the unsteady model simulations ranged from 1.4E − 02 to

2.60E−05 s−1, which were not significantly different from thek steady val-
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ues (t =−1.27; p≥ 0.05) (Table5.9and Figure5.14).

The linear regression between measured and calculated SRP outlet con-

centration shows a significant correlation for both approaches (p ≤ 0.05),

where there were no significant differences in explained variance between

the steady and unsteady approaches (compareR2 values, Table5.7). How-

ever, both approaches often led to systematic deviations from observed val-

ues. For both approaches, slopes differed significantly from 1 (steady-state

5 times, unsteady 3 times) and intercepts differed from 0 (3 times in both

models). Still, slopes and intercepts were much more closerto 1 and 0 in the

unsteady approach. Furthermore, experiment 19 appeared the most difficult

to predict, which is in agreement with the bromide observations.
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Figure 5.13:Laboratory channel passive tracer (16-20).

Comparison of the passive tracer concentration during the addi-
tion experiments as computed with the 2D unsteady model and
measured at the outlet sampling point. Red dots Represents the
measured tracer, black dots represents the computed tracer.
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Table 5.7: Comparison of measured and calculated SRP concentrations in laboratory channel experiments
(16-20).

Presented arer2, the slope, the intercept (Int.), andp values oft-test comparing the slope with 1 and the
intercept with zero. Slopes differ significantly from 1 atp≤0.05 and are printed in bold. Intercepts differ
significantly from 1 atp≤0.05 and are printed in bold.

Steady-state Unsteady-state
Exp. df R2 Slope±SE p Int.±SE p r2 Slope±SE pslope Int.±SE pintercept

16 19 0.99 0.90±0.02 ≤0.01 0.00±0.01 0.5 0.98 0.90±0.02 0.5 0.04±0.01 0.5
17 14 0.71 0.75±0.12 0.05 0.11±0.05 0.01 0.71 0.79±0.13 0.1 0.11±0.05 0.01
18 16 0.89 0.81±0.07 0.01 0.11±0.03 0.5 0.89 0.81±0.07 0.01 0.11±0.03 0.5
19 33 0.91 0.36±0.02 ≤0.01 0.10±0.04 ≤0.01 0.90 0.89±0.05 0.02 0.12±0.04 ≤0.01
20 25 0.95 0.84±0.04 ≤0.01 0.22±0.07 ≤0.01 0.95 0.89±0.04 0.02 0.20±0.08 ≤0.01
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5.6 Nutrient uptake estimation

Similarities among predictions of both approaches is probably due to the

uniform cross sectional area experiment conditions. Experiments were car-

ried out in a laboratory channel where, a uniform cross sectional area, one of

the steady-state model assumptions, was provided quite well.

5.6.3 Irrigation canal SRP uptake estimation: steady and un-
steady approaches

Estimated first order SRP uptake coefficients were always positive and signif-

icantly different from 0 (t = 3.557,p= 0.004), indicating an SRP retention in

each experiment. Variation among experiments was higher than that derived

from the mass balances, with a coefficient of variation (98%)twice as much

as that of the mass balance calculations (52 %; fig.5.15).

The unsteady two-dimensional model was applied to simulateeach canal

experiment. To evaluate the accuracy of the numerical simulations, measured

and calculated Br− concentrations, were compared with linear regressions

(Table5.8). These showed an excellent agreement between measured andcal-

culated concentrations, withR2≥0.93, and the slopes were not significantly

different from 1 (Table5.8). Then, the outlet and inlet SRP concentrations

were used to find the unsteady SRP uptake coefficient. In this way, the newk

values found from the unsteady model simulations ranged from 2.5E−03 to

2.6E−04 s−1, which are significantly (t = 3.576; sig. = 0.004) higher than

those estimated from the steady-state model (Table5.9). Both approaches dif-

fer by one order of magnitude, the unsteady uptake coefficients being higher.
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Table 5.8: Comparison of measured and calculated bromide concentrations us-
ing the 2D unsteady model for experiments 1-12.

Presented areR2, the slope, the intercept, andp values oft-test comparing
the slope with 1 and the intercept with zero.

Exp. df R2 Slope±SE pslope Intercept±SE pintercept

1 10 0.98 0.99±0.03 1 -0.08±0.08 1
2 14 0.99 0.99±0.06 1 0.14±0.16 1
3 14 0.99 1.00±0.02 1 0.01±0.04 0.5
4 14 0.98 0.99±0.03 1 0.03±0.09 1
5 12 0.99 0.95±0.03 0.1 0.12±0.12 1
6 12 0.99 0.97±0.03 0.3 0.28±0.17 1
7 10 0.99 0.97±0.01 0.1 0.02±0.04 1
8 11 0.98 0.96±0.04 0.4 0.17±0.43 0.5
9 12 0.99 0.97±0.02 0.2 0.06±0.06 1
10 12 0.99 0.96±0.02 0.1 0.01±0.03 1
11 14 0.99 0.97±0.02 0.1 0.01±0.02 1
12 8 0.99 0.98±0.02 0.3 -0.02±0.03 1
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Figure 5.14:SRP time evolution at the laboratory channel exper-
iments (16-20).

Comparison of the time evolution of the SRP concentration as
estimated from the steady approach (”∗”), computed with the 2D
unsteady (black dots) and measured (red dots) at the sampling
point.
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Figure 5.15: Mass balance and steady SRP uptake coefficient at the irrigation
canal experiments (1-12).

Relationship (line) between the SRP net budget difference and the steady
SRP uptake coefficient (k) (”◦”). The linear regression has ar2 = 0.70 and
p<0.00.
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5.6 Nutrient uptake estimation

As stated in Section5.4.2.4, to evaluate the accuracy of both methods

(steady and unsteady), the steady SRP uptake coefficient wasintroduced in

the unsteady 2D model as a reaction term in equation3.8. The comparison

of both methods is shown in Table5.10. Both calculation methods showed

a good agreement between the calculated and the measured concentration.

The linear regressions were always significant (p = 0.01) and there were no

significant differences in explained variance between the steady and unsteady

approaches (compareR2 values, Table5.10). In the same way, intercepts did

not differ significantly from 0 in any of the steady and unsteady state calcu-

lations. However, the steady-state approach showed systematic discrepancies

in three of the experiments, their regression slopes being significantly differ-

ent from 1 (Table5.10). This systematic error was found mainly in experi-

ments where the flow varied with time. Hence, this disagreement could be

due to the simplification in the solute mass conservation equation and prob-

ably to the assumption of a constant decay term (eq. (5.2)). In contrast,

the regression slopes of the unsteady approach did never differ significantly

from 1, suggesting a closer reproduction of the phosphorus dynamics in the

channel. Hence, the assumption of a constant decay term, as in the steady ap-

proach, could introduce a disagreement between the measured and calculated

concentrations (fig.5.16, experiment 17).
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Table 5.9: Irrigation canal nutrient uptake coefficients.

Nutrient uptake coefficients (arithmetic mean± SD) at the irrigation canal using the steady and unsteady
approaches.

Model Nutrient k(s−1) Sw (m) V f (m s−1) U (m m−2 s−1)
Steady SRP 6.31E-05± 6.23E-05 5.04E+03± 5387.63 1.67E-05± 1.35E-05 2.28E-02± 0.028
Steady DIN 2.00E-05± 6.08E-05 -1190.61± 85780.30 7.13E-06± 2.06E-05 0.036± 0.11
Steady TDN 1.21E-05± 1.53E-05 16875.48± 52688.98 0.20E-05± 2.53E-06 3.37E-06± 0.01
Unsteady SRP 6.70E-04± 1.72E-04 956.54± 615.99 2.32E-04± 5.97E-05 0.56± 0.28
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Figure 5.16: SRP and tracer concentration at the irrigation canal
experiments (1-12).

Comparison of the measured (black) and calculated (red)Br−

(triangles) and SRP (dots) concentration at the second sampling
section (average of the three measurement points) during the ad-
dition experiments using the 2D unsteady model.
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5.6.4 Irrigation canal Nitrogen uptake estimation: steadyand
unsteady approaches

As in the mass balance calculations, the average DIN uptake coefficient (kDIN )

was not significant different from 0 (t=1.081; sig.0.298), and in some experi-

ments it was negative, possibly as a result of DIN desorption.

The nitrogen uptake simulation did not reproduce the measured nitro-

gen uptake with the same accuracy as in the case of phosphorus(compare

figs. 5.16and5.17). Linear regressions have been calculated between the ob-

served and calculated nitrogen concentrations using both steady and unsteady

approaches, and both of them were not significant (data not shown).

Therefore SRP will be the only nutrient to be considered in the predictive

formulation.

5.7 Predictive SRP uptake formulation

As stated at the introduction, the steady approach (eq5.3) has two disadvan-

tages: the river uniform representation, where steady-state, uniform cross-

sectional flow parameters are assumed, and the need of the outlet and inlet

nutrient data to its application, where the kinetic approaches can also be in-

cluded. To solve both problems, we propose an alternative formulation that

considers quasi steady state flow conditions instead of stationary, and whose

formulation is expressed as a function of the most uptake influential parame-

ters. In the present section, a predictive dissolved phosphorus uptake model

is developed, first for the sediment, and then for the whole drainage canal

system.
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Table 5.10:Comparison of measured and calculated SRP concentrations for experiments 1-12.

Presented areR2, the slope, the intercept, andp values oft-test comparing the slope with 1 and the
intercept with zero. Slopes differ significantly from 1 atp≤0.05 and are printed in bold.

Steady-state Unsteady-state
Exp. df r2 Slope±SE p−

value
Intercept±SE p−

value
r2 Slope±SE pslope Intercept±SE p−

value
1 14 0.87 1.36±0.04 0.001 0.00±0.04 0.3 0.95 1.01±0.02 1 -0.01±0.02 1
2 16 0.93 1.01±0.02 0.5 0.01±0.02 0.5 0.95 0.98±0.02 0.3 -0.01±0.03 1
3 16 0.97 1.14±0.33 1 0.00±0.01 0.3 0.96 1.00±0.04 1 -0.01±0.01 1
4 18 0.70 1.23±0.11 0.1 0.06±0.04 1 0.71 0.99±0.12 1 0.05±0.04 1
5 15 0.87 1.08±0.03 0.01 0.01±0.04 0.4 0.96 1.01±0.05 1 0.02±0.02 1
6 15 0.89 1.16±0.08 0.1 0.03±0.05 1 0.99 0.99±0.02 1 0.01±0.01 1
7 14 0.97 1.15±0.05 0.01 0.03±0.02 0.2 0.99 0.97±0.03 0.4 0.01±0.02 1
8 14 0.99 1.02±0.03 0.4 0.01±0.02 0.5 0.99 0.99±0.03 1 0.00±0.01 1
9 15 0.81 0.88±0.11 0.4 0.01±0.03 1 0.98 0.99±0.03 1 0.00±0.01 1
10 15 0.99 0.95±0.06 0.4 0.00±0.01 1 0.95 0.99±0.03 1 0.00±0.01 1
11 15 0.98 1.09±0.04 0.05 0.00±0.00 1 0.98 1.03±0.03 0.3 0.00±0.00 1
12 13 0.97 1.03±0.05 1 -0.01±0.02 1 0.97 1.03±0.05 1 -0.01±0.02 1
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5.7.1 Predictive sediment SRP uptake formulation

Using the quasi steady state approach to estimate nutrient uptake coefficient

supplies a positive general uptake coefficient (0.009±0.001 s−1). In agree-

ment with the previous results, this positive coefficient suggest an SRP re-

tention in each experiment. However, the partial uptake coefficients were not

always positive, but in experiment five some of them were negative. This re-

sult may indicate a partial SRP desorption or a transient SRPstorage.

To create the predictive SRP uptake equation we use the parameters pro-

vided by the sediment PCA analysis: SRP inlet concentration, water temper-

ature, Reynolds number and water discharge. However, the rate of sediment

mass to water mass in the column may also have some influence innutrient

uptake. A deep water column implies that not all the nutrients in the col-

umn can exchange with the sediment. On the contrary, in shallow waters, the

contact between nutrient in the water column and sediment ismore intense.

A gradual increase in SRP retention with decreasing stream size can be ex-

plained by the ratio between water volume and benthic surface area, which

also increases with stream size (Peterson et al. (159)). A small ratio signifies

a high reactive surface area relative to the volume, promoting sorption and

uptake of soluble nutrients by the benthic community (Peterson et al. (159)).

As we intend to extrapolate the predictive sediment SRP uptake model to

other systems, such as canal or natural river, it is necessary to include a factor

that contemplates this proportion effect. This additionalfactor could be as
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follows:

Ms

Mw
=

ρs(1−POROSITY)hs

ρwhw
(5.15)

whereρs andρw are sediment and water density andhs andhw are sed-

iment and water depth. Moreover, equation5.15 also includes some of the

sediment characteristics that may influence sediment phosphorus uptake ca-

pacity.

Hence, usingMs/Mw relationship, SRP inlet concentration, water tem-

perature, Reynolds number and water discharge, we developed the following

non-linear regression with the quasi steady state uptake coefficients:

k=
C1CSRP(1+ 1

Re)T

CSRP+ ln(T)ln(Re)
Ms

Mw
(5.16)

whereC1 is a constant value of 0.006,CSRP is the inlet phosphorus con-

centration (g/m3), Re is the Reynolds number andT the water temperature

(0C).

This equation (5.16) provides a saturation curve that depends on the wa-

ter temperature, Reynolds number and the sediment-water proportion. There-

fore, the SRP uptake coefficient is variable in time and space. These param-

eters also should have an influence on biotic uptake, but since we did not

measure algae or bacteria growth during the nutrient addition experiments,

these cannot be introduced in the formula with an explicit expression. Sedi-

ment presented a biofilm where the chlorophyll concentration was measured.
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However, there was no direct relationship between this concentration and

phosphorus uptake. Hence, although probably there was a biotic phosphorus

uptake, the main uptake appears to be addressed by abiotic processes such as

sediment adsorption. Therefore, the general sediment phosphorus uptake of

our system can be expressed using equation (5.16).

5.7.2 Validation of the predictive SRP sediment uptake formula-
tion

The new SRP uptake equation (5.16) was introduced in the unsteady 2D

model in equation (3.8). Then, the accuracy of the new formulation was eval-

uated comparing linear regressions of measured and calculated SRP. Table

5.11shows the comparison of measured and calculated phosphorusconcen-

trations in successive experiments using equation (5.16).

Table 5.11:Comparison of measured and calculated SRP concentrations using
the sediment SRP uptake formulation for experiments 16-20.

Presented areR2, the slope, the intercept, andp values oft-test comparing
the slope with 1 and the intercept with zero. Slopes differ significantly from
1 at p≤0.05 and are printed in bold. Intercepts differ significantly from 0 at
p≤0.05 and are printed in bold.

Experiment df r2 Slope±SE pslope Intercept±SE pintercept

16 19 0.97 0.90±0.02 ≤0.05 0.00±0.01 0.5
17 14 0.94 1.06±0.07 0.4 0.01±0.03 1
18 16 0.99 1.00±0.02 1 0.01±0.01 1
19 33 0.90 0.50±0.03 ≤0.05 0.09±0.04 ≤0.05
20 25 0.95 0.93±0.04 0.1 0.21±0.08 ≤0.05
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5.7 Predictive SRP uptake formulation

The new formulation (5.16) provided significant linear regressions in all

the experiments (R2 ≥ 0.90; p ≤ 0.05) (Table5.11). However, systematic

discrepancy differences were found in experiments 16 (slope), 19 (slope and

intercept) and 20 (intercept). Major discrepancies were only present in ex-

periments 20 (slope and interceptp≤ 0.05) and 5 (intercept p≤ 0.05).

The predictive capability of the three successive approaches can be evalu-

ated from their explained variance and the slopes and intercepts of regressions

of observed vs. predicted values. Explained variance was quite satisfactory

for all the three models (r2≥ 0.71; eq.5.16r2≥ 0.90). Slopes however always

differed significantly from unity for the steady-state model (0.4−0.9), twice

for the unsteady model (0.8− 0.9) and twice for the new predictive model

(0.5−1.1). Intercepts were closest to zero for the new predictive model. We

conclude that the steady-state model performed worst, where the other two

were comparable. The new predictive model had difficulty in predicting ex-

periment 19, but performed better, overall.

5.7.3 Water column SRP uptake formulation

The sediment predictive equation can be used to represent sediment SRP up-

take, but we still need a formulation that represents SRP uptake in the water

column. To do so, it is necessary to identify uptake agents inthe water col-

umn. According to the PCA results (Section5.5.2), TSS, SPOMandSPIM

appeared the most influential variables. However, in order to generate the

non-linear regressions, some changes were introduced in the original vari-

ables. On the one hand,TSSwas replaced bySPOMandSPIM. SinceTSS

is the result of adding upSPOMandSPIM, it is possible to include these
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two variables instead ofTSS. On the other hand, some variables that did

not appear significant into PCA analysis were included in theformulation.

These are:TDS, Reand theSRPambient concentration.TDSandRecan

affect water column SRP uptake. As in sediment SRP uptake, flow turbu-

lence can facilitate or difficult SRP uptake in water column.High turbulence

could enhance SRP-TSS contact, facilitating SRP uptake. However, this is

probably not a linear effect, because a laminar flow regime usually results

in a lower velocity, increasing residence time, which can also increase SRP

uptake. Moreover turbulence effect,Reformula includes water temperature,

and including water temperature in the equation means to include its effect

in biotic and abiotic uptake processes, which has been demonstrated in many

studies.

SRPambient concentration was included to contemplate the nutrient in-

jection effect in the uptake process. Increasing nutrient concentration through

nutrient addition can transform the nutrient equilibrium system, causing a dis-

tortion of the ambient nutrient uptake (Mulholland et al. (133)).

Total dissolved solids corresponds to the sum ofNa+, K+, Ca2+, Mg2+,

H4SiO4, HCO3−, CO32−, SO42−, Cl−, andNO3
−. The middle Ebro river

water is a typical carbonate water, where the principal elements are calcium

and bicarbonate, and providing that irrigation canal waters comes from the

middle Ebro river, it has a high calcium and bicarbonate content (see Table

5.2). Inorganic phosphorus reacts easily with calcium and co-precipitation

is an important abiotic uptake process. Therefore,TDScontent would also
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affects SRP uptake in the water column.

Hence, a non-linear regression among the quasi steady SRP uptake coef-

ficients andSPOM, SPIM, TDSandRewas established as follows:

k=

C1(

CSRP
CSRP,amb
CSRP

CSRP,amb
+9

)CSRPCSPOMCTDSCSPIM(1+ 1
Re)

CSRP+C2(

CSRP
CSRP,amb
CSRP

CSRP,amb
+9

)CSPOMCTDSCSPIM(1+ 1
Re)

(5.17)

wherek is the SRP uptake coefficient (s−1), CSPOM is the suspended par-

ticulate organic matter (g/m3), CTDS corresponds to total dissolved solids

(g/m3), CSPIM represents the suspended particulate inorganic matter (g/m3),

CSRP,amb is the SRP ambient concentration (g/m3), Re is the Reynolds num-

ber, andC1 andC2 are constants values of 9.32E−09 and 1.51E−07 respec-

tively.

5.8 Validation of a predictive model combining water

column and benthic uptake

To evaluate the accuracy of the new approach, experiments 1 to 12 were sim-

ulated using the new predictive formulation (see Figure5.19). Then, linear

regressions were carried out comparing measured and calculated SRP con-

centrations (Table5.12). The new approach has no influence in the transport

equations, only in the reactive term. Since the chemical tracer bromide is bi-

ologically and chemically stable and not undergo microbialtransformations

157



5. NUTRIENT RETENTION CAPACITY OF AN AGRICULTURAL
DRAINAGE CHANNEL: DEVELOPING A PREDICTIVE MODEL

and gaseous losses, it is not necessary to redevelop the linear regressions with

measured and calculated bromide concentrations.
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Figure 5.17: Measured and calculated DIN concentration at the
irrigation canal experiments.

Comparison of the DIN concentrations during the nutrient ad-
dition experiments as computed with the 2D unsteady model
and measured using the uniform uptake coefficient at the sec-
ond sampling section (average of the three measurement points).
Red triangles: measured input DIN concentration, black trian-
gles: DIN computational input. Red dots: DIN measured output
and black dots: DIN computed output.
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Figure 5.18: Comparison of the measured and calculated SRP
concentration using the sediment SRP uptake predictive formula-
tion for experiments 16-20.

Red dots: measured SRP concentration at the sampling section
(the average of three points). Black dots: estimated SRP concen-
tration using the sediment SRP uptake predictive formulation.
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Figure 5.19: Irrigation canal SRP model validation.
Simulated SRP time evolution at the irrigation canal duringexperiment 3.
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Table 5.12:Comparison between measured and calculated SRP concentrations
using the predictive SRP uptake formulation for experiments 1-12.

Presented are-r2, the slope, the intercept, andp values oft-test comparing
the slope with 1 and the intercept with zero. Slopes differ significantly from
1 at p≤0.05 and are printed in bold. Intercepts differ significantly from 0 at
p≤0.05 and are printed in bold.

Experiment df r2 Slope±SE pslope Intercept±SE pintercept

1 10 0.92 0.71±0.04 ≤0.01 0.01±0.02 0.5
2 14 0.85 1.59±0.17 ≤0.01 -0.04±0.06 0.5
3 14 0.96 0.97±0.05 0.5 0.00±0.01 1
4 14 0.69 -1.87±0.31 ≤0.01 1.05±0.15 ≤0.01
5 12 0.88 0.91±0.09 0.3 0.01±0.05 1
6 12 0.97 0.92±0.05 0.1 -0.04±0.03 0.5
7 10 0.88 0.91±0.01 0.3 0.03±0.04 0.5
8 11 0.98 1.19±0.04 ≤0.01 -0.06±0.04 0.2
9 12 0.98 0.95±0.04 0.2 0.01±0.01 0.5
10 12 0.94 0.96±0.07 0.5 0.00±0.01 1
11 14 0.83 1.25±0.19 0.2 -0.11±0.07 0.2
12 8 0.83 1.18±0.18 0.2 -0.08±0.07 0.3

Results showed a good agreement between measured and calculated data

(R2 ≥ 0.69), where linear regressions were always significant (p = 0.01).

Eight experiments (3, 5, 6, 7, 9, 10, 11 and 12) provided excellent SRP

concentration predictions, with slope and intercept not significantly different

from 1 and 0 respectively. The rest of the experiments (1, 2, 4and 8) showed

a systematic discrepancy (slopesp≤ 0.05) between measured and calculated

data. Experiments 1 and 4 showed the highest SRP uptake (37± 2 % and

39±48 % respectively), and the new formulation underestimatedthis greatly.
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On the contrary, experiments 2 and 8 showed a low SRP uptake (6.4± 3.0

% and 3.6± 1.1 % respectively), and the results provided a systematically

overestimated SRP uptake. Posibly, the high dissolved phosphorus uptake at

experiments 1 and 4, is an indicator of presence of other uptake agents, or

a much higher biotic uptake. Providing that abiotic uptake is the main SRP

uptake process considered in the new formulation, this could be one of the

reasons of the systematic error. However, the low uptake level observed at

experiments 2 and 8 does not suggest an important biotic uptake presence.

Hence, the systematic discrepancy may be adressed by other factors such as

the water variables characterization.

Equations5.16 and 5.17 consider SPIM, SPOM and TDS. These vari-

ables are characterized using three background water samples taken before

starting the nutrient addition. Hence, its variations during the experiment are

not contemplated. Irrigation canal water flow was very stable, but variations

of water quality parameters are possible within experiments, and those vari-

ations can affect SRP uptake. The lack of a continuous water parameters

characterization could be another cause of the systematic error presence.
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Figure 5.20: Comparison of measured and estimated SRP con-
centration using the predictive formulation.

Red dots: measured SRP at the second sampling site. Black dots:
estimated SRP.∗: inlet SRP.
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In general, the new model provides a good agreement between measured

and calculated data (Figure5.20), where in spite of the systematic discrep-

ancy, SRP calculations were always within the same order of magnitude as

measured data. Hence, the model showed a good predictive capacity, but it

should be tested in other system conditions as well as in other aquatic sys-

tems.

5.8.1 Changing temporal and spatial scale

In order to validate the predictive uptake model under different conditions,

a new set of 3 nutrient addition experiments was carried out (experiments

13-15, see Subsection Experimentation number 2). The experiments were

performed at a higher spatial-temporal scale, where the uptake model vari-

ables were characterized continuously during the whole experiment.

5.8.1.1 Results

New nutrient addition experiments resulted in a null mass balance, which did

not significantly differ from 0, indicating the absence of SRP system uptake.

In agreement with this, the estimated first order SRP uptake coefficients were

not significantly different from 0 (k = 9.34E − 6± 3.38E− 4s−1; t = 0.14,

p= 0.5). In the same way, the average of consumed SRP was−1.24±2.28%,

and did not significantly differ from 0 (t =−0.54, p= 0.59). Under these re-

sults, we can not affirm that there is an SRP uptake process.

Provided that SRP uptake process is regulated by biotic and abiotic mech-

anisms (Reddy et al. (167)), a change in some of these mechanisms can result
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in an SRP uptake variation. Therefore, a variation in physical and chemi-

cal irrigation canal water characteristics can alter the SRP uptake. Previous

sections suggested that main SRP uptake process was adsorption, and it was

addressed by TSS (SPIM + SPOM). If so, a significant change in TSS may re-

sult in SRP uptake alteration. In agreement with this, Table5.13shows phys-

ical and chemical irrigation canal water parameters and itscomparison with

previous experimentation (Table5.2, where TSS, SRP and TDS significantly

differ from previous values (Table5.2). However, against expectations, TSS,

TDS and SRP were higher in this new experiments, and these higher concen-

trations should induce an higher SRP uptake instead of a non significant SRP

uptake.

Estimating nutrient uptake by means of nutrient addition can produce lux-

ury uptake and overestimate the ambient system uptake (Mulholland et al.

(133)). If the nutrient is limiting, its addition can stimulate the system, and

therefore its uptake. Mulholland et al. (133) stated that this stimulation should

be related to the level of nutrient addition above ambient concentrations and

the degree of nutrient limitation. Phosphorus addition experiments of Mul-

holland et al. (133), increased the ambient SRP concentration 10−100 times.

In our own SRP addition experiments, the concentration increasing was 2−3

times only. Hence, probably, there was an SRP uptake, but it was under our

detection limits.

Although non significant SRP uptake was found, the predictive formu-

lation should reproduce this situation. Each experiment was simulated using

the new model. Then, in order to evaluate its accuracy, linear regressions were

carried out between the measured and calculated SRP concentrations (Table
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Table 5.13:Physical and chemical characteristics of the irrigation canal during
the experiments 13, 14 and 15.

Concentration (arithmetic mean± SD) variables are expressed inmg/l ex-
cept SRP and Chl-a, which are inµg/l . Presented arep values oft-test com-
paring present values to previous experimentation. Valuesdiffer significantly
at p≤0.05 and are printed in bold.

Variable Arithmetic mean± SD p−value
Discharge(m3/s) 0.07± 0.01 0.59
Temp.(oC) 9.66± 1.47 0.59
pH 8.33± 0.03 0.42
Ca+ 118.55± 2.54 0.06
DIN 2.85± 0.12 0.55
TDN 3.39± 0.07 0.31
SRP 0.03± 0.02 ≤0.05
Chl-a 11.00± 1.00 0.18
SPOM 8.10± 0.75 0.13
TSS 65.95± 11.07 ≤0.05
TDS 801.23± 11.23 ≤0.05
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Table 5.14: Comparison of the measured and calculated bromide concentra-
tions using the unsteady 2D model for experiments 13, 14 and 15.

Presented arer2, the slope, the intercept, andp values oft-test comparing the
slope with 1 and the intercept with zero. Slopes differ significantly from 1
at p≤0.05 and are printed in bold. Intercepts differ significantly from 0 at
p≤0.05 and are printed in bold.

Experiment df r2 Slope±SE pslope Intercept±SE pintercept

13 8 0.99 0.97±0.03 0.2 0.01±0.01 0.2
14 8 0.99 1.01±0.04 0.5 -0.00±0.02 0.5
15 9 0.97 0.94±0.05 0.2 0.01±0.02 0.5

5.15) as well as between measured and calculated Br− concentration(Table

5.14) at the new irrigation canal experiments.

Table 5.15:Comparison of measured and calculated phosphorus concentrations
using the new approach for experiments 13, 14 and 15.

Presented are, the degrees of freedomd f , r2, the slope, the intercept, andp
values oft-test comparing the slope with 1 and the intercept with zero.Slopes
differ significantly from 1 atp≤0.05 and are printed in bold. Intercepts differ
significantly from 0 atp≤0.05 and are printed in bold.

Experiment df r2 Slope±SE pslope Intercept±SE pintercept

13 8 0.97 0.93±0.05 0.2 0.00±0.00 0.5
14 8 0.91 0.88±0.10 0.2 0.01±0.01 0.2
15 9 0.94 0.93±0.07 0.3 0.00±0.01 0.5

As stated in previous sections, the two-dimensional simulation model

represents with an excellent accuracy the transport of dissolved solutes. Re-

sults from Table5.14showed an excellent agreement between measured and
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calculated bromide concentration, where all the regressions were significant

(p ≤ 0.01) and the slopes and intercepts did not significantly differ from 1

and 0 respectively. In the same way, regressions with measured and calcu-

lated SRP using the new predictive formulation were significant (p≤ 0.01),

and the slopes and intercepts did not significantly differ from the unit and

zero respectively (see Table5.15). Hence, although SRP uptake was not sig-

nificant, the new formulation was capable of predict it it with an excellent

accuracy.

5.9 Conclusions

We hypothesized that the canal bed would function as a nutrient sink, and our

observations confirm this. However, this nutrient retention capability holds

for SRP but not to the Nitrogen. A drainage canal would reduceSRP by

about 21%, or 0.7 mg m−2 h−1 at concentrations ranging from 1 to 46µg

l−1, whilst there would be not significant change for Nitrogen concentration.

Indeed, the mean molar DIN:SRP ratio (206:1) indicates a desequilibrate sys-

tem where probably Nitrogen is saturated and phosphorus is limiting nutrient.

Since SRP retention appears to be related to suspended solids first, ad-

sorption is probably the primary process, followed by sedimentation in the

channels. This is probably enhanced by a developing sediment bed and veg-

etation. In agreement with this, the experimental analysisshows as the most

influential SRP uptake parameters: pH, TSS and TDS.
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Comparison between the steady and steady state approaches shows that

the assumption of a uniform uptake coefficient makes the simulation tool less

accurate. An alternative calculation method was necessaryto cover the spa-

tial and temporal variability of system uptake.

The new SRP uptake predictive model, based on the water column and

sediment SRP uptake, has been tested at two different spatial and temporal

scales under different SRP concentrations. First 12 experiments were devel-

oped at the drainage canal using 57 m length, during 60−80 min and increas-

ing SRP ambient concentration 10−100 times. The last 3 experiments were

carried out in the same drainage canal but using 300 m length,during 2−4 hr

and increasing SRP ambient concentration 2−3 times. Although SRP uptake

showed high variability among experiments (0.0009±0.0004s−1), our new

model could predict each case with an excellent accuracy allthe linear regres-

sions of measured and calculated SRP, being significant (p≤ 0.01). However,

four predictions showed a systematic discrepancy, but in every case, predicted

SRP output concentration was within the same order of magnitude as empir-

ical observations.

Our new model formulation was able to predict the presence/absence of

a noticeable SRP uptake process. Moreover, the model did quantify system

SRP uptake with a great accuracy. In short, we can affirm that new formula-

tion is well suited to predict SRP uptake in our experimentalirrigation canal

system.
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5.10 Management proposal

Nutrient addition experiments showed the SRP uptake capacity of the drainage

canal. Hence, the development of natural sediment and vegetation in drainage

canals could be a good strategy to reduce some of the SRP agricultural pollu-

tant load to the river. Nevertheless, for nitrogen reduction, other approaches

must be considered, such as those enhancing denitrificationpossibly in ripar-

ian wetlands (Verhoeven et al. (204)).

On the other hand, the unsteady two-dimensional model with predictive

formulation as a decay expression, can be used as a tool to predict and man-

age the canal SRP uptake process. Since most of the canal SRP uptake ca-

pacity depends on: turbulence, SPIM, SPOM, SDT, SRP and water tempera-

ture, with an easy physical and chemical water control, it ispossible to apply

the simulation model and predict the system SRP load reduction in time and

space.

Phosphorus is a common agricultural fertilizer, and it causes eutrophi-

cation in many agricultural catchments (Carpenter et al. (42); Zalidis et al.

(220)). Possibility to determine the best drainage canal conditions to apply

phosphorus as a fertilizer can reduce its load to the river. In this way, the

model can be useful to select the best moment to apply the fertilizer, or to

modify the drainage canal conditions in order to increase its SRP uptake ca-

pacity. However, since the main uptake process is adsorption, phosphorus

accumulates in the sediment. Accumulations of sediment my clog the chan-
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nel and necessitate a periodic removal. It may be possible totake advantage

of this renewal and use it as a fertilizer.

172



6

MODELING NUTRIENT

AND SEDIMENT DYNAMICS

IN THE MIDDLE EBRO

RIVER FLOODPLAIN (NE

SPAIN): A VALIDATION

6.1 Introduction

Riparian systems have an important role in regulating longitudinal or down-

stream transfer of sediment and associated pollutants during overbank flood-

ing (Steiger and Gurnell (190)). Sediment transported by flood water is de-

posited within riparian zones, allowing them to function asa buffer between

upstream and downstream river reaches (Mitsch and Dorge (131); Hupp and
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Morris (90); Fennessy et al. (55); Kleiss (106)). This interaction between land

and river constitutes an essential process to the riparian ecosystems mainte-

nance, and affects fundamental ecological characteristics such as biodiversity,

water quality and viability of many riverine species (Bunn and Arthington

(29)).

The hydrological interaction between land and river has been reduced in

time and space because of human activities such as agriculture, ship traffic,

town planning and recreational water use. This reduction allows sediment,

associated nutrients and other pollutants to escape through the river system

without being captured in floodplains (e.g. Walling (209)). Degradation of

rivers and floodplains is increasingly being recognized as acrucial political

issue with socio-economic repercussions, particularly inNorth America and

Europe (Naiman et al. (140)). In Europe, the target of a ’good ecological

status’ in all water bodies and aquatic ecosystems by 2015 was accepted as

the main objective of the European Community Water Framework Directive

(WFD: EU, 2000). However, most of the riparian restoration efforts are based

on empirical experience (Richards and Hughes. (170)) and applied using trial

and error procedure. In most cases, this approach forms an expensive, ineffi-

cient and difficult extrapolation.

During the 1980s and 1990s, increasing interest in such interaction led

to direct measurements of sediment deposition during individual flood events

using a variety of sediment trap devices, initially emphasizing floodplain lo-

cations (e.g. Mansikkaniemi (117);Gretener and Strmquist (66); Lambert
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and Walling (112); Walling and Bradley (210); Asselman and Middelkoop

(6); Simm (186)), but more recently focusing on riparian zones and hard-

wood bottom-land forests (e.g. Kleiss (105); Kleiss (106); Brunet et al. (28);

Wardrop and Brooks (216); Heimann and Roell (75); Steiger et al. (191);

Steiger et al. (192)). In the same way, during the last decade, attention has

also focused on the fluxes of suspended sediment and particulate phospho-

rus through freshwater drainage systems because of severe eutrophication ef-

fects in rivers, lakes, reservoirs and coastal waters observed throughout the

world (e.g. Meybeck et al. (126), Carignan and Vaithiyanathan (40), Bowes

and House (23), Olde Venterink et al. (149), Braskerud et al. (26)). Several

studies based on field measurements confirm the largely influence of the sed-

imentation process on phosphorus uptake (Johnston (101), Alexander et al.

(4), Bowes and House (23), Olde Venterink et al. (149)).

Direct measurements of riparian zone sedimentation and sediment asso-

ciated pollutants within different geomorphological settings and climatic re-

gions are still rare (Steiger and Gurnell (190)). Hence, the question of the de-

gree to which these zones may buffer the downstream transferof sediment re-

mains largely unanswered (Steiger and Gurnell (190)), and other approaches

are necessaries. The hydraulic approach that analyzes the interaction between

main channel and floodplain flow might be suitable in this point. Sellin (185)

and Rajaratnam and Ahmadi (162) investigated this interaction through ex-

perimental flume studies, and revealed boundary shear stress distributions

and resulting flow structures in compound channel sections with floodplains.

Floodplains can be roughened so that the influence of differential roughness
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on flow structures between floodplain and main channel and thelateral and

vertical momentum transfer processes can be studied (e.g. Pasche and Rou-

vee (157)). The results of such studies have shown that the interaction be-

tween the main channel and floodplain flows is extremely complex with the

formation of various three-dimensional flow structures, such as large interre-

lated vortices (cf. Knight and Shiono (108)). Hence, floodplain topography

and flow patterns are the key controlling parameters for boththe conveyance

loss and sedimentation patterns (Walling (209)).

Numerical modeling might be a useful tool for the hydraulic approach.

Nicholas and Walling (143) combined numerical modeling with field obser-

vations and illustrated how both approaches indicate the dominant role played

by small-scale topographic features in controlling suspended sediment trans-

port and deposition processes on floodplain surfaces. In thepast decade,

several workers have developed 1D and 2D models to simulate patterns of

sediment deposition on floodplains. Some of these models arebased on a

finite-element approach (e.g. Stewart et al. (193); Hardy et al. (69)) and other

models on a finite-difference approach (e.g. (143), Nicholas and Walling

(144); Middelkoop and Van der Perk (130)). Particle-tracking method is also

a used methodology that avoids the numerical dispersion produced by the

conventional Eulerian models Thonon et al. (197). However, these simpli-

fied methods that in most cases uncouple the hydrodynamics and the solute

transport, might be not enough when dealing with real cases.Ignoring un-

steady hydrodynamical effects means that only a quasi-steady process over

very slowly varying bed level can be reasonably modeled, so that, the correct
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simulation of solute transport in rapidly varying flows containing shocks or

discontinuities remain excluded. When solving real problems one is likely to

encounter all sorts of situations, with a high probability that naive methods

will compromise the quality and reliability of the solution. In that sense, com-

plex models, based on a finite volume method, that make use of the Navier-

Stokes equations seems to be the best option to represent thehydrodynamic

interaction between water and land.

In this context, the complete simulation model that includes dissolved

and suspended solute transport, flow erosive potential estimation and SRP

uptake, is proposed as a floodplain analysis tool, capable ofpredicting the

hydrological and sediment interactions between land and river in different

spatial-temporal scales. These predictions will also be used as a basis in-

formation to choose the best restoration strategy. For thatpurpose, the flow

simulation model calibrated and validated in Chapter4 and the predictive

SRP uptake model developed in Chapter5 will be applied in the Middle Ebro

River floodplain.

The present chapter will analyze the sedimentation patternand the SRP

uptake potential of the middle Ebro river floodplain by meansof experimental

and numerical analysis. First, the field data are analyzed, the SRP uptake and

sedimentation models validated using field data. Then, the results are used

to analyze the current sedimentation, dissolved phosphorus uptake and flood-

plain river nutrient contribution of the study site. Finally, different scenarios,

based on changes in the hydraulic river-floodplain connectivity, are gener-
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ated in order to analyze their potentially beneficial effectin the ecological

floodplain evolution.

6.2 Objectives

The aim of the study is to validate the predictive simulationmodel developed

in Chapter5, that integrates flow dynamics, sediment transport and phos-

phorus uptake on different spatial-temporal scales and suitable for floodplain

ecological restoration. The specific objectives of the study are:

1. Validation of the predictive dissolved phosphorus uptake model in a

real riparian system.

2. Validation of the sedimentation model in a real riparian system.

3. Analysis of the current sediment and dissolved nutrient floodplain dy-

namics through the simulation tool.

4. Generation of possible restoration scenarios using the simulation tool.

6.3 Description of the study area

The study area is a reach in the Middle Ebro River in northeastSpain, in-

cluded in the Natural Reserve ”Los Galachos” (see Figure5.2). The Ebro

River, 910km long, is the largest river in Spain. It has an annual discharge

into the Mediterranean Sea of 1.8E07 m3/y and is regulated by the presence

of 170 dams and reservoirs on the river basin. The study area forms a me-

ander (3.70 Km2, river width: 110m with one island and an oxbow lake)

178



6.4 Methods

located downstream Zaragoza city (NE Spain). The discharge, averaged over

the years 1927 to 2003, within this reach is 230m3/s and the surface eleva-

tion ranges from 175ma.s.l. at the river channel to 185ma.s.l. at the base of

the old river terrace. The flooded area by the 19yr return period flood (3000

m3/s, 1927−2003) is 3.7 Km,whereas only about 40 % of the area is flooded

by a river discharge of 1000m3/s (0.37 yr return period, 1927−2003), and

only 10 % is flooded by a river discharge of 600m3/s (0.14 yr return period,

1927−2003). The oxbow lake is connected with the river when the discharge

reaches 1100m3/s, and this occurs 1-3 times per year.

The study site receives the effluent of a Waste Water Treatment Plant

(WWTP) located 1Kmupstream from the reach, with a maximum discharge

of 3m3/s. This WWTP treats 1200000 inhabitant-equivalents, where 1inhabitant-

equivalent is the biodegradable organic matter load equivalent to a BOD5

(i.e., biochemical oxygen demand) of 60g/dayof O2. The plant has activated

sludge biological treatment as well as the technology to actively remove nitro-

gen (N) and phosphorus (P), where its legal effluent N and P concentrations

limit is 10 mg-N/l and 1mg−P/l , respectively.

6.4 Methods

The predictive SRP uptake model (equations5.16 and 5.17 in Chapter5)

was validated by comparing the numerical results obtained from the complete

model with the experimental field data by means of a linear regression anal-

ysis. Then, validation of the sedimentation model was performed by com-
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paring the numerical results with the experimental field data obtained from

Cabezas and Comı́n. (33) and Cabezas et al. (38).

After validation, the coupled models were applied in the study site. An

analysis of the current floodplain sedimentation, SRP uptake and river nutri-

ent contribution was carried out using the complete model. Then, based on

this previous analysis, some restoration scenarios are proposed and simulated.

6.4.1 Field experimentation: experiments 21, 22 and 23

Three sampling campaigns were developed at the study site, where both the

inlet and outlet river phosphorus concentration were characterized during

24h. Two sampling stations, SS 1 and SS 2, were established at theriver: SS

1 was located 750m downstream the beginning of the domain, and SS 2 was

located 1100mdownstream SS 1 (see figure6.1). Samples were collected us-

ing two automatic samplers (SigmaR© SD900) and acid-washed (HCl 50 %)

PP bottles (1l ) located at SS 1 and SS 2 respectively. The sampling interval

was established in order to sample the same mass water at SS 1 and SS 2,

and was calculated by means of hydraulic simulation using the model cali-

brated and validated at Chapter4. Samples were collected every 20−25min,

depending on the river discharge, during 24h. River discharge values were

given by a gauging station belonging to the Ebro River Basin Administration

(www.chebro.es) located approximately 12kmupstream the study site.
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Figure 6.1: Location of the two sampling stations at the study site. Black dots
represents the sampling stations: SS 1 and SS 2 respectively.

Experiment 23 showed the highest river discharge, and was developed

two days after a flooding event of 1554m3/s peak discharge. The other ex-

periments, 21 and 22, were developed under low and steady discharge.

Water samples were used to determine Soluble Reactive Phosphorus (SRP),

total nitrogen, alkalinity, pH, conductivity, anions and cations, Total Sus-
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pended Solids (TSS), Suspended Particulate Inorganic Matter (SPIM), Sus-

pended Particulate Inorganic Matter (SPIM), Total Dissolved Solids (TDS)

and suspended chlorophyll.

6.4.1.1 Water samples analysis

Water samples were transported to the chemical laboratory in dark cool-

boxes and filtered through 0.45 µm-pore size WhatmanR© GF/F glass-fiber

filters. Soluble reactive phosphorus, total nitrogen and alkalinity were ana-

lyzed within 24h. The remaining samples were preserved frozen at−20o C.

SRP was analyzed using Murphy and Riley (139) molybdenum blue colori-

metric method. Total nitrogen was analyzed by catalytic combustion at high

temperature (850oC) using a Multi-N/C 3100 analyzer (AnalytikKjenaR©).

Anions and cations were analyzed using ionic chromatograph(Metrhom 861

Advanced compact IC) fitted with 100µ l sampling loop. Alkalinity of un-

filtered water was estimated within 4 h of collection by a potentiometric au-

tomatic titration with H2SO4 0.04 N APHA (5). TSS were determined by

filtering samples through pre-combusted (450o C, 2 h) 0.45 µm-pore size

WhatmanR© GF/F glass-fiber filters, followed by drying filters at 60o C until

a constant weight was reached. This filter was used then to determine the

SPIM by means of combustion (450o C, 4 h) followed by weighing. SPOM

was calculated as the difference between TSS and SPIM. TDS were deter-

mined by weighing the residue after evaporating 25ml of filtered water at

100oC APHA (5). Suspended Chlorophyll (a, b, c and d) was determined

by filtering samples through 0.45 µm-pore size WhatmanR© GF/F glass-fiber
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filters, followed by 23 h of filter digestion in acetone 90 %, adsorption mea-

surements in a spectrophotometer equiped with a 1cmquartz cuvette and us-

ing the mixed phytoplankton extinction coefficients (Jeffrey and Humphrey

(97)).

6.4.2 Simulation model

The complete two-dimensional simulation model, calibrated and validated

at Chapter4, with the sediment transport and dissolved phosphorus uptake

equations added at Chapter5 was used in the present study.

6.4.2.1 Quantification of the groundwater contribution

Infiltration and exfiltration phenomena can be detected by means of the natu-

ral chemical tracers. Natural chemical tracers are water compounds naturally

present in rivers, biologically and chemically stable and do not undergo mi-

crobial transformations and gaseous losses. There are several natural tracers,

such as stable isotopes, chloride, bromide, etc., where themost widely used

are chloride and bromide. Both of them are present in the Ebroriver wa-

ters, both surface and groundwater, but with very differentconcentrations,

where chloride is much higher than bromide (mean molar ratioat surface

water Cl:Br 3151 : 1). To identify and quantify the groundwater contribu-

tion using a tracer present in both surface and groundwater,the natural tracer

concentration should be higher in groundwater than in surface water, where

a significant impact in surface water concentration is possible. At the Ebro

river, chloride groundwater concentration is higher than the surface chloride

water concentration (Cabezas et al. (35)), while bromide concentration is very
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similar in both surface and groundwater (unpublished data). Therefore, the

chloride will be used as a natural tracer of the exfiltration phenomenon, and

it can be calculated as follows:

Qin

Qout
=

Clin
Clout

⇒ Qout = Qin +Qgw (6.1)

whereQin andQout are the water discharge at the inlet and the outlet of

the domain respectively,Clin andClout are the chloride concentration at the

inlet and the outlet of the domain respectively, andQgw is the groundwater

discharge contribution.

The accuracy of the groundwater contribution estimation isevaluated us-

ing the field data from the three sampling campaigns.

6.4.3 Validation of the SRP uptake model

The predictive SRP uptake model was validated by comparing the numerical

results obtained from the complete model with the experimental field data by

means of a linear regression analysis. This validation, assumes as validated

the dissolved solute transport model in previous Chapter5.

6.4.4 Validation of the sedimentation model

Validation was performed using the field data obtained by Cabezas and Comı́n.

(33) and Cabezas et al. (38), where the sedimentation was registered in two

zones within the study area (see figure6.2). The registered flooding events

whose peak discharge and duration were very different were simulated. The
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first study, Cabezas and Comı́n. (33), was carried out under a single flood-

ing event of 8 days duration and 754.44m3/s of peak discharge. The sec-

ond study, Cabezas et al. (38), reached 2250m3/s and lasted 27 days. Inlet

TSS was also registered during both flooding events, and therefore used as a

boundary condition.

Figure 6.2: Location of the two sediment sampling areas at the study site.
Circles point the sediment sampling areas SF and MP, established by Cabezas
and Comı́n. (33) and Cabezas et al. (38) during two flooding events.

6.4.5 Model application

6.4.5.1 Evaluation of the floodplain SRP uptake potential

The total SRP uptake potential of the floodplain is analyzed by means of the

nutrient addition technique. However, since the floodplainis included into a

natural reserve, it was not possible to add any nutrient to the river. Hence, we

use the 2D numerical model to simulate the nutrient additionexperiments.
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The addition of four SRP concentration: 1, 3, 5 and 10ppm, was simulated

using an steady state injection of 3m3/s. The river discharge was also under

steady state and the evaluated discharges were: 500, 1000, 1500 and 2000

m3/s.

The SRP addition impact into the different floodplain habitats was also

analyzed. For that purpose, the floodplain was characterized according to the

different habitats of interest, which are: Crops/pasture,adjacent riparian for-

est, remote riparian forest, paleochannel, oxbow lake, constructed wetlands

distant riparian forest and main river channel (see Figure6.3).

186



6.4 Methods

1

1

1

1

2

2

2

3

4

5

6

6

2

8

7

500 0 500250 Meters

Figure 6.3: Habitats within the study site
1: Crops/pasture. 2: Adjacent riparian forest. 3: Remote riparian forest. 4:
Paleochannel. 5: Oxbow lake. 6: Constructed wetlands. 7: Distant riparian
forest. 8: Main river channel.
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Table 6.1: Simulated hydrographs. The return period is calculated within the
period: 1927-2010.

Hydrograph Peak discharge (m3/s) T (yr.) Duration (days)
2 800 0.21 7
3 900 0.25 8
4 1169 0.40 6
5 2250 3.4 27

6.4.5.2 Analysis of the current floodplain nutrient and sediment dy-

namics

The same four flooding events as simulated in Chapter4 were simulated. All

of them occurred in 2007, and peak discharges were: 800, 900,1100 and

2250m3/s, at the gauging station of Zaragoza city (see Table6.1). Discharge

data were provided by the Ebro River Basin Administration (www.chebro.es).

The highest flooding event was greatly regulated by the Ebro River Basin

Administration, and its duration reached 27 days. Due to this regulation,

three peak discharges could be differentiated within the same flooding event:

1378, 1880 and 2250m3/s. To reduce the simulation time consuming, this

flooding event was considered as a three different flooding events, whose

peak discharges reached: 1378, 1880 and 2250m3/s.

Water samples from the four flooding events were collected twice a day in

each flooding event. Samples were collected using acid-washed (HCl 50 %)

PP bottles (1.5 l ) located at SS 1 and SS 2 respectively (see figure6.1). Water

samples were used to determine the inlet discharge of: SRP, total nitrogen,

alkalinity, pH, conductivity, anions and cations, TSS, SPIM, SPIM and TDS.
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To analyze the simulation results we used the floodplain habitats classifi-

cation shown in Fig.6.3.

6.4.5.3 Restoration scenarios

Finally, the complete validated model was used to propose two possible restora-

tion scenarios. To analyze the simulation results we used the floodplain habi-

tats classification showed in Fig.6.3.

6.5 Soluble Reactive Phosphorus retention at the Ebro

River

6.5.1 Physical, chemical, and biological river parameters

Experiments were developed within the winter season, in November-January

on 2009-2010. During our observations, the discharge ranged between 119−
577m3/s (Table6.2).

Ambient SRP concentrations were steady among and within theexperi-

ments, ranging from 0.031 to 0.050mg/l−1. The mean molar DIN:SRP ratio

was 206 : 1. Ambient nutrient concentrations were higher than in most of the

reported studies on streams (Hoellein et al. (79), Melody et al. (125), New-

bold et al. (142), Mulholland (134), (120), House et al. (84)), but nutrient

concentration in fresh water ecosystems with high agricultural activity can be

orders of magnitude higher than in undisturbed systems Melody et al. (125).

Moreover, the WWTP located 1Kmupstream the domain could be increasing

the nutrient river concentrations.
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Table 6.2: Physical and chemical characteristics of the Ebro river (arithmetic
mean± SD). Concentration variables are expressed in mg/l except SRP and
Chl-a, which are inµg/l .

Variable Experiment 21 Experiment 22 Experiment 23
Discharge(m3/s) 127.3± 1.38 323.85± 8.78 546.66± 4.0
Temp.(oC) 18.23± 3.61 18.33± 3.93 11.95± 4.95
pH 7.94± 0.01 8.12± 0.01 8.35± 0.05
Ca+ 141.44± 1.01 140.00± 3.14 116.33± 3.82
Cl− 117.65± 6.13 96.36± 3.60 65.30± 0.54
DIN 2.23± 0.08 2.36± 0.13 2.52± 0.01
TDN 3.79± 0.02 3.20± 0.05 3.09± 0.02
SRP 0.04± 0.01 0.04± 0.01 0.04± 0.00
Chl-a 3.59± 0.31 3.24± 0.41 2.38± 0.18
SPOM 7.20± 0.60 7.14± 0.74 5.14± 0.32
TSS 36.68± 0.87 32.98± 11.70 30.14± 0.80
TDS 733.60± 9.66 648.00± 7.03 477.14± 4.77

6.5.2 Soluble Reactive Phosphorus retention

The general net mass balance of SRP, using the three experiments, did not

significantly differ from 0 (4.0E − 5± 3.2E − 5 mg/l ; sig.0.20), indicating

neither SRP uptake or release. However, Experiment 15 showed a signifi-

cant positive difference on the SRP mass balance (1.4E−3±1.7E−3 mg/l ;

p(t−test)≤ 0.001), while mass balances of Experiments 21 and 22 were non

significant (see Table6.3). It suggests the presence of an SRP uptake process

at Experiment 23.

Experiment 23 showed a significant release ofCl−, Br− andTDS (see

Table6.3) into the flowing water. This could be due to a groundwater contri-

bution. In naturals fresh water systems, such as the Ebro river, it is possible
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Table 6.3: Mass balances as the difference between outflow and inflow con-
centration of the chemical water parameters at each experiment. Presented are
∆variable±SD where negative values indicates consume, and positive values
indicates release. Values significantly different from 0 atp≤0.05 resultant from
thet-test are printed in bold.

Variable Experiment 21 Experiment 22 Experiment 23
pH -5.6E-03±5.0E-

02
-0.03±0.04 -4.30E-03±2.10E-

02
Ca+ -3.2±5.8 -15.4±14.9 3.1±10.2
Cl− 8.4±23.8; 3.2±8.1 0.9±2.2
Br− 5.6E-03±2.0E-

02
2.0E-03±9.0E-
03

-3.4E-03±5.0E-03

DIN 0.2±0.5 0.1±0.4 -0.2±0.5
TDN -1.6E-03±5.2E-

02
-5.1E-02±0.13 -0.1±0.1

SRP 1.5E-03±4.1E-
03

-0.6±3.1 -1.3±1.7

SPOM -0.7±1.4 -0.9±3.3 0.05±1.6
TSS -0.9±2.0 -2.3±3.8 -4.8±6.9
TDS 1.8±38.6 7.6±22.1 -7.6±12.8
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to find the infiltration or the groundwater exfiltration phenomenons, where

surface water discharge and its chemical composition can bealtered. Infiltra-

tion reduces the water discharge at the same rate as TDS, anions and cations,

while TSS concentration increases. On the contrary, groundwater contribu-

tion decreases TSS and TDS concentrations, and increases water discharge,

and concentration of the anions and cations whose groundwater concentra-

tion are higher than at the surface water. Experiment 23 alsoshowed a sig-

nificant decrease of suspended and dissolved solids concentration (see Table

6.3), suggesting groundwater exfiltration as well.

In experiments 21 and 22 we observed no change in chloride andbromide

concentrations, but decreased and increased TSS, respectively. Variation of

TSS concentration could be due to sedimentation/erosion processes. Dur-

ing Experiment 21, the water discharge decreased from 136.2to 118.5m3/s.

This probably induced sediment deposition, and therefore,a reduction in TSS

concentration. During experiment 22 flow increased instead, from 270 to 390

m3/s, which probably generated an erosive process that increased the water

column TSS content.

6.5.3 Quantification of the groundwater contribution

Equation6.1was applied in Experiment 23 to quantify the groundwater con-

tribution. The estimated groundwater contribution is 3.4± 0.3 m3/s, and it

increases the surface water discharge from 552.5±3.0 to 555.8±3.1 m3/s.

A new mass balance calculation correcting the outlet discharge is required,
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although the proportional contribution of groundwater is limited (0.6%).

The 2D simulation model was applied to simulate Experiment 23, where

the groundwater contribution was included. To evaluate theaccuracy of equa-

tion 6.1, measured and calculatedCl− concentrations were compared with

linear regression (Table6.5). Results showed an excellent agreement between

measured and predicted data (r2 ≥ 0.9; p≤ 0.05), whose slope and intercept

did not significantly differ from the unit and zero, respectively (p≥ 0.5).

New SRP mass balance was calculated in Experiment 23 using the ground-

water contribution to correct the outlet river discharge. The new mass balance

was still significant (1E−03; p≤ 0.01 mg/l ), suggesting the occurrence of

SRP retention. The fact that we only observed significant SRPretention in

experiment 23 is probably related to the size of the flood, inundating a long

area with a corresponding reduction in flow velocity. Indeed, this is paralleled

by a reduction in TSS.

6.6 Validation of the complete two-dimensional model

6.6.1 Validation of the sedimentation model

Validation of the sedimentation model is performed by comparing the sim-

ulated and the experimental sedimentation rate registeredby Cabezas and

Comı́n. (33) and Cabezas et al. (38) (see Table6.4 and figures6.2 and6.4).

Table6.4shows the comparison between simulated and observed sedimenta-

tion rate. Simulation results did not significantly differ from the experimental
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data (p ≤ 0.09). A general linear regression between calculated and regis-

tered sedimentation rate shows the significant agreement between both sedi-

mentation rates (r2 = 0.97; p≤ 0.05 andslope= 1.20; p≤ 0.05), where the

slope was not significantly different from unity. Nevertheless, the intercept

did significantly differ from zero, suggesting a systematicsediment deposi-

tion underestimation.

Table 6.4: Comparison of measured and calculated deposited sediment at sam-
pling points (g/m2). Presented are thep− valuefrom thet − studentcompari-
son. SF and MP are the sampling locations.

Study Location Measured Calculated p −
value

Calculated
average

Cabezas
and Comı́n.
(33)

SF 2330.7±771.1 2970.1±545 0.05 1282

Cabezas
and Comı́n.
(33)

MP 5987.4±776.7 4607.1±670.5 0.05 5853

Cabezas
et al. (38)

SF 4180±270 3202±599 0.09 3878

Cabezas
et al. (38)

MP 13490±2190 11527±2750 0.05 8995

Simulated sedimentation corresponds sufficiently with observed quanti-

ties, justifying further use of the model

6.6.2 SRP uptake model validation

Validation of the reactive SRP uptake model is performed by comparing the

numerical results obtained from the complete model with theexperimental
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Figure 6.4: Validation of the sedimentation model.
Linear regression between measured and simulated sedimentdeposition. Pre-
sented are the regression equation and the confidence interval. Measured sed-
iment deposition data are from Cabezas and Comı́n. (33) and Cabezas et al.
(38).

field data. The 2D unsteady complete simulation model was applied to simu-

late the three field assessments in the (see Figures6.5and6.5). Results were

compared with the observed data using the linear regression.

Model predictions where quite acceptable, where the linearregressions

between measured and calculated SRP concentration of the three experiments

were significant (r2 ≥ 0.6; p≤ 0.05) (see Table6.5). Model predictions did

not introduce a systematic error, slopes and intercepts didnot significantly

differ from unity and zero respectively (p≥ 0.1).
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Figure 6.5: SRP model validation.
Simulated SRP time evolution at the study site during experiment 21.
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Figure 6.6: SRP simulation.
Simulated SRP at the study site during the course of experiment 23.
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6.7 Model application

Table 6.5: Comparison of measured and calculated phosphorus concentrations
in successive experiments using the new reactive formulation. Last row presents
the comparison between measured and calculated Chloride concentration in ex-
periment 23.

Experiment df R2 Slope±SE pslope Intercept±SE pintercept

21 21 0.62 0.84±0.14 0.2 0.01±0.01 0.2
22 21 0.67 1.05±0.15 1 0.00±0.01 1.0
23 20 0.76 0.85±0.10 0.1 0.01±0.00 0.1
23-Cl− 20 0.94 1.01±0.05 0.5 -0.94±3.55 0.5

The 2D unsteady reactive simulation model was capable of reproducing

the ambient SRP evolution at the middle Ebro river under three different river

discharges. Hence, although river flow was unsteady, the model predicted the

SRP uptake with an acceptable accuracy.

6.7 Model application

The complete 2D unsteady simulation model includes passiveand reactive

dissolved solute transport, suspended solute transport, erosive potential and

suspended solute sedimentation. Using the complete model it is possible to

reproduce erosion/sedimentation processes, hydrological connectivity, nutri-

ent floodplain river contribution and SRP uptake, which are the main pro-

cesses involved in floodplain evolution. Therefore, the model can interpret

and predict the floodplain development, and it can be a usefultool in ecolog-

ical restoration.

Proposing ecological restoration possibilities needs a previous analysis of
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the current situation. Hence, in this section, the current floodplain SRP uptake

potential, erosion and sedimentation processes, hydrological connectivity and

the river nutrient contribution to the floodplain are analyzed. Then, once the

ecological restoration need is known, two restoration scenarios are proposed.

6.7.1 Analysis of the current scenario

Four flooding events registered during 2007, with peak discharges of 800,

900, 1169, and 2250m3/s were simulated. All of them are ordinary flooding

events with a recurrence period of: 0.21, 0.25, 0.4 and 3.4yr respectively.

The discharge of SPOM, SPIM, SRP and TDS registered at each flooding

event was included into the simulations.

Floodplain hydrological connectivity was studied in Chapter 4. Results

established that the study area is almost completely floodedwith a return

period of 3.4 yr, while 40 % of the study area is flooded every year. Almost

all the yearly flooded area corresponds to the first 200m from the river bank

to the floodplain, where the right riverside is flooded more intensively than

the left riverside.
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Figure 6.7: Comparison of simulated and observed River-oxbow lake connec-
tion.

Left: Oxbow lake at 1164m3/sriver discharge. Right: Simulated oxbow-lake
at 1164m3/s river discharge.

The oxbow lake is superficially connected to the river at least once a

year, when river discharge raises to 1100m3/s (see Fig. 6.7). The yearly

river-oxbow lake surface connection is restricted to on point located 2.2Km

downstream from the inlet domain, whose connexion discharge is 0.05m3/s.

However, when the river discharge reaches 1100m3/s, the whole oxbow lake

gets superficially connected to the river.

6.7.1.1 Sedimentation

Simulation results show a spatially variable sediment deposition across the

flood plain, where the greater sediment quantities were deposited on those

surfaces within close proximity to the river channel. Most of the sediment

(80 %) is deposited in the 30 % of the yearly flooded area, whichcorresponds

to the first 200m from the river to the floodplain (see Figs.6.8, 6.9, 6.10and
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6.11). In contrast, only 6 % of the sediment is deposited in the remote parts

of the floodplain, which are flooded with 3.4yr of recurrence period (1927-

2010). The estimated yearly sediment floodplain depositionis 0.08Kg/m2yr,

corresponding to 252.7E03Kg over the full floodplain area.

Hydrograph II Hydrograph III

Hydrograph IV Hydrograph V

Figure 6.8: Current sediment deposition.
Simulated sedimentation at hydrographs II, III, IV and V.
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Figure 6.9: Current sediment deposition profile 1.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline indicates
the profile of the terrain. Bars represent the sediment accumulation.
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The estimated floodplain deposition ranged from 0.02 to 0.27Kg/m2 (see

Table6.6). This amounted 48.8E03-818.3E03Kg of sediment and consti-

tutes 0.08-0.15 % of the total sediment input during the considered flooding

events. In general, the accumulation of sediment decreasedwith distance

from the river channel. The adjacent riparian forest receives in almost all

cases more than 50 % of the deposited sediment whilst remote riparian forest

areas, located in the old floodplain terrace, receive less than 10 % of the total

rate (see Table6.6and Table11.1). Agricultural fields and pasture areas also

show an important sedimentation rate, and it increases withriver discharge.

When the corridor is almost completely flooded (2250m3/s), sedimentation

rate at crops and pasture is higher than at the riparian forest (see Table11.1

in Appendix11).

Table 6.6:Total simulated sediment and SRP retention during each hydrograph.

Sediment deposition SRP uptake
Hydrograph % Tn Kg/m2 % Tn Kg/m2

II 0.12 57.3 0.02 77 182.7 0.06
III 0.08 48.4 0.02 70 179.4 0.06
IV 0.15 147.0 0.05 56 280.6 0.07
V 0.02 818.3 0.27 83 765.5 0.25

The estimated yearly sedimentation rate within the oxbow lake is 0.7

Tn/yr (see Table11.1 in Appendix11). This sedimentation occurs mainly

within the channel that connects the river and the oxbow lake, which is lo-

cated in the downstream part of the oxbow lake. However, higher flooding

events increases the connection between the river and the oxbow lake, and

therefore, its sedimentation area.
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6.7.1.2 Ambient SRP uptake

Simulation results estimated a high SRP uptake capacity, which ranged from

0.06 to 0.25Kg/m2 (see Table6.6and Figure6.12). This amounts 179.4-76.5

Tn, and corresponds to 56-83 % of the total SRP input. Similar tosediment

deposition, SRP uptake decreased with distance from the river channel. The

main SRP uptake is realised within the main river channel andits adjacent

areas whilst remote zones such as remote riparian forest, the oxbow lake and

the constructed wetlands hardly received SRP load (see Table 11.2).

A significant linear regression (r2 = 0.59; p≤ 0.05) between total sedi-

ment deposition and SRP load in the selected habitats (see Figure6.3) after

the four flooding events show the positive correlation between both processes.

Hence, the main sedimentation areas correspond to the highest SRP concen-

tration zones, and therefore, to the highest SRP uptake zones. However, the

river channel is an exception, and its sedimentation and SRPconcentration

show a different pattern. Since main channel register the highest flow veloc-

ity, its sediment deposition is restricted to the river bankareas. Hence, if the

main channel habitat is removed from the linear regression,the correlation

coefficient improves fromr2 = 0.59 to r2 = 0.94 (p ≥ 0.95), and confirms

the correlation between sedimentation and SRP uptake.

6.7.1.3 Floodplain SRP buffering potential

We have analyzed the ambient SRP uptake of the floodplain, which was car-

ried out under low river discharge and without an additionalSRP input. How-

ever, to evaluate the SRP uptake potential it is necessary toadd SRP to the
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system and study its buffer capability. Nutrient addition experiments may

increase the natural nutrient uptake potential of the system Mulholland et al.

(133), but it also gives a valuable information about the maximumbuffer ca-

pability of the system. However, since the study site is included into a natural

reserve, the nutrient addition experiments to the river arenot possible. There-

fore, four SRP addition experiments under four river discharges have been

simulated (see Table6.7).

Table 6.7: Simulated floodplain SRP buffering potential.

The SRP uptake potential (%) is calculated as consumed SRP divided by
SRP input concentration and multiplied by 100. Last column represents the
correlation coefficient of the linear regression between the results obtained
in each discharge under the five SRP added concentration. Last row is the
correlation coefficient of the linear regression between the results obtained
from each SRP added concentration under the four river discharges. Bold
values represents the non-significant linear regressions at p≤ 0.05.

Discharge (m3/s) 0 ppm 1 ppm 3 ppm 5 ppm 10 ppm r2

500 94.2 95.3 95.9 85.2 84.7 0.78
1000 93.5 92.7 92.0 90.4 88.1 0.99
1500 94.6 95.1 95.0 92.6 91.1 0.91
2000 94.6 96.3 94.2 93.7 92.7 0.59
r2 -0.02 -0.22 -0.46 0.96 0.96

According to the results, the floodplain show a high SRP uptake potential

that ranges from 85.2 to 96.3 % and variates negatively with the SRP concen-

tration (see Table6.7). The significant linear regressions between the results

obtained from each river discharge suggest that the SRP uptake is more af-

fected by the inlet SRP concentration than by the river discharge (see Table

204



6.7 Model application

6.7), and the effect is negative. Hence, for the same river discharge, the SRP

uptake would be higher under a low SRP load. The highest SRP concentra-

tions, 5 and 10 ppm, appears to be affected by the river discharge as well,

where the highest discharge value correspond to the highestSRP uptake (see

Table6.7).

The SRP addition resulted in an increasing of the SRP concentration

in almost all habitats, where the highest increasing is produced in the river

and its adjacent riparian forest (see Figs.11.7 11.8, 11.9 and11.10in ap-

pendix11). The river SRP concentration increases from 4.0E-03±5.0E-02 to

0.042±0.032ppmunder 500m3/s river discharge, whilst the adjacent ripar-

ian forest changes from 0.009±0.005 to 0.02±0.009 ppmunder 2000m3/s

river discharge (see Fig.6.13). Hence, the most affected habitats are the river

and its adjacent riparian forest.

The paleochannel appears to be an important SRP uptake habitat as well,

where during the 1500m3/s river discharge and 10ppmof SRP simulation,

the SRP concentration changes from 0.001±0.003 to 0.006±0.005ppm(see

Figs. 11.7 11.8, 11.9and11.10in appendix11). On the contrary, the distant

and remote riparian forests showed the lowest SRP increasing (see Figs.11.7

11.8, 11.9 and 11.10 in appendix11). Both habitats are the furthest from

the main river channel, and the low SRP increasing suggest that most of the

SRP content have previously been uptaken before the water floods both areas.

The main concentration increasing as a result of the SRP addition is pro-

duced in the river and its adjacent riparian forest (see Figs. 11.7 11.8, 11.9

205



6. MODELING NUTRIENT AND SEDIMENT DYNAMICS IN THE
MIDDLE EBRO RIVER FLOODPLAIN (NE SPAIN): A
VALIDATION

and11.10in appendix11). The highest SRP increasing reaches 0.032ppm,

occurred under 500m3/s river discharge and 10ppmof added SRP and leads

to 0.042±0.032ppmof SRP into the river.

In general, the estimated buffering potential of the floodplain is higher

than that reported in other studies based on nutrient addition experiments.

James and Larson (94) analyzed the SRP retention efficiency of the Min-

nesota River using the WWTP effluent as an external nutrient source and ob-

tained a retention efficiency that ranged from 3-96.8 %. Macrae et al. (115)

added SRP into an agricultural stream and found a maxium SRP retention of

23 %. Triska et al. (200) observed an SRP uptake of 2-68 % from an SRP ad-

dition experiment in Costa Rica. Jarvie et al. (95) reported an SRP retention

of 72 % in a lowland eutrophic river in UK, downstream of a sewage effluent.

Hence, our model is probably overestimating the floodplain buffering SRP

potential. The simulation model does not include phosphorus nor sediment

resuspension, and since it is an important source of phosphorus (Reddy et al.

(167)), the net SRP uptake could be overestimated.

Despite the high SPR buffering potential of the floodplain, most of the

SRP is just deposited into the sediment as particulate phosphorus. The phos-

phorus accumulation into the soil could induce eutrophication processes once

it is resuspended. Furthermore, accumulating this phosphorus mainly in two

habitats, the adjacent riparian forest and the paleochannel, could produce an

excess of this nutrient in both habitats and a lack of phosphorus in the rest of

habitats. Hence, despite the floodplain has a high SRP uptakepotential, the
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current morphology induces the phosphorus accumulation ina few habitats,

whilst the rest hardly receive phosphorus.

6.7.1.4 River dissolved nutrient contribution to the floodplain

Dissolved nutrient was included in the simulation model as TDS, where no re-

action term has been included. Therefore, floodplain dissolved nutrient con-

tribution shows exactly the same pattern as hydrological connectivity. The

calculated yearly dissolved nutrient contribution to the adjacent riparian for-

est is 37% of the total river load, while the remote riparian forest appears not

to receive any dissolved nutrient load during an ordinary flooding event.

The calculated yearly TDS river contribution to the oxbow lake is 0.7%

of the total river load, but it increases to 3% when the river discharge reaches

2250 m3/s. In the same way, TDS contribution to remote riparian forest

increases from 0 to 6% of the total load when the river discharege reaches

2000m3/s (see Figure6.14).

6.7.2 Current scenario

Estimated sedimentation rate is comparable to the measuredsediment deposi-

tion in other studies such as Thoms et al. (196), who reported a sedimentation

rate of 0.001-1.94Kg/m2 in the floodplain River-Murray. Steiger and Gur-

nell (190), observed a similar sedimentation rate in the riparian zones of the

Garonne river that ranged from 0.1 to 160.1Kg/m2. Kronvan et al. (110)

registered an average sedimentation rate of 3.6, 6.6, 3.2 and 3.0Kg/m2 for

the rivers Gjern, Brede, Odense and Skjern, respectively. In the same way,
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the spatially variable estimated distribution of the deposited sediment is con-

sistent with those reported in other studies (Asselman and Middelkoop (6);

Walling et al. (211); Middelkoop and Asselman (129); Thoms et al. (196);

Steiger and Gurnell (190)). Flood-plain topography, surface roughness, of-

ten related to vegetation, and the magnitude and frequency of flooding event

are thought to have an important influence on flood-plain sedimentation pro-

cesses (Thoms et al. (196)).

Estimated SRP uptake is slightly higher than those reportedin other stud-

ies such as Bowes and House (23), who observed a dissolved inorganic phos-

phorus retention of 58-74 % during an overbank flooding, or Van der Lee

et al. (202), whose phosphorus adsortion observations ranged from 50 to 70

% of the total phosphorus. Gelbrecht et al. (61) reported an SRP net retention

during an overbank flooding that ranged from 64 to 76 %. The higher SRP

uptake estimation is probably due to an overestimation of the net SRP uptake.

Since the model does not consider the SRP remobilisation, net SRP uptake

could be overestimated.

The strong correlation between SRP uptake and sediment deposition is

consistent with the results of Olde Venterink et al. (149), who found that

phosphorus uptake is largely influenced by the process of sedimentation. In

the same way, Bowes and House (23) found that the highest dissolved inor-

ganic phosphorus retention occurred under the highest suspended solids con-

centration. Alexander et al. (4) found that nutrient retention increased with

decreasing water depth streams and rivers of the Mississippi catchment.
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Hence, combining water flow, sediment, SRP and dissolved nutrient sim-

ulation results, there is a correlation between hydrological connectivity and

the redistribution of organic matter, inorganic matter andSRP. Frequently,

flooded habitats also receive more sediment and phosphorus,and the flooding

gradient also creates a gradient or mosaic in nutrient availability, as in Gon-

zalez et al. (64). We found a lateral sediment and dissolved nutrient gradient

from the river to the floodplain (see Figs6.9, 6.10and6.11for sedimentation

lateral gradient). These results are consistent with thoseobtained by Kronvan

et al. (110), who stated that approximately half of the total calculated amount

of retained sediment was deposited in the near-channel area. In the same way,

Brunet et al. (28) found that deposition of sediment was 50 times higher in

the riparian zone (1050 m away from the river channel) than further away

from the river channel.

On the other hand, sedimentation process dominates the floodplain hy-

dromorphological activity. Hydromorphological activityis based on the cut-

avulsion phenomena governed by the flow regime, where an equilibrium be-

tween both processes produces and maintains the floodplain ecosystem (Bay-

ley (14)). However, simulation results show an important sedimentation rate

within the first 200 m of the floodplain, while results from Chapter4 showed

a lack of important erosive processes. Therefore, according to the simula-

tion results, there is non equilibrium between the erosion and sedimentation

processes, and the floodplain is under accretion phenomenonthat produces a

gradual loss in river-floodplain connectivity.
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The exchange of nutrients, organic matter, inorganic sediments, organ-

isms, seeds and vegetative material as well as the flow velocities and scouring

during floods shapes the structure and functionality of a floodplain (Junk et al.

(102), Asselman and Middelkoop (6), Heiler et al. (73), Ward et al. (214)). In

that sense, the lateral gradient, restricted to the first 200m of the floodplain,

and the lack of important erosive processes would lead to an static ecosys-

tem with most of the habitats disconnected from the river, anold riparian

forest and a limited renovation rate (Junk et al. (102), Hughes and S.B. (88)).

Hence, the floodplain will loose part of its functions such asflooding events

mitigation, water quality improvement, wild live refuge and recreational use

(Junk et al. (102), Ward et al. (215), K. and Standford (103)).

Under these results, it can be stated that the floodplain needs to restore the

shifting mosaic of habitats to guarantee its functionality. It can be restored

through an increase of the hydromorphological dynamism andthe hydrolog-

ical connectivity between the river and the floodplain (Richards and Hughes.

(170)). The hydromorphological restoration should guarantee acomplete and

recurrent floodplain flooding that produces and maintain thedynamic equi-

librium between the new and old creation habitats. Hence, a different topo-

graphic scenario that facilitate morphological changes and provide a different

the nutrient and sediment distribution is needed. The most efficient scenarios

in erosive potential increasing from Chapter4, but including sedimentation,

dissolved nutrient transport and SRP uptake were simulated.
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6.8 Scenario 1: 2mdike height

A terrain modification based on a height reduction of the river defenses may

increase flooding, its erosive potential and sediment spreading to the remote

riparian forest areas. As stated Chapter4, the restoration scenario number 4,

based on the 2m height reduction of the river defense and abandoned crop,

increases the flow erosive capability in some of the riparianforest zones. At

the same time, this restoration strategy increases the flooded area, where the

remote riparian forest is flooded under lower river discharge, ∼=1200m3/s.

Hence, it might also change the sedimentation pattern and reduce part of the

vertical accretion.

Table 6.8: Total simulated sediment and SRP retention for each experimental
hydrograph under Scenario 1.

Sediment deposition SRP uptake
Hydrograph % Tn Kg/m2 % Tn Kg/m2

II 0.06 29.1 0.01 68 161.6 0.05
III 0.09 52.0 0.02 79 202.3 0.07
IV 0.1 98.7 0.03 88 443.0 0.12
V 0.03 910.0 0.3 89 820.9 0.27

6.8.1 Sedimentation

Simulation results show a decrease of the total sediment deposition except

for hydrograph V, whose sedimentation increases compared to the reference

situation (see Table11.3and Figs.6.15, 6.16, and6.17 6.18). Sediment dis-

tribution among the habitats is different from the reference situation except

for Hydrograph V, whose main sedimentation area remains thesame although
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its sedimentation rate is considerably higher (see Table11.3). Hydrograph II

changes its main deposition area from the adjacent riparianforest to the main

channel, whilst at hydrographs III and IV, this changes fromthe crops/pasture

to the adjacent riparian forest (see Table11.3).

Although total sedimentation decreases compared to the initial situation,

the difference in spatial sedimentation pattern increasessediment deposition

in some of the habitats. Hydrograph II increases its sedimentation in the

crops/pasture and paleochannel, whilst hydrograph III increases sedimenta-

tion in the adjacent riparian forest and the paleochannel. In the same way,

hydrograph IV increases the sediment deposition at the adjacent riparian for-

est, remote riparian forest and oxbow lake, whilst hydrograph V increases

its sedimentation in all habitats except for the main channel and its adjacent

riparian forest (see Table11.3).
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Figure 6.10:Current sediment deposition profile 2.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline indicates
the profile of the terrain. Bars represent the sediment accumulation.
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Figure 6.11:Current sediment deposition profile 3.
Upper: profile location. The arrow indicates the profile direction. Lower
sedimentation profile at hydrographs II, III, IV and V. Brownline indicates
the profile of the terrain. Bars represent the sediment accumulation.
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SRP (mg/l): 0.000   0.002   0.004   0.007   0.009   0.011   0.013   0.016   0.018   0.020

Hydrograph II Hydrograph III

Hydrograph VI Hydrograph V

Figure 6.12:Simulated SRP concentration
SRP concentration during the peaks discharges of hydrographs II, III, IV

and V.
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SRP (mg/l):   0.000   0.002   0.004   0.007   0.009   0.011   0.013   0.016   0.018   0.020

1 mg/l 3 mg/l

5 mg/l 10 mg/l

Figure 6.13: Floodplain SRP uptake potential: 2000m3/s
Simulated SRP concentration under 1, 3, 5 and 10mg/l SRP added

concentration
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TDS (mg/l): 100   144   189   233   278   322   367   411   456   500

Hydrograph II Hydrograph III

Hydrograph VI Hydrograph V

Figure 6.14: Simulated TDS concentration
TDS concentration during the peak discharges of hydrographs II, III, IV and

V.
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Hydrograph II Hydrograph III

Hydrograph VI Hydrograph V

Figure 6.15:Sediment deposition under scenario 1
Simulated sediment deposited during the hydrographs II, III, IV and V.
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Figure 6.16: Sediment deposition profile 1 at scenario 1.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline indicates
the profile of the terrain. Bars represent the sediment accumulation.
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This strategy appears to be efficient to redistribute the sediment deposi-

tion and to decrease the vertical accretion. The terrain modification alters the

water course and facilitates flooding and sediment deposition in the remote

riparian forest. At the same time, it induces an increased flow velocity for

hydrographs II, III and IV, which would lead to a reduced overall sediment

deposition. Nevertheless, the sediment deposition increasing under hydro-

graph V could increase the vertical accretion phenomenon, although since

this sedimentation increasing is restricted to the crops/pasture habitat (see

Table11.3and Figure6.15), there is no vertical accretion increasing into the

natural floodplain system. Indeed, sedimentation rate intothe natural flood-

plain system changes from 338.1 to 174.1Tn/m2 compared to the reference

situation.

6.8.2 SRP uptake

The water course alteration increases the total SRP uptake for hydrographs

III, IV and V, but not for hydrograph II, whose total SRP uptake is reduced

respect to the reference situation (see Table11.3and Figure6.19).

SRP concentration is higher compared to the reference situation in al-

most all habitats except for the main channel, whose SRP concentration de-

creases for hydrographs II, III and V (see Table11.4). Since the terrain mod-

ification deviates part of the flow into the floodplain, the floodplain SRP in-

put increases, and therefore, the main channel SRP concentration decreases.

Moreover, providing that the floodplain suspended solids concentration is
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also higher, the water column SRP uptake process increases,and probably,

there is an increase of the floodplain SRP sediment attached contribution.

Hydrograph V show an SRP concentration increasing into the remote ri-

parian forest, whose SRP concentration increases one magnitude of order (see

11.3in appendix11). Hence, simulation results shows this restoration strat-

egy as an efficient scenario that increases the floodplain SRPuptake potential,

the sediment and SRP contribution into the remote riparian forest, reduces the

floodplain vertical accretion, and restore in some way the floodplain morpho-

logical dynamism (see Chapter4).

6.9 Scenario 2: hydrological connectivity increase

A terrain modification based on hydrological connectivity restoration of the

paleochannel, the secondary channel and the oxbow lake was the most effi-

cient solution for the hydromorphological restoration purpose (see Chapter

4). This restoration strategy does not increase the flooded area but it does in-

crease the flow erosive potential, inducing significant morphological changes

(see Chapter4).

6.9.1 Sedimentation

Simulation results show a sediment deposition increase during hydrographs

II, III and IV, and a sedimentation decrease during hydrograph V (see Table

6.9). Sediment deposition increases mainly into the adjacent riparian forest

and the paleochannel, whilst agricultural crops and pasture reduces its sedi-

mentation in almost all the cases (see Table11.5).
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Table 6.9: Total simulated sediment and SRP retention during each hydrograph
at Scenario 2.

Sediment deposition SRP uptake
Hydrograph % Tn Kg/m2 % Tn Kg/m2

II 0.26 128 0.03 88.7 210.9 0.06
III 0.23 133.3 0.04 80.4 206.1 0.05
IV 0.15 153.3 0.04 88.5 446.3 0.12
V 0.01 517.1 0.14 74.2 684.6 0.18

Sedimentation pattern reduces its heterogeneity comparedto the refer-

ence situation. Main sedimentation areas are those whose topography has

been modified, whilst the rest of the floodplain hardly receives sediment (see

Table11.5and Figs.6.21, 6.22and6.23). Left riverside show the lowest sed-

iment deposition, and only under hydrograph V sedimentation is extended to

the whole floodplain (see Figs.6.21, and6.22 6.23).

Sediment deposition increasing under low river discharges(T≤1yr) could

increase the floodplain vertical accretion. Nevertheless,main sedimentation

areas are also those with the highest probability of being eroded under a flood-

ing event of 2000 or 3000m3/s peak discharge (see Chapter4). Hence, al-

though sediment could be accumulated in these areas every 0.1-0.4 yr, the

sediment accumulation could also be eroded every 3.4yr and decelerate the

floodplain vertical accretion.

Hydrological connectivity between the river and the oxbow lake increases,

and the threshold river discharge changes from 1100 to 800m3/s. Hence, it

is possible to find sediment deposition within the oxbow lakeunder river dis-
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charges close to the new threshold value, increasing from 0.0 to 0.2Tn (see

Table11.5in appendix11). The higher sediment accumulation in the oxbow

lake under low river discharge could increase the nutrient accumulation and

probably generate eutrophication. However, the terrain modification favors

the flow velocity increasing under high river discharge suchas 1100, 2250 or

3000m3/s (see Chapter4). The higher flow velocity reduces the oxbow lake

sediment deposition and probably erodes part of the deposited sediment (see

Table11.5in appendix11). Hence, although certain sediment accumulation

is produced under low river discharge, it could also be eroded when the river

discharge rises 1100m3/s, reducing the possible eutrophication problems.

On the contrary, sediment contribution to the remote riparian forest de-

creases from 0.2 to 0.007Tn/yr. Thus, the nutrient availability for the remote

riparian forest will be even lower than in the reference situation, being possi-

ble to accelerate its aging process. Nevertheless, since this scenario induces

geomorphological activity, there would be a large number ofnew creation

habitats to compensate the system aging process.
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Figure 6.17: Sediment deposition profile 2 at scenario 1.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline represent
the profile of the terrain. Bars represent the sediment accumulation.
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Figure 6.18: Sediment deposition profile 3 at scenario 1.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline represent
the profile of the terrain. Bars represent the sediment accumulation.
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SRP (mg/l):   0.000   0.002   0.004   0.007   0.009   0.011   0.013   0.016   0.018   0.020

Hydrograph II Hydrograph III

Hydrograph VI Hydrograph V

Figure 6.19: Simulated SRP concentration at scenario 3 during the peaks dis-
charges of hydrographs II, III, IV and V.
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Sedimentation (Kg/m2)

Hydrograph II Hydrograph III

Hydrograph VI Hydrograph V

Figure 6.20: Sediment deposition at scenario 2
Simulated sediment deposition during the hydrographs II, III, IV and V.
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Figure 6.21: Sediment deposition profile 1 at scenario 2.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline indicates
the profile of the terrain. Bars represent the sediment accumulation.
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Under this results, we can affirm that this strategy establish certain equi-

librium between erosion and sedimentation processes that provides an im-

proved relationship between the new creation and old habitats. Erosion and

sedimentation may, occur at particular locations in different events (Hughes

(87)). Scenario 2 provides to certain habitats erosion or sedimentation de-

pending on the river discharge. Low river discharge inducessedimentation at

the modified habitats, and high river discharge generate erosion at the same

zones.

6.9.2 SRP uptake

Estimated SRP uptake increases and ranges from 74 to 87 % of the total in-

let SRP (see Table6.9). Furthermore, this terrain modification induces an

increasing of the phosphorus load whithin the modified habitats (see Table

11.6 in appendix11), where the paleochannel, adjacent riparian forest and

the oxbow lake increases its phosphorus load, whilst it decrease in the rest of

the floodplain.

The paleochannel and the adjacent riparian forest appears to be the main

floodplain SRP uptake habitats. Since these areas also show ahigh sedimen-

tation rate, probably, most of the SRP is just deposited in the soil attached to

the sediment. Hence, the rest of the habitats, such as the agricultural crops

or the remote riparian forest, do not receive neither SRP or sediment, and its

river nutrient contribution is reduced.
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6.10 Restoration strategies

In general, scenarios 1 and 2 increase the flooded area and thepotentially

eroded area (see Figs.6.24 and 6.25), improving the morphological dy-

namism of the floodplain respect to the current situation. However, scenario

2 generates morphological activity with a lower recurrenceperiod, acceler-

ating the morphological restoration. There is often a closeinterdependence

between the channel dynamics that renew habitat and succession processes

(Richards and Hughes. (170)), hence, the application of scenario 2 would

generate new set of habitats whose extension increases withthe river dis-

charge. The paleochannel, oxbow lake and constructed wetlands would be

eroded and partially substituted by gravel and sediment deposition. It would

generate a new substrate available for the riparian vegetation recruitment and

a new set of channels and gravel bars that would increase the floodplain hy-

drological connectivity. As a result, the floodplain structure would provide a

better equilibrium between the new creation and old habitats, and therefore,

biodiversity, water quality and recreation use would improve.

On the other hand, scenario 1 appears to be more efficient in sediment

and SRP load retention (see Figs.6.24 and6.25). Thus, scenario 1 would

induce the river nutrient contribution into the floodplain and probably would

reduce the nutrient plant availability problems into the remote riparian forest

area (see Table11.3in appendix11)). Hence, if the restoration objective were

to increase the floodplain nutrient plant availability, scenario 1 would be an

efficient alternative. However, since the restoration objective is to increase

the morphological dynamism and restore the floodplain dynamic equilibrium,

scenario 2 appears to be the most efficient strategy.
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6.11 Conclusions

The aim of the study was to develop a predictive simulation model that inte-

grates flow dynamics, sediment transport and phosphorus uptake in different

spatial-temporal scales and suitable for floodplain ecological restoration. In

this point, SRP uptake predictions were always significant (p ≤ 0.05) with

anr2 that ranges from 0.6 to 0.8. In the same way, sedimentation predictions

were also significant (p≤ 0.05) and with anr2 = 0.99. Hence, the validation

shows the model as an excellent tool capable of predicting flooding, sedimen-

tation and SRP uptake.

The analysis of the current floodplain sedimentation and SRPuptake

shows a positive correlation between both processes, and indicates the SRP

sediment adsorption as the main SRP uptake process during flooding events.

The model estimates a high floodplain ambient SRP uptake, that ranged from

85.2 to 96.3 %.

The simulation estimates a sediment deposition rate that ranges from 0.02

to 0.27Kg/m2. Most of this sediment is deposited within the river adjacent

areas, whilst the remote floodplain zones hardly receives sediment. The es-

timated SRP uptake ranges from 0.06 to 0.25Kg/m2, where most of it is

uptaken within the river adjacent areas as well as within theriver itself.

According to the simulation results, the remote floodplain areas shows a

lack of river nutrient contribution that could affect to thenutrient plant avail-

ability. On the other hand, the concentration of sedimentation within the river
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adjacent areas, might accelerate the vertical accretion phenomenon in those

areas. Therefore, to guarantee the floodplain functionality, a restoration that

increases the hydromorphological activity and recovers the shifting mosaic

of habitats is necessary.

Restoring the natural superficial water pathways appears tobe the most

efficient restoration strategy to increase the floodplain morphological dy-

namism. It would produce a new floodplain structure with a better equilib-

rium between the new creation and old habitats.
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Figure 6.22: Sediment deposition profile 2 at scenario 2.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline indicates
the profile of the terrain. Bars represent the sediment accumulation.
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Figure 6.23: Sediment deposition profile 3 at scenario 2.
Upper: profile location. The arrow indicates the profile direction. Lower:
sedimentation profile at hydrographs II, III, IV and V. Brownline indicates
the profile of the terrain. Bars represent the sediment accumulation.
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Flooded area (%) Eroded area (%)

Retained SRP load (%) Retained sediment load (%)
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Figure 6.24: Comparison of current situation, scenario 1 and 2 at hydrograph
IV.

Comparison of flooded area, eroded area, retained SRP load and retained
sediment load.
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Figure 6.25: Comparison of current situation, scenario 1 and 2 at hydrograph
V.

Comparison of flooded area, eroded area, retained SRP load and retained
sediment load.
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7

General Discussion

7.1 The hydraulic model

The hydraulic 2D model SFS2D has been validated using accurate data such

as a differential GPS information for the flooding area measurements and

pressure and temperature sensors for the water depth data. The accuracy of

flooded area extension predictions (FitA) ranged from 66 to 90 %, and the

average and Standart Deviation was 79±13%. In the same way, the accuracy

of the water depht predictions ranged from 0.19 to 0.49m with an average

and Standart Deviation of 0.32±0.10 m. Part of this disagreement between

measured and calculated water surface level is due to the surface-groundwater

interaction, which despite of it is significant at the study site (Cabezas et al.

(35)), it was not considered in the hydraulic model. The disagreement is al-

most restricted to the initial and final stages of the floodingevent (see Figures

4.15, 4.17and4.19), and excluding both stages from the accuracy analysis,

the average of the difference between measured and predicted water level de-
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creases from 0.32±0.10 to 0.25±0.06m, making the model predictions even

more accurate.

The validation results are comparable to those reported by Horritt and

Bates (82), who registered aFitA = 0.84% using the TELEMAC-2D hy-

draulic model and satellite imaginary data for the validation step. The com-

parison should be carefully interpreted because the satellite imaginary data

has not the same accuracy as our validation data, and Horrittand Bates (82)

concluded that the model requires a more accurate validation. Tayefi et al.

(194) reported aFitA that ranged from 51 to 65 % uging a 2D diffusion wave

hydraulic model and surveyed wrack lines measured on the dayafter the flood

event as a validation data.

The water depth validation results are also similar to otherstudies such

as Connell et al. (51), who reported±0.26m Standard Error in water depth

using HYDRO-2D model and resident-supplied information and photographs

for the validation purpose. Erpicum et al. (54) obtained a difference between

measured and calculated water depth that ranged from 0.01 to0.25m using

a 2D hydraulic model based on the shallow water equations anddiscretized

in space with a finite volume scheme. The simulations were restricted to the

steady-state peak flows considered instead of the whole flooding event sim-

ulation that we carried out. In the same way, Buttner et al. (32) simulated a

steady-state flow peak discharge using the hydraulic model RMA-2 and re-

ported a difference between measured and calculated water depth that ranged

from 0.1 to 0.40m. The validation data were obtained from the shoreline of
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the flooded area using a differential GPS.

Comparing the validation results to other floodplain modeling studies,

SFS2D accuracy does not stand out from the other 2D models. However,

simulating the whole flooding event instead of steady-stateflow peaks dis-

charge such as Horritt and Bates (82), Buttner et al. (32) or Erpicum et al.

(54), introduces more uncertainty in the the model predictions. Furthermore,

the validation data used in the present work are more accurate than these used

in most of the floodplain flooding studies (i.e. Connell et al.(51); Horritt and

Bates (82); Wagner (208); Tayefi et al. (194)). A floodplain hydraulic model

validation using real and accurate field spatial-temporal evolution data makes

the validation step more precise.

Even though assuming that the accuracy of the SFS2D model is not sig-

nificantly different from other models, since it is based on the full shallow

water equations (Murillo et al. (138)), it provides a more reliable information.

Most of the 2D models used in eco-hydraulics problems such asMIKE-21,

RMA-2, TELEMAC-2D, TUFLOW or Tayefi et al. (194) model, are simpli-

fied models that neglect the inertial terms and assume important simplifica-

tions of the dynamics. Thus, in terms of the physical-chemical floodplain

processes, the simplifications reduces significantly the meaning of the calcu-

lated velocity. For instance, simplified models based on thekinematic wave

assumption are limited by the impossibility to hold backwater effects, of great

importance in floodplain processes (102). Hence, the SFS2D hydraulic model

provides an accurate information of the spatial and temporal evolution of the
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flooded area, water depth and flow velocity, which are of paramount impor-

tance when dealing with eco-hydraulic problems.

Furthermore, the SFS2D hydraulic model couples the solute transport

to the hydrodynamics, where a more realistic solute transport can be repre-

sented. The conventional methods for performing environmental simulations

in rivers such as the used in HYDRO-2D, MIKE-21 or IBER hydraulic mod-

els, decouple the hydrodynamics and the transport of chemical agents. Ig-

noring unsteady hydrodynamical effects means that only a quasi-steady pro-

cess over very slowly varying bed level can be reasonably modeled, so that,

the correct simulation of solute transport in rapidly varying flows containing

shocks or discontinuities remain excluded. When solving real problems one

is likely to encounter all sorts of situations, with a high probability that naive

methods will compromise the quality and reliability of the solution.

Nevertheless, the SFS2D model has a non negligible disadvantage com-

pared to the simplified models, which is the computational cost. The hy-

draulic simulations of a real flooding events show the same computational

time as the real flooding event does. Furthermore, if the simulation includes

solute transport/reaction, the simulation time increasesconsiderably. In the

same way, the need of accurate information could also be considered as a

disadvantage, although it is a subjective question. When the problem solu-

tion needs to be accurate, the input information has to be as accurate as the

desirable solution, independently of the selected simulation model.
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7.1.1 Flow erosive potential

A simple formulation to estimate the flow erosive potential based on the bot-

tom shear stress, has been included in the SFS2D model. This formulation

allows to estimate the floodplain hydromorphological activity, which is usu-

ally based on the equilibrium between concave bank erosion and the convex

bank sedimentation.

The model predicts that the main erosive processes are restricted to the

river adjacent areas, where the point gravel bar located in the right river mar-

gin receives most of the flow erosive potential. These results are consistent

to those obtained by Gonzalez-Sanchis et al. (65), Cabezas et al. (37) and

González et al. (63). Gonzalez-Sanchis et al. (65) pointed out as the only

significant geomorphic change occurred after flooding eventof a 2250m3/s

peak discharge, a gravel deposition at one of the predicted eroding points.

In the same way, González et al. (63) and Cabezas et al. (37) stated that the

cut-avulsion phenomenon is almost restricted to the river adjacent floodplain,

whilst at the rest of the floodplain prevail sedimentation process over erosion.

Although the model predictions are consistent to previous studies, there

are not available real data to validate i or to compare to other formulations.

Therefore, a real model validation would be desirable.

7.1.2 Solute transport

The solutes considered in the present work are dissolved as well as particu-

late, and their calculation need two different formulations.
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7.1.2.1 Dissolved solute transport

In surface water, the dissolved solute transport can be calculated using the

full shallow water equations (Murillo et al. (138)), simplifying it or using an

alternative formulation such as the transient storage model (TSM) (see Chap-

ter 5). Most of the water quality models uses a simplification of the shallow

water model, decoupling the dissolved solute transport from the hydrody-

namics (i.e. QUAL-W2, MIKE11, MIKE21, WASP6, IWA River Quality

Model No. 1, QUASAR). Since most of these water quality models are 1D,

quasi-2D or simplified 2D, its use to simulate the floodplain dissolved so-

lute transport during a real flooding event is not correct. Onthe other hand,

most the streams nutrient uptake studies use the transient storage model (i.e.

House et al. (84), Martı́ and Sabater (120), Scott et al. (184), Payn et al. (158),

Melody et al. (125), Michael N. Gooseff et al. (128), OConnor et al. (146)),

which is implemented in common simplified 1D models such as the USGS

One-dimensional Transport with Inflow and Storage (OTIS) numerical model

OTIS-P.

SFS2D model uses the full shallow water model to calculate the dissolved

solute transport, without decoupling it from the hydrodynamics. It has also

been validated in the present by means of 20 nutrient addition experiments

using the bromide as a conservative tracer. As a result, 19 out of 20 compar-

isons between measured and calculated data resulted in a significant linear

regression (p ≥ 0.5) whoser2 ≥ 0.91, and the slope and intercept did not

significantly differ from the unit and zero, respectively (p≥ 0.5). Hence, the

SFS2D model is capable of reproducing the dissolved solute transport with
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an excellent accuracy.

The validation results are comparable to those obtained using the TSM,

such as House et al. (84), Martı́ and Sabater (120), Scott et al. (184), Payn

et al. (158), Melody et al. (125), Michael N. Gooseff et al. (128) or OConnor

et al. (146) obtained similar or even better results. However, it is important

to mention that the TSM has non predictive character, where the final tracer

results are obtained by using the inverse method. The model adjust a curve

that represents the tracer load in one point using the experimental tracer data

in the same point. Hence, despite the model always obtain a nutrient load

curve with the minimum error, it can not be applied without previous experi-

mentation. Furthermore, this model assumes steady state flow conditions and

uniform velocity and cross sectional area, being incorrectits application in

a floodplain under transient flow regime such as the produced during a real

flooding event.

7.1.2.2 Particulate solute transport: sedimentation model

The particulate solute transport and decay (sedimentationmodel) is also cou-

pled to the model hydrodynamics using formulation to represent the sediment

deposition. It has been validated using field data collectedby Cabezas and

Comı́n. (33) and Cabezas et al. (38) during 2 real flooding events (see Chap-

ter6). The comparison between calculated and measured sedimentdeposition

showed a significant (p ≤ 0.05) linear regression, whoser2 = 0.97 with an

slope not significantly different from the unit (p≤ 0.05).
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The sediment deposition calculation is more accurate than the one re-

ported by Buttner et al. (32) using RMA-2 model with a decoupled sedi-

mentation model, SED2D-WES. Buttner et al. (32) measured the floodplain

sedimentation in 10 points, and the model predictions did differ one magni-

tude of order in 8 out the 10 points. In the same way, comparingour results to

those obtained by R.W.H. Carroll et al. (176), the SFS2D model also appears

to be best sediment deposition predictor. R.W.H. Carroll etal. (176) used a

decoupled 1D model where the hydraulics where attended by the RIVMOD

model, and the sediment transport was calculated using the WASP5 model

modified by Heim and Warwick (74) and Carroll and Warwick (43). The

simulated sediment deposition was drastically overestimated in 5 out of 10

sampling points.

The validation results are also more accurate than those obtained from

Thonon et al. (197) using the 2D suspended sediment transport, MoCSED.

Thonon et al. (197) obtained a significant linear regression between measured

and calculated sediment deposition whoser2 = 0.52.

Hence, looking at the validation results and its comparisons to other mod-

els, coupling the solute transport to the hydrodynamics andsolving them us-

ing the full shallow water equations appears to be an accurate methodology to

calculate them. However, the sedimentation model does not include erosion,

and it could be an inconvenient to calculate the yearly floodplain sediment ac-

cumulation. At the beginning of the flooding event, until thepeak discharge

is reached, the flow has its highest erosive potential, and probably, it erodes
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more than sediment deposits. Subsequently, as water discharge decreases, the

sedimentation process increases, and most of the flooding event sediment is

deposited. Therefore, if this first erosive process is not considered, the yearly

sediment accumulation might be overestimated.

7.1.3 Nutrient uptake

Nutrient uptake in streams or rivers is usually calculated by means of a sim-

plified 1D model such as the OTIS model (i.e.Martı́ and Sabater (120)), the

kinetic approach (e.g. Bowie et al. (24), Mcintire and Colby (124), Mulhol-

land et al. (133), Payn et al. (158)) and the TSM model (House et al. (84),

Martı́ and Sabater (120), Scott et al. (184), Payn et al. (158), Melody et al.

(125), Michael N. Gooseff et al. (128), OConnor et al. (146)). All of them

have in common the need of a previous experimentation to estimate some co-

efficients. Furthermore, the 1D simplified and the TSM assumes steady-state

flow conditions, uniform velocity and cross sectional area.The kinetic ap-

proach is independent to the hydraulics.

A comparison between the steady and unsteady state approaches shows

that both formulations produced a satisfying simulations of SRP retention

(Table5.10), but the unsteady approach was more accurate than the steady

model, mainly with variable flow. The agreement between bothformulations

under steady flow conditions is probably due to the uniform laboratory chan-

nel and irrigation canal characteristics, where the uniform cross sectional area

assumption was also accomplished. However, full steady-state assumptions
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may well be unrealistic in natural floodplain systems, whereit is very dif-

ficult to find a river or stream with a uniform cross sectional area or flow

velocity. The unsteady approach, in contrast, accommodates variable flow

velocity, cross sectional area and discharge. Therefore, this model would re-

produce the nutrient transport and uptake processes more realistically than

the steady-state simplification, but it still requires a sound estimate for the

uptake coefficient.

In order to avoid the need of a previous experimentation and to assume

uniform velocity and cross sectional area, a new SRP uptake formulation, for

both the water column and the sediment, was developed. It wasformulated

as a function of the main SRP uptake agents, which were determined thor-

ough field and laboratory experimentation. Both experimentations pointed

out the adsorption as the main SRP uptake process, where mostof the SRP is

attached to the water column suspended matter and subsequently deposited

on to the bed. These results are in agreement with many studies that indicates

the SRP adsorption as the main uptake process in rivers with high suspended

solids concentration (i.e. M. Stone et al. (114), Reddy et al. (167), House

et al. (85), Bowes and House (23), Olde Venterink et al. (149), Schulz and

Herzog (182), Jarvie et al. (96), James and Larson (94), etc.). As a result,

no constants or inlet-outlet SRP concentration are needed to predict the SRP

river uptake, where the only required model input data are: water discharge,

inlet of the suspended organic matter, suspended inorganicmatter and the

total dissolved solids, ambient SRP concentration, water temperature, and

sediment density and porosity.
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The new formulation was included in the SFS2D hydraulic model, and

resulted to be an excellent predictor of the SRP uptake in both, the sediment

and the water column. The comparison between measured and simulated data

provided always a significant linear regression (p≤ 0.05) whoser2 ≥ 0.83 in

19 out of 20 experiments, where 3 of them were carried out using a different

spatial-temporal scale. The linear regression slopes did significantly differ

from the unit atp≤0.05 in 6 out of 20 experiments.

Some of the predictive nutrient uptake formulation are onlyapplicable

within the system where it was developed (Schulz et al. (183)). The same

inconvenient is produced when using the simplified 1D model,the TSM or

the kinetic approach, where the experimental parameters are only valid for

the systems where they have been estimated. On the contrary,the model

presented in this work was formulated to make possible its application in a

floodplain-river system. The model validation in the river showed the model

applicability in a real riparian system. The model predictions showed a great

accuracy, where the linear regressions between measured and calculated SRP

concentration of the three experiments were significant (r2 ≥ 0.62; p≤ 0.05)

(see Table6.5). Model predictions did not introduce a systematic error, slopes

and intercepts did not significantly differ from the unit andzero respectively

(p≥ 0.1).

The validation results are more accurate than those obtained by Schulz

et al. (183), who developed an empirical predictive SRP uptake formula-
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tion for small pristine streams. Schulz et al. (183) obtained a significant

(p ≤ 0.05) linear regression between measured and calculated SRP data,

whoser2 = 0.43 is noticeably lower than our approximation. In the same

way, Rajendra Paudel et al. (163) simulated a wetland phosphorus uptake us-

ing the volumetric first order reaction rate, and the model predictions where

not always of the same order of magnitude as them measured data.

The model has proved to be a good predictor of the SRP uptake ina lab-

oratory channel, irrigation canal and in the river, but since the formulation

considers the adsorption as the main SRP uptake process, it would be not ap-

plicable to systems where the biotic SRP uptake is significantly higher than

the abiotic. In this way, probably the model is not applicable in small pristine

streams or general river basin headwaters, where the suspended solid con-

centration is very low, and the SRP uptake is more biotic thanabiotic (Reddy

et al. (167)). Therefore, this model appears to be a good SRP uptake predictor

for middle and low river basin reaches.

Furthermore, since the model does not include the SRP remobilization

process, the net SRP uptake results must be carefully interpreted because

they could be overestimated.
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7.2 The floodplain analysis across numerical simula-

tion

Using the complete simulation model, where the erosive potential, the solute

transport and SRP uptake are included, it is possible to simulate and analyze

the main process that produces and maintains the floodplain ecosystem such

as hydrodynamics, sediment deposition, river nutrient contribution and SRP

uptake.

The simulation results showed that the study area is almost completely

flooded with a return period of 3.4 yr (from 1927-2010), while40 % of the

study area is flooded every year. Almost all the yearly floodedarea corre-

sponds to the first 200m from the river bank to the floodplain, where the

right riverside is flooded more intensively than the left riverside. The simula-

tion results showed a disequilibrium between the erosion and sedimentation

processes where despite the sedimentation rate estimationis within the lit-

erature values, (e.g Thoms et al. (196) and Steiger and Gurnell (190)), the

flow erosive potential is almost restricted to the river channel adjacent ar-

eas. Hence, as Cabezas et al. (37) stated, sedimentation process prevails over

erosion, where the vertical accretion process gains relevance.

The simulation of different topographic scenarios based onthe hydro-

morphological activity recovering showed that the disequilibrium is probably

due to the river constructed defenses, which decrease the floodplain eroding

capability and the hydraulic connectivity between the river and its floodplain

(Ollero (152) and González et al. (63)). These results are consistent with
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those obtained by Ollero (152), Cabezas et al. (34) and Cabezas et al. (37),

who stated that the study site is notably affected by embankment structures,

where limited morphodynamic activity has been observed since the last half

of the twentieth century.

On the other hand, the sediment deposition showed an irregular pattern,

similar to those reported in other studies (e.g. Asselman and Middelkoop

(6); Walling et al. (211); Middelkoop and Asselman (129); Thoms et al.

(196); Steiger and Gurnell (190)). Flood-plain topography, surface rough-

ness, often related to vegetation, and the magnitude/frequency of the flood

event are thought to have an important influence on flood-plain sedimenta-

tion processes Thoms et al. (196). Furthermore, the simulation suggest the

presence of a lateral sedimentation gradient that in general decreases as dis-

tance to the river increases. According to this gradient, the remote floodplain

zones would receive a very low or null river sediment contribution, whilst the

adjacent riparian forest would receive the highest sediment concentration.

The same lateral gradient is observed at the river dissolvednutrient con-

tribution, and it is more significant in the case of SRP. Sincethe main SRP

uptake process is the solute adsorption, most of the inlet floodplain SRP con-

centration is uptaken within the first 200 m and subsequentlydeposited as

a particulate phosphorus. Hence, there are zones where despite they are

flooded under an ordinary flooding event, the river sediment and dissolved

nutrient contribution is low. In the same way, the remote floodplain zones

that are only flooded from 2000m3/s river discharge, receive a very low or
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null sediment and dissolved nutrient concentration, and itmight be affecting

negatively the riparian vegetation. In agreement with these results, Gonzalez

et al. (64) found at a remote floodplain zone, a lower nutrient plant availabil-

ity where phosphorus seems to be more limiting than nitrogen.

On the other hand, the simulation estimates a high floodplainSRP uptake

capability, and highlights its SRP buffer capability undernormal or altered

conditions. Under normal conditions, the mean molar DIN:SRP ratio (206:1)

indicates that probably the phosphorus is a floodplain limiting nutrient Un-

der altered conditions, such as a high SRP effluent concentration, the model

enhance the high floodplain buffering potential and its important role for the

water quality improvement.

7.2.1 Floodplain restoration need

River regulation (by channelization or flood control) results in terrestriali-

sation of the vegetation, associated with a reduced rate of turnover of the

fluvial landscape, reduced rates of ecosystem change, reductions of chan-

nel and ecosystem dynamics and of mosaic detail, reduced flood frequency,

and loss of habitat and age diversity (Richards and Hughes. (170)). Hence,

floodplain regulation lead to a degradation of the floodplainfunctionality that

affects biodiversity, water quality improvement and recreational use (Ward

and Standford (212), Ward et al. (214), K. and Standford (103)).

Results from the analysis of the floodplain current dynamicsare consis-

tent with this statement. The current erosion-sedimentation disequilibrium

and the lateral gradient in the river nutrient contributionis accelerating the
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floodplain vertical accretion and the general ecosystem aging process. The

lack of geomorphological activity is decreasing the shifting mosaic of habi-

tats and its change capability. The vertical accretion decrease the hydrological

connectivity between the river and its floodplain, and induces the terrestriali-

sation of the vegetation.

Under these results, we can affirm that the floodplain needs torestore

the shifting mosaic of habitats to guarantee its functionality. It can be re-

stored through an increasing of the hydromorphological dynamism and the

hydrological connectivity between the river and the floodplain Richards and

Hughes. (170).

Critically, the channel dynamics lead to new surfaces for colonization

and regeneration, and modeling tools are required to enhance understanding

of the ecological consequences of reach-scale channel dynamics, and of their

alteration by river management practices (Richards and Hughes. (170)). In

this context, five restoration scenarios based on dischargemanagement or

terrain modification were generated in order to increase thefloodplain geo-

morphological dynamism. However, only two of them, reduction of the dike

height and restoration of the old superficial water pathways, demonstrated to

be effective inducing morphological changes into the floodplain.

In general both scenarios increases flooded and potentiallyeroded areas,

improving the morphological dynamism of the floodplain respect to the cur-

rent situation. However, the second scenario, restorationof the old superficial
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water pathways, generates the morphological activity witha lower recurrence

period, inducing a higher morphodynamism into the floodplain. Fluvial dis-

turbance processes create a mosaic of alluvial surfaces with vegetation stands

in different successional stages (Richards and Hughes. (170)). Hence, the ap-

plication of the second scenario would generate new set of habitats whose ex-

tension would increase with the river discharge. The combination of erosion

and sedimentation at certain habitats would generate a fine sediment patches

on gravel bar surfaces important for the recruitment of individuals and the

renewal of plant succession, as seeds germinate and seedlings survive in the

patches of finer sediment that retain moisture and provide anaccessible nutri-

ent store (Richards and Hughes. (170)). As a result, the floodplain structure

would provide a better equilibrium between the new creationand old habitats,

and therefore, biodiversity, water quality and recreationuse would improve.
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General Conclusions

The final aim of the study was the development of a simulation tool to ana-

lyze the main process that produces and maintains floodplainecosystem. For

this purpose, a complete simulation model based on a roughness and topo-

graphic model, a main channel characterization and a finite volume hydraulic

model that couples dissolved and particulate solute transport, sedimentation

and SRP uptake has been calibrated and validated using experimental and

field data. Then, an analysis of the current floodplain statushas been carried

out using the new simulation tool. Finally, some restoration scenarios based

on the floodplain analysis results have been proposed and simulated.

The specific conclusions of the present work are described below.
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8.1 The hydraulic model

The validation of a finite volume hydraulic model of the surface water flow

has demonstrated to be an suitable tool to predict the hydrological connec-

tivity between river and floodplain, provided that the correct topographical

information is supplied. At the same time, the model supplies detailed infor-

mation on the flow characteristics over the irregular floodplain. These flow

characteristics determine important ecological properties such as the ecosys-

tem morphodynamism, the particulate organic matter contribution, the dis-

solved oxygen content or the type of macroinvertebrate community at certain

habitats.

• The full model is based on a finite volume hydraulic model of the

surface water flow, a roughness model and a topographic modelfrom

the available DTM obtained by means of the LIDAR technology.The

method provides information of the time and space variationof the wa-

ter depth, the depth-averaged velocities and the friction bottom stress,

indicative of the erosive capacity of the flow.

• The calibration of the model has been based on available fieldinforma-

tion on water level elevations for two discharges. The calibration phase

has revealed the extreme sensitivity of the hydraulic modelto the river

bed shape. As standard LIDAR techniques do not supply information

on the part of the river covered by water, this can be considered an

important issue.
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• The interpolation methods based on statistical treatment of the over-

all information, such as the GIS tools, provide incorrect results when

reconstructing the river bed and are therefore unable to recover with ac-

curacy the measured field data. In consequence, the numerical results

for flood modeling based on the GIS model reconstruction alone are

inaccurate. In this work, a simple procedure to recover the river bed

shape from both geometric and hydraulic information has been pro-

posed leading to a correct model performance in almost all the mea-

sured situations.

• There is a systematic discrepancy during the rising limb of the flood

at one of the measured probes. The explanation for this discrepancy

comes from the groundwater-surface flow interaction, at that particular

location, that is not considered in our model. The field observations

concerning water temperature indicate important mixing ofwater from

different sources near that point. The extension of the model to include

this flow interaction is part of the immediate future work butis out of

the scope of the present work.

• The hydraulic model has also an important weakness relativeto the

computational cost, which can be not assumable when dealingwith

certain eco-hydraulics problems.

• The need of accurate input information such as the DTM, boundary

conditions or the roughness map could also be considered as adis-

advantage. However, it is a subjective question, an accurate problem
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solution requires also an accurate terrain, roughness and boundary con-

ditions characterization.

8.2 Nutrient uptake modeling

A predictive unsteady SRP uptake model has been developed and validated,

for both the sediment and the water column. The model has beenwas formu-

lated as a function of the main SRP uptake agents, which were determined

through field and laboratory experimentation. As a result, no constant or

inlet-outlet SRP concentrations are needed to predict the SRP river uptake,

where the only required model input data are: water discharge, inlet of the

suspended organic matter, suspended inorganic matter and the total dissolved

solids, ambient SRP concentration, water temperature, andsediment density

and porosity.

8.2.1 Laboratory and irrigation canal experimentations

• The channel bed functions as a nutrient sink, but only in the case of

phosphorus. A drainage channel would reduce SRP by about 21%, or

0.7 mg m−2 h−1 at concentrations ranging 1 to 46µg l−1, whilst there

would be not significant change for nitrogen concentration.Indeed, the

mean molar DIN:SRP ratio (206:1) indicates a desequilibrate system

whereas probably nitrogen is saturated and the phosphorus is a limit

nutrient.

• The development of natural sediment and vegetation in drainage chan-

nels could be a good strategy to reduce some of the SRP agricultural
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pollutant load to the river.

• Other approaches must be considered for nitrogen reduction, such as

those enhancing denitrification possibly in riparian wetlands (Verho-

even et al. (204)).

• Comparison between the steady and steady nutrient uptake approaches

shows that the assumption of a uniform uptake coefficient makes the

simulation tool less accurate. An alternative calculationmethod is nec-

essary in order to provide the spatial and temporal variability of system

uptake.

• It was not possible to apply the kinetic formulation and the Elovich

equation because of the high SRP concentration.

• The experimental analysis pointed out the SRP suspended solute ad-

sorption as the main SRP uptake process. In agreement with this, the

experimental analysis show as the most influential SRP uptake param-

eters: pH, TSS, TDS, and SRP concentrations.

• The new SRP uptake predictive model, based on the water column

and sediment SRP uptake, has been tested in two different spatial and

temporal scales under different SRP concentrations. First12 experi-

ments were developed at the drainage canal using 60 m length,during

60−80 min and increasing SRP ambient concentration 10−100 times.

The Last 3 experiments were carried out at the same drainage canal

but using 300 m length, during 2− 4 hr and increasing SRP ambient
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concentration 2− 3 times. Although SRP uptake showed high vari-

ability among experiments (0.0009±0.0004s−1), the new model was

able to predict each case with an excellent accuracy, being significant

(p≤ 0.01) for all the linear regressions between measured and calcu-

lated SRP. However, four predictions showed a systematic discrepancy,

but at every case, predicted SRP output concentration was within the

same order of magnitude as empirical observations.

• The new formulation was able to predict the presence/absence of a no-

ticeable SRP uptake process under both, unsteady and steadyflow con-

ditions. Furthermore, the model did quantify system SRP uptake with

a great accuracy. Under these results, we can affirm that new formula-

tion is an excellent tool to predict SRP uptake, at least at the irrigation

canal system.

8.2.2 The river model validation

• The new predictive formulation has been validated in the river by means

of three experimentations. The validation of the new SRP uptake model

has proved to be an excellent simulation tool to predict the SRP uptake

in a river under both, steady and unsteady flow conditions. The model

predictions were always significant (p ≤ 0.05) with anr2 that ranges

from 0.6 to 0.8.

• Since the formulation assumes that the SRP adsorption is themain SRP

uptake process, the model might not be applicable to those systems

where the biotic SRP uptake prevails over abiotic. Hence, itis probably
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not applicable to pristine streams and headwaters in general. On the

contrary, the model might predict accurately the SRP uptakeof middle

and low river basin reaches.

• The SRP uptake model does not considers phosphorus remobilization,

so it could overestimate the predicted SRP uptake rate.

• The validation process highlighted again the need to include the groundwater-

surface flow interaction, which is considered as a future work.

8.3 Sediment deposition modeling

A sediment deposition model has been coupled to the hydrodynamic model.

The sediment deposition velocity is based on Jimenez and Madsen (98) for-

mulation. The model has been validated using the field data obtained by

Cabezas and Comı́n. (33) and Cabezas et al. (38), and it resulted to be an

excellent sedimentation predictor.

• Comparison between measured and predicted sediment deposition re-

sulted in a significant linear regression (p ≤ 0.05) with anr2 = 0.97.

Hence, the validation shows the model as a suitable tool capable of

predict flooding, sedimentation and SRP uptake.

• Since the sedimentation model does not include the erosion process,

the yearly sedimentation rate could be overestimated. Hence, it would

be desirable to include the erosive process in the hydraulicmodel.

261



8. GENERAL CONCLUSIONS

8.4 The floodplain analysis through numerical simu-

lation

The application of the complete simulation model has provedto be very use-

ful in the floodplain eco-hydraulic analysis. It is capable of reproducing and

predict with an excellent accuracy the main process that create and maintain

the floodplain ecosystems. The final application highlighted the need of a

floodplain restoration and conservation efforts.

• There is a disequilibrium between erosion and sedimentation where

sedimentation prevails noticeably over erosion. As a consequence, the

floodplain has lost most of its hydromorphological activity, being it

restricted to the main river channel adjacent areas.

• The river defenses play a key role in the current lack of hydromorpho-

logical activity. Increasing the flow regime without a previous river

defense modification does not improves the hydromorphological activ-

ity. The simulation model is an efficient tool to design this restoration

strategy.

• The floodplain SRP uptake process takes place mainly by the sus-

pended solute adsorption. Therefore, most of the phosphorous river

contribution would be particulate phosphorus.

• The floodplain shows a high SRP uptake potential under both, normal

and altered conditions. The high suspended solute concentration in-

creases the floodplain SRP buffering capability, reducing SRP concen-

tration downstream. However, as the SRP is uptaken, it couldeasily be
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deposited into the floodplain, being an important source of particulate

phosphorus.

• There is lateral gradient that dominates the river nutrientcontribution.

According to this gradient, adjacent riparian zones receives most of

the dissolved and particulate nutrient whilst, remote floodplain areas

hardly receive nutrients. This nutrient distribution could be affecting

negatively the riparian vegetation and accelerating its aging process.

8.5 Floodplain restoration proposal through numeri-

cal simulation

• Five restoration scenarios based on discharge management or terrain

modification were generated in order to increase the floodplain geo-

morphological dynamism. Only two of them, reduction of the dike

height and restoration of the old superficial water pathways, demon-

strated to be effective inducing morphological changes into the flood-

plain.

• The restoration scenario based on increasing the water discharge indi-

cates that probably, the lack of geomorphic activity is actually influ-

enced more by the constructed river defenses and the floodplain land

use than by the Ebro river basin discharge regulation.

• The reduction of the dike height increases the river nutrient contribu-

tion into the floodplain but the morphodynamism is restricted to the

river adjacent areas.
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• The restoration of the old superficial water pathways has demonstrated

to be the most efficient alternative to restore the shifting mosaic of habi-

tats of the floodplain and increasing its morphological activity. It would

produce a new floodplain structure with a better equilibriumbetween

the new creation and old habitats.
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Conclusiones generales

El objetivo final del estudio era el desarrollo de una herramienta de simu-

lación para analizar los principales procesos responsables de la creación y

mantenimiento de los ecosistemas de llanuras de inundación. Para ello, se

ha calibrado y validado un modelo de simulación completo basado en los

modelos de rozamiento y topografı́a, la caracterización del cauce y el modelo

hidráulico de volúmenes finitos que acopla el transporte de sólidos disueltos

y en suspensión, la sedimentación y la retención de fósforo inorgánico dis-

uelto (SRP). A continuación, se ha analizado el estado actual de la llanura de

inundación a través de la herramienta de simulación. Finalmente, en base a

dicho análisis, se han propuesto, simulado y analizado distintos escenarios de

restauración. Las conclusiones especı́ficas del presentetrabajo se describen a

continuación.
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9.1 El modelo hidráulico

La validación del modelo hidráulico de flujo superficial hademostrado que

éste puede ser una herramienta de gran utilidad en la predicción de la conec-

tividad hidrológica entre el rı́o y la llanura de inundaci´on, siempre y cuando

se disponga de una correcta información topográfica. El modelo proporciona

una información detallada de las caracterı́sticas hidráulicas del flujo a través

de una topografı́a irregular. Dichas caracterı́sticas sonlas que determinan im-

portantes propiedades ecológicas del sistema, tales comoel morfodinamismo,

el aporte de materia orgánica del rı́o a la llanura, el contenido de oxı́geno dis-

uelto o el tipo de comunidad de macroinvertebrados en cada h´abitat.

• El modelo completo se basa en el modelo hidráulico, calculado según

el método de los volúmenes finitos, el de rozamiento y el topográfico,

derivado del modelo digital disponible a partir de un vuelo LIDAR. El

método proporciona información de la variación espacio-temporal del

calado, velocidades promediadas en la vertical, y de la fricción estrés

del fondo como indicativo de la capacidad erosiva del flujo.

• La calibración del modelo se basa en la información disponible del

nivel de agua bajo dos caudales diferentes. La fase de calibración rev-

ela la extrema sensibilidad del modelo hidráulico a la forma del cauce.

Dado que las técnicas estándares de LIDAR no proporcionaninfor-

mación del terreno cubierto por el agua, éste ha sido considerado como

un punto clave en la fase de calibración del modelo.
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• Los métodos de interpolación basados en el tratamiento estadı́stico de

la información, tales como las herramientas GIS, proporcionan resul-

tados incorrectos en la reconstrucción del cauce. En consecuencia, los

resultados numéricos de la simulación empleando la reconstrucción del

cauce mediante los GIS son muy poco precisos. En el presente trabajo,

se propone un método sencillo de reconstrucción del caucedel rı́o que

emplea la información tanto de la forma del cauce como de suscar-

acterı́sticas hidráulicas. Las simulaciones numéricasdesarrolladas con

dicha reconstrucción del cauce dieron como resultado una mayor pre-

cisión en la predicción tanto del calado como en el área inundada de la

llanura de inundación.

• Existe un error sistemático en la predicción del nivel de agua en una

de las sondas. Ello puede ser debido a la interacción entre el agua sub-

terránea y superficial que se produce que se produce en esa zona par-

ticular y que no es considerada en el modelo. Las medidas registradas

de temperatura del agua indican la presencia de una importante mez-

cla de aguas procedentes de dos fuentes diferentes. La extensión del

modelo para incluir la interacción del agua subterránea ysuperficial se

abordará con la mayor celeridad posible en el futuro.

• El gran inconveniente de este modelo es el elevado coste computa-

cional, el cual puede resultar inasumible a la hora de enfrentarse con

ciertos problemas en el campo de la eco-hidráulica

• La necesidad de proporcionar una información precisa de latopografı́a,

el rozamiento y las condiciones de contorno puede ser considerada
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también como un inconveniente. Sin embargo, esto es una cuestión

subjetiva ya que el modelo tan sólo necesita como mı́nimo lamisma

resolución de datos de entrada que se va a demandar en los datos de

salida.

9.2 Modelizacíon de la retencíon de nutrientes

Se ha desarrollado y validado un modelo predictivo de retención de SRP tanto

para el sedimento como para la columna de agua. El modelo ha sido formu-

lado en función de los principales agentes relacionados con la captación de

SRP, los cuales han sido determinados mediante experimentación en campo

y en laboratorio. Como resultado, un modelo transitorio de retención de SRP

en el que no es necesaria la concentración de salida del SRP ha sido desar-

rollado. Los datos de entrada del modelo son por tanto: caudal, entrada de

materia orgánica en suspensión, materia inorgánica en suspensión, los sólidos

disueltos totales, la concentración de entrada y ambiental de SRP, la temper-

atura del agua y la densidad y porosidad del sedimento.

9.2.1 Experimentacíon en laboratorio y canal de riego

• El lecho del canal de riego funciona como sumidero de nutrientes, pero

tan sólo en el caso del fósforo. La acequia es capaz de reducir la con-

centración de fósforo alrededor de un 21%, o 0.7 mg m−2 h−1 cuando

la concentración de entrada se encuentra entre 1 y 46µg l−1. Sin em-

bargo, no se detectó cambio significativo alguno entre la concentración

de entrada y salida del nitrógeno. De hecho, el ratio molar medio de
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DIN:SRP ratio (206:1) indica la presencia de un desequilibrio en el

sistema donde probablemente el nitrógeno se encuentra saturado y el

fósforo en condiciones limitantes.

• La sedimentación y el desarrollo natural de la vegetaciónen la acequia

podrı́a ser una buena estrategia para reducir parte del aporte de fósforo

al rı́o por parte de la agricultura.

• Se deben de considerar otras metodologı́as relativas a la reducción del

nitrógeno agrı́cola en los canales de riego y drenaje, comopor ejem-

plo que incrementen la desnitrificación en humedales (Verhoeven et al.

(204)).

• La comparación entre los planteamientos estacionario y transitorio ene

l cálculo de la retención de SRP muestra que la asunción develocidad y

coeficientes de captación uniformes da como resultado una herramienta

mucho menos precisa que la transitoria. Por tanto, se requiere una

metodologı́a alternativa que contemple la variación espacial y temporal

tanto de la velocidad como del coeficiente de captación de SRP.

• No se ha podido aplicar ni la ecuación de Elovich ni la formulación

cinética debido a la elevada concentración final de.

• El análisis experimental ha puesto de manifiesto que el principal pro-

ceso implicado en la retención de SRP es la adsorción de éste por

parte de los sólidos en suspensión. De acuerdo con esto, elanálisis

estadı́stico mostró como principales agentes relacionados con la re-

tención de SRP a: pH, TSS, TDS y la concentración existentede SRP.
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• El nuevo modelo predictivo de retención de SRP tanto de la columna

de agua como del sedimento ha sido desarrollado y validado endos

escalas espacio-temporales diferentes ası́ como bajo distintas concen-

traciones de SRP. Los primeros 12 experimentos fueron desarrollados

en el canal de riego utilizando para ello 60 m de longitud del mismo,

durante 60− 80 min e incrementando la concentración ambiental de

SRP 10−100 veces. Los últimos 3 experimentos (13-15) se llevaron a

cabo dentro del mismo canal de riego pero empleando 300 m de lon-

gitud, durante 2− 4 hr e incrementando la concentración de base de

SRP 2−3 veces. A pesar de que la retención de SRP mostró una ele-

vada variabilidad entre experimentos (0.0009±0.0004s−1), el nuevo

modelo de retención de SRP fue capaz de reproducir dicha captura con

una excelente precisión, resultando significativas (p≤ 0.01) todas las

regresiones lineales entre la concentración de SRP calculada y la. Sin

embargo, cuatro de las predicciones mostraron un error sistemático,

aunque en en cualquier caso, la concentración calculada deSRP fue

siempre del mismo orden de magnitud que la observada.

• La nueva formulación fue capaz de reproducir la presencia/ausencia

de retención apreciable de SRP tanto bajo condiciones de flujo esta-

cionario como transitorio. Bajo estos resutados, podemos afirmar que

la nueva formulación es una herramienta excelente para predecir la re-

tención de SROP al menos en el sistema del canal de riego.

-
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9.2.2 La validacíon del modelo completo en el ŕıo

• La nueva formulación predictiva de retención de SRP ha sido validada

en el rı́o mediante tres experimentos de campo. Dicha validación ha

demostrado la elevada capacidad predictiva del modelo, tanto bajo flujo

transitorio como estacionario. Las predicciones del modelo resultaron

siempre significativas (p≤ 0.05) y cuyos coeficientes de regresiónr2

varı́an entre 0.6 y 0.8.

• Dado que la formulación asume como principal proceso de retención

de SRP su adsorción, éste no será aplicable a quellos sistemas en los

que la retención biótica prevalezca sobre la abiótica. Por tanto, el mod-

elo probablemente no será aplicable a tramos de cabecera. Por el con-

trario, el modelo presenta una gran capacidad predictiva entramos de

rı́os medios y bajos.

• El modelo de retención de SRP no contempla la resuspensióndel mismo,

pudiendo por tanto sobreestimar la retención real del sistema.

• El proceso de validación del modelo puso de manifiesto de nuevo la

necesidad de incluir la interacción entre el agua subterr´anea y la super-

ficial en el modelo hidráulico.

9.3 Modelo de sedimentacíon

Se ha acoplado un modelo de sedimentación al modelo hidráulica. La veloci-

dad de sedimentaicón se basa en la formulación de Jimenez and Madsen (98).

Tel modelo se ha validado utilizando los datos experimentales de Cabezas and

271



9. CONCLUSIONES GENERALES

Comı́n. (33) y Cabezas et al. (38), y ha resultado ser una buena herramienta

de cálculo de la seimentación.

• La comparación entre la sedimentación calculada y la observada dio

como resultado una regresión lineal significativa (p≤ 0.05) cuyar2 =

0.97. Por tanto, la validación constata la capacidad predictiva del mod-

elo completo de flujo, sedimentación y retención de SRP.

• Dado que el modelo de sedimentación no incluye erosión, elcálculo

de la tasa anual de sedimentación podrı́a resultar sobreestimado. Por

tanto, serı́a deseable incluir dicho proceso en el modelo hidráulico.

9.4 Análisis de la llanura de inundacíon a través de la

simulación numérica

La aplicación del modelo completo de simulación ha demostrado ser una her-

ramienta útil en el campo de la eco-hidráulica. Dicha herramienta es capaz

de reproducir y predecir con una excelente precisión los principales procesos

que generan y mantienen los ecosistemas de llanura de inundación. La apli-

cación final de la misma ha puesto de manifiesto la necesidad de restaurar y

conservar dicho ecosistema.

• Existe un desequilibrio entre erosión y sedimentación a favor de este

último. Como consecuencia, la llanura de inundación ha perdido gran

parte de su actividad geomórfológica viéndose restringida casi por com-

pleto a las zonas adyacentes al cauce principal.
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• Las defensas construidas del rı́o juegan un papel clave en laactual falta

de actividad geomorfológica. De esta forma, ni siquiera elincremento

del régimen de caudales ni del caudal en si aumentarı́a significativa-

mente la actividad geomorfológica si no se realiza una modificación

previa de las defensas del rı́o existentes.

• El proceso de retención de SRP en la llanura de inundación responde

principalmente a la adsorción de SRP por parte de los sólidos en sus-

pensión. Por tanto, la mayor parte del fósforo que el rı́o aporta a la

llanura de inundación es en su forma particulada.

• La llanura de inundación muestra una elevada capacidad de retención

de SRP tanto bajo condiciones alteradas como naturales. La elevada

concentración de sólidos en suspensión del rı́o incrementa la capacidad

de retención de SRP de la llanura de inundación, reduciendo su con-

centración aguas abajo del mismo. Sin embargo, a medida queel SRP

es retenido, es también fácilmente sedimentado en la llanura, siendo

por tanto el rı́o una importante fuente de fósforo particulado.

• Existe un gradiente lateral que domina el aporte de nutrientes del rı́o a

la llanura de inundación. Según dicho gradiente, las zonas riparias ady-

acentes al rı́o, reciben la mayor parte de sólidos tanto disueltos como

particulados, mientras que las zonas remotas a penas reciben nutrientes.

Esta distribución de los nutrientes podrı́a estar afectando de forma neg-

ativa a la vegetación riparia de dichas zonas remotas, acelerando su

proceso de envejecimiento.
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9.5 Propuesta de restauracíon de la llanura de inun-

dación a través de la simulacíon numérica

• Se han propuesto, simulado y analizado cinco escenarios de restau-

ración con el objetivo de incrementar el morfodinamismo y basados en

el manejo del caudal o de la modificación del terreno. Sin embargo,

sólo dos de ellos, el basado en la reducción de la altura de las defensas

del rı́o y el basado en la recuperación de la conectividad hidrológica

de ciertos hábitats, han demostrado ser efectivos en la inducción de

cambios geomorfológicos en la llanura de inundación.

• La alternativa de restauración basada en el incremento delcaudal indica

que probablemente, la falta de actividad geomorfológica se encuentra

actualmente más influida por las defensas del rı́o y el uso del territorio

que por el régimen de caudales del Ebro.

• El recrecimiento de las defensas del rı́o incrementa el aporte de nu-

trientes del rı́o a la llanura de inundación. Sin embargo, el morfodi-

namismo que genera dicha estrategia de restauración se restringe a las

zonas adyacentes al cauce principal.

• La restauración de los antiguos canales de agua superficialha demostrado

ser la alternativa más eficaz en la restauración del mosaico cambiante

de hábitats y el incremento del morfodinamismo de la llanura de inun-

dación. Dicha estrategia generarı́a una nueva estructuraen la llanura

con un mejor equilibrio entre los hábitats de nueva formación y los

viejos.

274



10

Further Research

• Reducing the model computational cost would be desirable inorder

to improve the model applicability. To reduce the simulation time, an

optimization of the method could be the implementation of a parallel

strategy reaching acceptable computational cost.

• Groundwater-surface flow interaction constitutes an important part of

nutrient cycling. Hence, including the exfiltration and infiltration phe-

nomenon is the next step to increase the model representativity. Then,

a development of a complete 3D model would be desirable.

• Erosion process is fundamental to establish the real equilibrium be-

tween erosion and sedimentation. In the same way, to calculate the

yearly sediment deposition, it is necessary to consider theerosive phe-

nomenon. In that sense, we consider as a further work, to include the

erosion process in the model.
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10. FURTHER RESEARCH

• The SRP resuspension could constitute an important SRP source. To

include it in the SRP uptake model more experimentation should be

carried out.

• In order to develop a complete floodplain modeling, more nutrient

species should be considered. Considering the relevance ofthe nitro-

gen in agricultural catchments, it would be the next nutrient to include

in the model.
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Table 11.1:Simulated sediment deposition at the current situation

Calculated sediment deposition (Tn) at each considered habitat during hydrographs (Hydr.) II,III, IV
and V. RF: Riparian Forest

Hydr. Crop/pasture Adjacent RF Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

River
channel

Remote
RF

II 3.1 33.2 0.0 0.7 0.0 0.0 20.3 0.0
III 4.4 29.4 0.0 1.3 0.0 0.0 13.2 0.0
IV 39.9 76.9 0.0 5.6 0.7 0.0 23.8 0.2
V 480.2 206.1 11.8 24.8 18.7 0.3 60.7 15.6

27
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Table 11.2:Simulated SRP at the current situation

Calculated average SRP concentration± standard deviation at each considered habitat during the peak
discharge of hydrographs (Hydr.) II, III, IV and V. SRP is expressed inµg

ls . RF: Riparian Forest

Hydr. Crop/
pasture

Adjacent RF Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

River
channel

Remote
RF

II 5.0E-
02±0.1

1.0±3.0 0.0±0.0 0.2±1.2 0.0±0.0 0.0±0.0 5.0±3.0 0.0±0.0

III 1.0E-
02±0.2

1.0±3.0 0.0±0.0 0.2±1.0 0.0±0.0 0.0±0.0 4.0±3.0 0.0±0.0

IV 0.2±1.0 2.1±4.0 0.0±0.0 0.7±2.4 1.0E-
02±2.0E-
02

0.0±0.0 5.1±5.0 0.0±0.0

V 4.1±5.0 1.0E-02±5.0 1.4±1.0 9.0±5.0 0.2±2.0E-
04

6.0E-02±0.2 1.2E-
02±5.1

0.9±0.7
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Table 11.3:Simulated sediment deposition at scenario 1

Calculated sediment deposition (Tn) at each considered habitat during the hydrographs (Hydr.)II, III, IV
and V. Bold: higher sedimentation respect to the reference situation. Italics: lower sedimentation respect
to the reference situation. RF: Riparian Forest

Hydr. Crop/pasture Adjacent RF Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

River
channel

Remote
RF

II 3.7 3.5 0.0 2.5 0.0 0.0 19.4 0.0
III 4.6 3.2 0.0 2.6 0.0 0.0 12.5 0.0
IV 28.6 52.6 0.0 2.8 1.2 0.0 12.9 0.6
V 735.6 25.1 15.8 25.7 33.5 0.345 5.1 23.0

28
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Table 11.4:Simulated SRP at scenario 1

Calculated average SRP concentration± standard deviation at each considered habitat during the peak
discharge of hydrographs (Hydr.) II, III, IV and V. SRP is expressed inµg

ls . Bold: averages that significant
differ with a p≥ 0.95 from the current situation as a result of a pairedT − test. RF: Riparian Forest

Hydr. Crop/
pasture

Adjacent RF Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

River
channel

Remote
RF

II 5.9E-
02±0.5

1.3±3.0 0.0±0.0 1.9±2.8 0.0±0.0 0.0±0.0 4.9±3.3 0.0±0.0

III 3.4E-
02±0.3

1.0±2.8 0.0±0.0 1.3±2.2 0.0±0.0 0.0±0.0 3.4±3.4 0.0±0.0

IV 9.0E-
02±0.8

2.3±6.1 0.0±0.0 2.4±4.2 0.0±0.0 0.0±0.0 5.6±7.5 0.0±0.0

V 4.4±5.1 8.8±5.5 1.6±1.0 1.0E-02±5.0 0.2±0.2 5.1E-02±0.1 1.1E-
02±5.1

1.6±0.9
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Table 11.5:Simulated sediment deposition at scenario 2

Calculated sediment deposition (Tn) at each considered habitat during the hydrographs (Hydr.)II, III, IV
and V. Bold: higher sedimentation respect to the reference situation. Italics: lower sedimentation respect
to the reference situation. RF: Riparian Forest.

Hydr. Crop/pasture Adjacent RF Distant
riparian
forest

Paleochannel Oxbow
lake

Constructed
wetlands

River
channel

Remote
RF

II 21.2 72 0.0 12.9 0.21 0.0 21.7 0.0
III 26.1 75.2 0.0 16.6 0.20 0.0 15.1 0.0
IV 35.3 81.1 0.0 21.2 0.7 0.0 15.1 0.01
V 149.8 246.8 2.0 59.5 4.1 0.02 53.6 2.7

28
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Table 11.6:Simulated SRP at scenario 2

Calculated average SRP concentration± standard deviation at each considered habitat during the peak
discharge of hydrographs (Hydr.) II, III, IV and V. SRP is expressed inµg

ls . Bold: averages that significant
differ with a p≥ 0.95 from the current situation as a result of a pairedT − test. RF: Riparian Forest

Hydr. Crop/
pasture

Adjacent RF Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

River
channel

Remote
RF

II 6.0±0.1 1.9±2.9 0.0±0.0 1.3±2.3 4.0E-
03±2.8E-
02

0.0±0.0 5.3±3.5 0.0±0.0

III 3.0E-
03±6.6E-
02

1.3±2.7 0.0±0.0 7.7E-04±1.7 0.0±0.0 0.0±0.0 3.8±3.6 0.0±0.0

IV 0.1±0.7 4.8±6.2 0.0±0.0 3.1±4.6 2.2E-
02±8.0E-
02

0.0±0.0 1.0E-
02±6.8

0.0±0.0

V 3.5±5.0 9.0±5.4 1.5±1.1 8.7±5.2 5.8E-
02±0.1

8.7E-02±7.8E-
02

11.5±5.4 0.5±0.3

283



11
.

A
P

P
E

N
D

IX
A

:T
A

B
LE

S

Table 11.7:Simulated SRP addition experiment: river discharge 500m3/s

Calculated average SRP concentration± standard deviation at each considered habitat, under five differ-
ent SRP added concentrations. Calculated SRP is expressed in µg

ls . Bold: averages that significant differ
from the 0µg/l SRP with ap≥ 0.95. RF: Riparian Forest

SRP
(mg/l )

Crop/ pasture Adjacent
RF

Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

Main
channel

Remote
RF

0 4.0E-03±5.0E-
02

1.6±4.0 0.0±0.0 8.0E-02±1.2 0.0±0.0 0.0±0.0 10.4±5.0 0.0±0.0

1 5.0E-03±0.2 1.7±4.0 0.0±0.0 8.0E-02±1.2 0.0±0.0 0.0±0.0 10.3±5.0 0.0±0.0
3 4.0E-03±1.6E-

02
1.6±4.0 0.0±0.0 8.0E-02±1.2 0.0±0.0 0.0±0.0 10.3±5.0 0.0±0.0

5 7.0E-03±3.0E-
02

2.2±4.6 0.0±0.0 8.0E-02±1.2 0.0±0.0 0.0±0.0 26.0±17.60.0±0.0

10 1.0E-02±0.4 2.7±5.6 0.0±0.0 8.0E-02±1.2 0.0±0.0 0.0±0.0 42.0±32.00.0±0.0
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Table 11.8:Simulated SRP addition experiment: river discharge 1000m3/s

Calculated average SRP concentration± standard deviation at each considered habitat, under five differ-
ent SRP added concentrations. Calculated SRP is expressed in µg

ls . Bold: averages that significant differ
from the 0µg/l SRP with ap≥ 0.95. RF: Riparian Forest

SRP
(mg/l )

Crop/ pasture Adjacent
RF

Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

Main
channel

Remote
RF

0 6.0E-02±0.5 1.7±3.9 0.0±0.0 0.4±1.6 0.0±0.0 0.0±0.0 4.9±4.9 0.0±0.0
1 2.8±1.5 4.9±5.7 0.0±0.0 1.0±3.1 4.0E-

03±0.3
0.0±0.0 13.5±5.8 0.0±0.0

3 0.3±0.2 5.1±6.0 0.0±0.0 1.0±3.2 0.0±0.0 0.0±0.0 17.0±9.0 0.0±0.0
5 0.3±1.7 5.7±6.2 0.0±0.0 1.1±3.1 3.0E-

03±3.0E-
02

0.0±0.0 21.0±12.00.0±0.0

10 0.4±1.9 6.9±6.9 0.0±0.0 1.1±3.2 4.0E-
03±3.0E-
02

0.0±0.0 31.0±21.00.0±0.0
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Table 11.9:Simulated SRP addition experiment: river discharge 1500m3/s

Calculated average SRP concentration± standard deviation at each considered habitat, under five differ-
ent SRP added concentrations. Calculated SRP is expressed in µg

ls . Bold: averages that significant differ
from the 0µg/l SRP with ap≥ 0.95. RF: Riparian Forest

SRP
(mg/l )

Crop/ pasture Adjacent
RF

Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

Main
channel

Remote
RF

0 0.5±1.9 3.0±4.5 0.0±0.0 1.4±3.0 0.0±0.0 0.0±0.0 5.0±5.0 0.0±0.0
1 3.8±5.0 9.5±5.6 1.2±1.0 9.0±4.7 0.1±0. 7.0E-03±2.4E-

02
13±5.8 0.7±0.7

3 1.7±3.9 8.9±6.2 0.4±0.5 5.3±4.8 1.0E-
02±0.01

0.0±0.0 16±8.2 4.4E-
02±0.9E-
02

5 1.7±4.1 9.9±6.7 0.2±0.4 5.3±5.0 1.0E-
02±0.01

0.0±0.0 18.0±11.0 4.4E-
02±1.9E-
02

10 1.9±4.5 12±8.4 0.4±0.6 5.8±5.0 1.0E-
02±0.01

0.0±0.0 25.0±18.0 4.4E-
02±0.9E-
02
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Table 11.10:Simulated SRP addition experiment: river discharge 2000m3/s

Calculated average SRP concentration± standard deviation at each considered habitat, under five differ-
ent SRP added concentrations. Calculated SRP is expressed in µg

ls . Bold: averages that significant differ
with from the 0µg/l SRP ap≥ 0.95. RF: Riparian Forest

SRP
(mg/l )

Crop/ pasture Adjacent
RF

Distant
RF

Paleochannel Oxbow
lake

Constructed
wetlands

Main
channel

Remote
RF

0 3.7±4.9 8.7±5.5 1.2±1.0 8.8±4.7 0.1±0.2 7.0E-03±2.3E-
02

12±5.1 0.7±0.7

1 3.8±5.0 9.5±5.6 1.2±1.0 9.0±4.7 0.1±0.2 7.0E-03±2.4E-
02

13±5.8 0.7±0.7

3 3.9±5.1 11±6.1 1.2±1.0 9.3±4.7 0.1±0.2 7.0E-03±2.6E-
02

15±7.7 0.8±0.7

5 4.0±5.3 12±6.9 1.2±1.0 9.6±4.8 0.1±0.2 8.0E-03±2.7E-
02

17±10 0.8±0.8

10 4.2E±5.7 16±9.3 1.3±1.1 10±5.2 0.2±0.2 2.0E-03±0.5 22±16 0.9±0.9
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