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Abstract

0.1 English version

The present work highlights the numerical simulation asah to
capable of reproducing and predict the main processes tbat p
duces and maintains the floodplain ecosystems. To that end,
floodplain flow dynamics, geomorphic activity, sedimentalep
sition and nutrient uptake are evaluated through field éxymr-
tation. Then, the experimental data are included in a nualeri
model to perform a complete simulation tool that predict flow
dynamics, geomorphic activity, sediment deposition, rrive-
trient contribution and nutrient uptake. A 2-km river segine
representative of the meandering Middle Ebro (NE Spaimirea

is selected for the study.

The first task is to find the best representation of the floadpla
hydraulics. We select a two-dimensional (2D) finite volunoe n
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 characterizatibtne



roughness coefficient and the topography is emphasizecein th
study. The former is estimated from a previous classificatib
structurally homogeneous habitats and the latter is defiiyed
merging Digital Terrain Model data with a hydraulic rivercbe
elevation reconstruction algorithm. The calibration of fiull
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 568)/s. The validation is per-
formed by comparing the numerical results with the wateelev
measured during five flooding events at certain times, wigh th
flooded area and with time series of continuous point measure
ments of water-depth during different situations along ythar
2007. The validation results of the flooded area and watet lev
were 7913 % and @74 0.05 m, respectively.

Since the model provide accurate predictions of the floadpla
flooding, for both, low and high flow discharges, the simolati
results are used to analyze the current floodplain flooding dy
namics and its geomorphic potential. As a result, we obteah t
although the current flow regime appears to be enough to éduc
the floodplain river nutrient contribution, it does not puce
enough morphological activity to maintain the shifting raics

of habitats (SMH) characteristic of the floodplain ecosyste
On the basis of this analysis, five possible restorationasies)
based on the terrain or flow modification, are simulated. The
results enhance the role of the constructed defenses indhe m



phological activity decreasing.

A predictive nutrient uptake model is included into the 2D hy
draulic model. For that purpose, retention of dissolvedspho-
rus and nitrogen is examined in several controlled experigia

an irrigation canal, located within the study site and whitee
comes from the Ebro river, and in a laboratory channel. The la
oratory channel is used to estimate the sediment nutrigakep
capacity, whilst the irrigation canal is used to estimateg@adi-
ment and water column nutrient uptake capacity. Retentiibn e
ciency is measured using nutrient short-term nutrient eexckt
injections to estimate nutrient uptake coefficiekit quring the
irrigation period. Hydraulic tracer (B and soluble reactive
phosphorus (SRP) were co-injected into both canals. Nstrog
uptake is measured using the ambient concentration. Thiges
show an SRP load reduction of Z0+ 2.8 % of the net mass
balance by means of the irrigation channel ecosystem, \tigle
nitrogen concentration remained nearly unaltered. Hemialy,
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 détedn
by means of an statistical analysis of the nutrient uptalefico
cient and the physical, chemical and biological irrigataamal
and laboratory channel characteristics. As a result, thatiso
appears to be the main SRP uptake process, for both the sgdime
and the water column. Then, a non linear regression betvieen t



main SRP uptake agents and the uptake coefficient is perfbrme
obtaining an SRP uptake function. The equation is includéal i
the 2D hydraulic model as a decay term and validated in both
the irrigation canal and the laboratory channel. The compar
between measured and simulated data provided always éisigni
cant linear regressiorp(< 0.05) whose? > 0.83 in 19 out of 20
experiments, where 3 of them were carried out using a differe
spatial-temporal scale. Finally, the new formulation isdated

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 significaft{ 0.62;

p < 0.05).

The particulate solute transport and decay (sedimentatimtel)

is also included into the hydraulic model, and is validatsihgl

field data collected during 2 real flooding events. The coinpar
son between calculated and measured sediment depositis sh

a significant p < 0.05) linear regression, whosé = 0.97 with

a slope not significantly different from the unjt € 0.05).

The complete model that includes the erosive potentialsthe
lute transport and SRP uptake is used to simulate and analyze
floodplain sediment deposition, river nutrient contribatiand
SRP uptake. According to this analysis, the main SRP uptake
process appears to be the sediment sorption. The analysiseal
veals a disequilibrium between erosion and sedimentatibere



sediment deposition prevails over erosive processes. llfina
simulation results suggest the presence of a lateral gradfe
hydrological connectivity that decreases as distancedaitier
increases and control the floodplain river matter contidout
According to this gradient, remote floodplain zones would re
ceive a very low or null suspended and dissolved nutrierttfistv
the adjacent riparian areas would receive the highest otrace
tions. Hence, this lateral gradient could cause a lack afenit
plant availability at the remote riparian forest.

Finally, the complete model was used to propose and simulate
floodplain restoration scenarios based on terrain modiicat

0.2 \ersion en castellano

El presente trabajo destaca la simulacion numérica coano h
ramienta capaz de reproducir y predecir los principalesgqzas
gue producen y mantienen los ecosistemas de llanuras de inun
dacibn. Para ello, la dinamica del flujo, la actividad geom
folégica, la sedimentacion y la captura de nutrientesadial
nura de inundacion, son evaluadas experimentalmentelidadeg
mente, los datos experimentales son incluidos en un modetérico
para desarrollar una herramienta de simulacion completpsz

de predecir la dinamica del flujo, la actividad geomorfida, la
sedimentacion, el aporte de nutrientes del rio a la |kaiar in-
undacion asi como la captacion de los mismos. Para déaarr



el estudio, se ha seleccionado un segmento de 2 Km del ro Ebr
(NE Espaiia), representativo de su tramo medio meandeform
Para representar correctamente la hidraulica de la Bageiin-
undacion, 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 volumenet§ini

A continuacion, se pone de manifiesto la importancia de ana c
recta caracterizacion del rozamiento y la topografiatetreéno.

El rozamiento ha sido caracterizado experimentalmentavagr
de la clasificacion estructural de los distintos habitkda lla-
nura de inundacion. La topografia del terreno se definavésr

de un Modelo Digital del Terreno, cuyo rio ha sido reconstru
ido mediante un algoritmo desarrollado en el presente iestud
La calibracion del modelo completo resultante del rozaioie

la topografia y el modelo numérico del flujo, se basa en medi
das experimentales realizadas en la llanura de inunddogfm
dos caudales estacionarios de 50 y &#Js. La validacion del
modelo se llevd a cabo comparando los resultados nunsérao

las medidas experimentales de nivel de agua y extensiGreke!
inundada realizadas en la llanura de inundacion durastmnco
eventos de riada ocurridos en el afilo 2007. Dicha validadiod
como resultado un ajuste medio del area inundada y deldlel
agua de 7% 13 % y Q274 0.05 m, respectivamente.

Dada la capacidad predictiva del modelo tanto para caudkdes
vados como bajos, las simulaciones fueron utilizadas peaiézar



la dinamica actual de inundacion de la llanura asi comacsu
tividad geomorfolégica. Como resultado, se obtuvo quesape
de que el presente régimen de caudales parece suficiemte par
inundar completamente la llanura de inundacion y provedel
nutrientes, no resulta suficiente para generar una adigjda-
morfolbgica tal que mantenga el mosaico cambiante dedtabi
caracteristico de los ecosistemas de llanura de inumdladth
base a este analisis, se proponen, simulan y analizan posio
bles escenarios de restauracion basados en la modificdelo
terreno o de la dinamica de caudales. Los resultados désisn”
sefialan a las defensas construidas del rio como maxaaper-
sables de la carente actividad geomorfologica actual.

Ademas del flujo y la capacidad erosiva, se ha incluido en el
modelo 2D de simulacién, un modelo predictivo de captura de
nutrientes. Para ello, se ha examinado la retencion derébs
inorganico y nitrégeno disueltos mediante una serie ge@x
mentos controlados en una acequia de riego, situada eral ar
de estudio y cuyo flujo procede del rio Ebro, y en un canal de
laboratorio. Dicho canal se utilizb para estimar la rei@male
nutrientes por parte del sedimento, mientras que en la &cequ
de riego se evalud la captura de nutrientes como resultada d
accion conjunta de la columna de agua y el sedimento. En am-
bos casos se realizaron una serie de experimentos basaldos en
inyeccion controlada de fosforo y un trazadBr() para estimar

el coeficiente de retencion de nutrienkesDebido a la elevada



concentracion de nitrbgeno en la acequia de riego, sndiéte
fue evaluada utilizando la concentracion ambiente dehmais
Los resultados mostraron una capacidad de reducciorsttedd
por parte de la columna de agua y del sedimento de 2.8

%. Por el contrario, el sistema presentd una capacidadpauta
retener nitrbgeno. Por tanto, solo el fésforo inorganiisuelto
sera considerado para en el desarrollo del modelo de ietenc
de nutrientes.

La nueva formulacion que describe la retencion de nuggen
se ha desarrollado mediante la utilizacion de los datosrexp
mentales. En primer lugar, se identifican los principalesntes
relacionados con la captura de fosforo mediante el ana@s
tadistico del coeficiente de captura y las caractergstiisicas,
guimicas y biolégicas del sistema (el canal de riego y date
oratorio). Como resultado se obtuvo que el proceso resplmnsa
de la mayor parte de la retencion del fosforo es la adsoyci’
tanto en el sedimento como en la columna de agua. A contin-
uacion, mediante una regresion no lineal entre el coeficide
captura y los parametros fisicos, quimicos y biologitoplica-
dos en la retencion de fosforo, se obtiene la ecuacibndgtie
scribe el proceso de captura de fosforo. Dicha ecuaciamtree
duce en el modelo hidraulico 2D como término de decairoient
del fosforo, y se valida tanto en el canal de laboratorio@em

la acequia. La comparacion entre las predicciones del imgde
los datos experimentales dio como resultado regresiomesldis



significativas p < 0.05), cuyas? > 0.8 en 19 de los 20 experi-
mentos.

El modelo de transporte y sedimentacion de solutos péaticu
dos se incluy6 también en el modelo hidraulico 2D y sedéli
en la llanura de inundacion utilizando los datos expertalen
recogidos durante dos eventos de riada. La comparacioir med
ante lo calculado por el modelo y lo observado en campo dio
como resultado una regresion lineal significatipa<(0.05) con
unar? de Q97.

El modelo de simulacion complete que incluye potenciasigoy
transporte de solutos y retencion de fosforo inorgadisoelto

se utiliz6 para simular y analizar dichos procesos en fautiade
inundacion. Segun lo obtenido en dicho analisis, |a aui@o del
fosforo a los solidos en suspension y su posterior settBo®n
parece ser el mayor responsable de la retencion de fosforo
la llanura de inundacion. El analisis también revelaxiasten-
cia de cierto desequilibrio entre los procesos de erosiSedy
mentacion a favor de este (ltimo. Finalmente, las sinmofss
sugieren la presencia de un gradiente lateral de coneaivide
decrece con la distancia al rio y gobierna el aporte deamnigs

a la llanura de inundacibn. Segln este gradiente, lasszoiaa
alejadas del rio reciben una cantidad muy baja o inclusa nul
de sélidos disueltos y particulados, mientras que lassarés
cercanas reciben las concentraciones mas elevadas. rfemr ta
dicho gradiente lateral podria estar afectando negatintera la



vegetacion riparia de las zonas mas remotas de la llareuina d
undacion.

Finalmente, el modelo completo ha sido utilizado para pmepo
simular y analizar dos alternativas de restauracion defata
de inundacion basadas en la modificacion del terreno.

0.3 Versib en Valenca

El present treball destaca la simulaci6 numerica com &afer
menta capa¢ de reproduir i predir els principals procegses
generen i mantenen els ecosistemes de les planes d’'inGndaci
Per aix0, s’avaluen experimentalment la dinamica de| flagti-

vitat geomorfologica, la sedimentacio i la captacio dérients

de la planicia de inundacid. A continuacio, les dadesexp
mentals sén incloses en un model numeéric per tal de delsenvo
par una ferramenta de simulacid6 completa i capa¢ de pledir
dinamica del flux, la activitat geomorfologica, la sedimaeio,

la capacitat de retenci6 dels nutrients i la contribuc#mdests a

la plana d'inundaci6. Per desenvolupar I'estudi, s’hacgbnat

un segment de 2 quilometres del riu Ebro (NE Espanya), repre
sentatiu del seu tram mitja meandritzant.

Per representar correctament la hidraulica de la planaiacio,
s’ha seleccionat un model numeric bidimensional (2D)abas

les equacions 2D d’'aiglies poc profundes i calculat a paetir
meétode dels volums finits. A continuacio, es posa de msinife



la importancia d’'una correcta caracteritzacio de lacféid la
topografia del terreny. La friccid ha estat caracteritzexizeri-
mentalment mitjangant la classificacio estructural déisrents
habitats de la plana d'inundaci6. La topografia del terres
defineix mitjancant d’'un Model Digital del Terreny, on al tha
estat reconstrut utilitzant un algoritme desenvolupatrasent
estudi. La calibraci6é del model complet resultant de lecfd,

la topografia i el model numéric del flux, es basa en mesures ex
perimentals realitzades en la plana d’'inundacio sota atsls
estacionaris de 50 i 500°/s. La validacié del model es va dur
a terme comparant els resultats numerics en les mesures-exp
mentals del nivell de l'aigua i la extensi6 de I'area inadd re-
alitzades en la plana d’'inundaci6é durant els cinc esdavemis
de riuada de I'any 2007. La validaci6 va donar com a resuttat
ajust mitja de I'area inundada i del nivell d’aigua det793 % y
0.27+0.05 m, respectivament.

En la capacitat predictiva del model tant per cabals ela@ts
baixos, les simulacions foren utilitzades per analitzairamica
actual d'inundaci6 de la planicia aixi com la seua ativjeo-
morfologica. Els resultats mostren que a pesar de que stipre
regim de cabals sembla suficient per inundar completanaent |
plana d'inundacio i proveir-la de nutrients, resulta @@ de
generar una activitat geomorfologica tal que mantinga @ m
saic canviant d’habitats caracteristic dels ecosistedeeplana
d’'inundacié. En base a aquest analisi, es proposen, emul



i analitzen cinc possibles escenaris de restauracio asala
modificaci6é del terreny o de la dinamica de cabals. Elsltasu
de I'andlisi assenyalen les defenses construdes comaadsns”
responsables de la manca d’'activitat geomorfologicaahctu

A més del flux i la capacitat erosiva, s’ha inclds en el model
2D hidraulic de simulacié un model predictiu de captat@onu-
trients. Per a tal objectiu, s’ha examinat la retenci6 ai&dr
inorganic i nitrogen dissolts mitjancant una serie gesments
controlats en una sequia de regadiu, situada a l'aretudigsal-
imentada per aigua de I'Ebre, i a un canal de laboratori. Afue
Ultim es va utilitzar per estimar la retencié de nutrigpés part
del sediment, mentre que a la sequia es va avaluar la rétenci
de nutrients com a resultat de I'accid conjunta de la commn
d’'aigua i el sediment. En ambdo6s casos es realitzarenarie s°
d’experiments basats en la injeccid controlada de fosfam
tracador Br™) per estimar el coeficient de retencid de nutrients,
k. Degut a I'elevada concentraciod de nitrogen a la seqaiselia
captacio va a ser avaluada utilitzant la seua concentiauidi-
ent. Els resultats mostren una capacitat de retenciodferfper
part de la columna d'aigua i del sediment de7262.8 %. Pel
contrari, el sistema va presentar una capacitat nulla éaciét

de nitrogen. Per aquesta rao, sols el fosfor dissoltsmraiderat

al desenvolupament del model de retenci6é de nutrients.

La nova formulacié que descriu la retenci6 de nutrientgede-
senvolupar mitjancant la utilitzacio de les dades expenials.



En primer lloc, es van identificar els principals agentsaielzats
amb la captaci6 de fosfor mitjancant I'analisi esstidi del co-
eficient de captaci6 i les caracteristiques fisiquesnuues i
bioldgiques del sistema (la séquia i el canal de labajat&ls
resultats mostren que el procés responsable de la majodgoar
la retencio del fosfor és I'adsorcio, tant al sedimeainca la
columna d'aigua. A continuaci6, mitjancant una regisisi-

eal entre el coeficient de captacio i els parametressfigigimics

i biologics implicats en la retencio de fosfor, es va oloteina
equacio que descriu el procés de captacié de fosfor.gua@o
s’introdueix en el model hidraulic 2D com a terme de decamen
del fosfor, i es valida tant al canal de laboratori com aglgLsa.

La comparacio entre les prediccions del model i les dades ex
perimentals dona com a resultat regressions linealsfisigtives

(p < 0.05) ambr? > 0.8 a 19 dels 20 experiments.

El model de transport i sedimentacio de soluts particuathé

va ser inclos al model hidraulic 2D i es va validar a la pian”
de inundaci6 utilitzant les dades experimentals arreqoleg du-
rant dos esdeveniments de riuada. La comparacio delalgalc
del model i les observacions de camp dona com a resultat una
regressio lineal significativgp(< 0.05) amb una? de 0.97.

El model de simulacié complet que inclou potencial erasans-
port de soluts i retenciod de fosfor inorganic dissolt eauilitzat

per simular i analitzar aquestos processos a la plana diaid.
Segons aquest analisi, la adsorcio del fosfor als sdial sus-



pensi6 i la seua posterior sedimentacio pareix ser el mrgjo
sponsable de la retencio de fosfor a la plana d’inunddcamalisi
també revela I'existencia de cert desequilibri entrepetsces-
sos d’erosi6 i sedimentacio en favor d’aquest Gltim.akiment,
les simulacions suggereixen la preséncia d’'un gradiéeridbde
connectivitat que decreix amb la distancia al riu i govéanzon-
tribucié de nutrients a la planicia de inundacio. Segmmsest
gradient, les zones més allunyades del riu reben una tatanti
molt baixa o fins i tot nulla de solids dissolts i particujatsen-
tre que les zones més properes reben les concentracieralené
vades. Per tant, el gradient lateral podria estar afectaydtiva-
ment a la vegetacio riparia de les zones més remotes darla p
d’'inundacio.

Finalment, el model complet ha estat utilitzat per propasaru-
lar i analitzar dos alternatives de restauracio de la pinanda-
cid basades en la modificacio del terreny.



XViii



A mis padres y a Pau



Acknowledgements

Quisiera empezar dando las gracias de forma muy especial a do
de las personas que han hecho posible esta tesis, Pilarey.Javi
Sin duda alguna, sin su apoyo y sobretodo sin su ayuda, @sto n
habria sido posible. Gracias a vosotros no so6lo he teduitea
tesis, sino que lo he hecho aprendiendo y disfrutando més de
que me hubiera imaginado.

También quiero darle las gracias a Antonio del Campo pondar

la oportunidad de presentar la tesis en Valencia y por codabo
en todo aquello que ha podido y mas, y ademas siempre con
una sonrisa. Igualmente, quiero darle las gracias a PacériCom
por la oportunidad de realizar la tesis y tratar de dotarmiesle
medios para ello.

I would like to thank Jan Vermaat for the incalculable cdmiri
tion to this thesis, his teaching, his enormous patiendehal
corrections he had to make and his kind welcome when | was
in Amsteradam. In the same way, | would also like to thank the



IVM institute for bringing me a very kind stay in Amsterdam. |
would specially like to thank Martin, Mairon, Eric, Eszténgel
and of course Willem (little brother), who became a goodhfiie
after my stay there.

Thanks to Tyris Films company (www.tyrisfilms.com) for the>d

sign of the cover.

Quisiera darle las gracias también a Francesc Sabaterepor r
solverme tantas y tantas dudas cuando comenzaba el oaétul
los nutrientes y dedicarme el poco tiempo libre que tenia.

Quiero agradecer a Anna Garcia Ortola el haberme intidduc

en el mundo de la investigacion y haberme animado y ayudado
a que siguiera mi camino. lgualmente, quiero agradecer a Eva
Javi, Fran y Neus aquellos comienzos en la investigacioBsA

ter, no sblo los comienzos, sino todo el proceso, y por stpue
todas las veces que me has acogido en tu casa.

Me gustaria continuar por la gente del CPS que en mayor o
menor medida han contribuido en esta tesis. Quisiera dgrdas
cias a Borja Latorre por su colaboracion durante los conoign

de la tesis, durante los experimentos del canal y sobretodo p
el desarrollo del algortimo de reconstruccion del ri@ocgue



sin eso no los resultados de la tesis no habrian sido ni Edmit
de buenos. También quiero dar las gracias a Daniel Caviedes
por su paciencia, que es mucha, y las inumerables mallasy pro
gramas conversores que me ha facilitado. A Cuca, que me ha
dejado siempre invadir su despacho. A Chuan, que aunque aque
llos experimentos con la fluoresceina no fueron a buenqusst
agradece el interés y sobretodo la ayuda. A Pedro Martin, p

ayudarme con los experimentos del canal.

A la gente del IPE por supuesto también le quiero dar las gra-
cias. A Merce, no se por donde empezar, si por los inumerbles
cromas que me has pasado, por las veces que te has venido con-
migo de campo, por todas las veces que me has animado con la
tesis, por haberme ayudado a planificar los malditos exgarm

tos de la acequia, y si me dejo algo lo siento, pero ya sabes que
soy un poco despistada. A Alberto, también podria estgpla

y tendido contigo. Gracias por todos los analisis que hakde

por prepararme siempre los reactivos del fésforo, en defni

por trabajar tan bien en el laboratorio. Aunque la verdad,den

las cosas que mas agradezco de ti es que siempre me has hecho
reir por muy agobiada de trabajo que estuviera. Y por supuest
por todas esas noches en el Dumbo. A Antonio, que tamibién
era especialista en hacerme reir, por todos los aperos que me
ha hecho para la tesis y por supuesto, por arreglarme ladespal
para que pudiera seguir trabajndo. A MPaz quiero darle &s gr



cias también de forma muy especial, no sb6lo por su inebtama
ayuda con el GIS, sino por su apoyo, porfesional y personal y
por ser como es. A Benito, que aunque estuvieramos en grupos
diferentes, ha sido una parte muy importante de mi vida en el
IPE, y que mas que un compafiero es un amigo. A Belinda, por
su ayuda en los comienzos de la tesis y compartir conmigo esa
aficion de comer galletas en e campo. A los ayudantes del in-
stituto Corona de Aragon, Irantzu y Samuel por su ayuda en el
laboratorio. También quiero darle las gracias a Mattia glzidn

gue son parte del grupo de investigacion. A Ana Constaote, p
Sus animos, por preocuparse tanto y por su amistad. Roio{ilt

le doy las gracias a MariaLuisa por su animo, su interés y su
teson.

Quiero darle las gracias a una persona muy especial que de una
forma u otra ha contribuido enormemente en esta tesis, Anton

el pastor de la reserva. Gracias no s6lo por tu ayuda fisica

por todos los ratos que hemos pasado en el campo y todo lo que
me has enseflado a cerca del mismo, que es mucho. También le
doy las gracias a los forestales de la Reserva Natural, por ay
darme siempre que lo he necesitado.

Agradezco también a mis compafieras/os de piso de Zaragoza
gue me amenizaron la estancia alli. Queria agradecer sty e

pecialmente a Rebeca por estar conmigo desde el prinaigio, t



garse todos mis cabreos y estreses del trabajo y por ser ige am

durante mi estancia alli.

Quisera continuar por personas que empezaron siendo Itan so
companieros de trabajo y han acabando siendo muy buenos ami-
gos. A Noemi, tendria que escribir una seccitn solo paGra-

cias por tu amistad, por tu forma de ver las cosas y sobretodo
de compartirlas. Has sido una parte fundamental para mi en el
IPE, y afortunadamente también lo eres fuera de él. A lzetic
gue has sido un apoyo increible en esta Ultima etapa desisj te

y no sblo porque me des cobijo, que también, sino porgue ere
una de las mejores amigas que se pueda tener. A alvaro, que
no se ni como darte las gracias. Has sido super importante en
mi tesis, profesional y personalmente. Gracias por tu &ydre
buen humor, por compartir tantas cosas conmigo, por tu Zzabe
circular”, por los dias inolvidables de campo y psicosigly

por mantener el contacto después de tanto tiempo. A Edu, que
tampoco se ni por donde empezar. Gracias por todos esadias

el zulito, sin duda alguna sin ti no hubiera sido lo mismo,-Gra
cias por esa complicidad, por esos interminables diasme@a
bajo el sol, la lluvia, la niebla o lo que tocara. Por entender

tan bien, por tratar siempre de ayudarme, por tu profesaas|

aungue no te lo creas, por tu fuerza, y en definitiva por ser tl



Me gustaria continuar por mis amigos, personas que de umafo

u otra siempre han estado ahi animandome. A Raquel, mrmejo
amiga, por animarme y acompafiarme desde hace tantos g tanto
anos. A Rodrigo, que siempre me hace reir cuando mas le nece
sito, por su forma de ver la vida, su animo y sobretodo por su
amistad. A Merche, que aunque desde la distancia, siempre ha
estado ahi, y tu amistad siempre ha sido un referente para mi
Jose, que ademas de siempre estar dispuesto a echar wmacerv

en el mejor momento, es un buen amigo.

Quisiera seguir por mi familia, la gente que de verdad hadech
posible que yo ha llegado hasta aqui. Gracias a mi padre y a mi
madre, por ser siempre un referente en mi vida, por apoyarme
siempre, animarme, "centrarme”, y en definitiva, por ser@om
sois. Gracias a mi hermano, por animarme, en los buenos y en
los malos momentos y por ser un referente para mi en muchas
cosas. Gracias a Yola, por agunatarme y apoyarme siempae. Gr
cias a Teo, que aunque aln no la sabes, eres de las persmas m’
importantes en mi vida. Gracias a mis primos Pablo y Jesiis, p
ser vosotros siempre. Gracias a Carles, que en esta Ultapa e

ha sido una ayuda inestimable.

Por Gltimo, quisiera darle las gracias a la persona quelraas
sufrido esta tesis, Pau. Has sido el mayor apoyo que haya po-
dido tener. Gracias por aguantar todo lo que has aguantado,



por animarme incluso sin ganas, por entenderme, por cugarm
por sonreir siempre, por interesarte y por ayudarme en tago m
mento. Por ser tl y estar ahi siempre.



Contents

0.1 Englishversion . ... ... ... .............. iv
0.2 \Versibnencastellano . . ... ... ... ......... viii
0.3 VersibenValencia. . .. ... ............... Xiii
List of Figures XVii
List of Tables XXili
1 Introduction 1
1.1 Floodplain ecosystems . ... .. .............. 1
1.2 Floodplain benefits and restorationneed . . . . .. .. .. 4
1.2.1 The floodplain middle Ebroriver . . . . . . ... .. 6

1.3 Thehydraulicmodel ... .................. 8

2 Aims of the project 15
21 Finalaim . ... ... .. ... .. 15
2.2 Preliminaryaims . ... ... ... ... ... . ... 16
2.3 Studyoutline ... ... ... .. ... .. 17



CONTENTS

3 GENERAL METHODOLOGY 21
3.1 StudyArea . . .. ... 21
3.1.1 Ecologicalaspects . ... ............. 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 studyarea . . . ... ... ....... 42
431 Roughness ... ............ . ... 43
432 Discharge . . .. ... ... ... ... .. . .. 45
4.3.3 Topography . . .. .. .. ... . ... .. ..... 47
4.3.3.1 Main channel characterization . . . . . . 48

4.4 Full simulationmodel . . . . ... ... ... ... ... 49
45 Modelcalibration . . . ... ... ... ... . 0. 50
4.6 Validation of the complete model . . . . .. ... ... ... 53

4.6.1 Experimental techniques and field measurements 53



CONTENTS

4.7
4.8
4.9

4.6.1.1 Flood inundationextent . . ... ... .. 53
46.1.2 Waterdepth . .. ............. 54
Validationresults . . . .. ... ... ... ... . ..., . 55
Discussion . . . . . . . . . .. e 72
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: indike reduction . . . . . .. ... .. 84
49.4 Scenario 3:islandremoving . . . .. ... .. .. 89
4.9.5 Scenario 4: thdikereduction . . . . ... ... .. 92

4.9.6 Scenario 5: hydrological connectivity increasing . 94

410 ConClUuSIONS . . . v v v e e e e e 95

NUTRIENT RETENTION CAPACITY OF AN AGRICULTURAL
DRAINAGE CHANNEL: DEVELOPING A PREDICTIVE MODEL

5.1

52
53
5.4

Introduction . . . . ... ... ... ... 99

5.1.1 Nutrientcycling . . ... ... ... ........ 102

Objectives . . . . . . . . ... . 105

Studyarea . . . .. . . .. . .. e 108

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 Sedimentexperiments . . .. ... ... 112

Xi

99



CONTENTS

55

5.6

5.4.1.3 Experimental set 2: large length irrigation
canal; experiments 13-15 . . . ... .. 115
5414 Sampleanalysis . .. .......... 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 Transientstorage. .. .. .. .. .. .. 121
5.4.2.3 Kinetic nutrient uptake . . ... .. .. 123

5.4.2.4 Unsteady two-dimensional simulation mdd#
5.4.2.5 Predictive SRP uptake formulation . . .126
Nutrient retention in the drainage canal . . . . . . .. .. 127
5.5.1 Physical, chemical, and biological canal parametef7

5.5.2 Netretention of Soluble Reactive Phosphorus; exper-

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

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

554 SedimentSRPuptake. .. ... ... ....... 133

55.4.1 Sedimentincubation . . . ... ... .. 133
5.5.4.2 Laboratory channel experiments; experiments

16-20 . . . . . .o 134

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 lIrrigation 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 coluamu
benthicuptake . . . . . . ... .. ... ... ... ..., 157
5.8.1 Changing temporal and spatial scale . . . . . . . 165
58.11 Results.................. 165
59 Conclusions . . .. ... ... . ... 169
5.10 Managementproposal . . . . . ... ... ... ... ... 171

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 studyarea . . . . ... ... ...... 178
6.4 Methods . . . . .. .. .. .. ... ... 179
6.4.1 Field experimentation: experiments 21, 22 and 23180
6.4.1.1 Water samples analysis . .. ...... 182

6.4.2 Simulatonmodel . . . . ... ... ... ..... 183

Xiii



CONTENTS

6.5

6.6

6.7

6.4.2.1 Quantification of the groundwater contri-

buton ... ........ ... ... .. 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

Soluble Reactive Phosphorus retention at the Ebro River 189
6.5.1 Physical, chemical, and biological river parameters 89

6.5.2 Soluble Reactive Phosphorus retention . . . . . . 190
6.5.3 Quantification of the groundwater contribution . .192
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
Model application . . . . . .. ... .. ... ... ..., 197
6.7.1 Analysis of the current scenario . . . . ... ... 198
6.7.1.1 Sedimentation . . ... ......... 199
6.7.1.2 Ambient SRPuptake . ... ...... 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 Currentscenario . . . . ... ... ... ... 207

Xiv



CONTENTS

6.8 Scenario 1: Indikeheight . . . . . .. ... ... ... .. 211
6.8.1 Sedimentation . ... ............... 211
6.8.2 SRPuptake . . ... ... ... .. ... . ... 220

6.9 Scenario 2: hydrological connectivity increase . . . ..... 221
6.9.1 Sedimentation . ... ............... 221
6.9.2 SRPuptake . ... ..... ... ... . ... 229

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

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

General Discussion 237

7.1 Thehydraulicmodel . ... ................ 237
7.1.1 Flowerosive potential . . ... .......... 241
7.1.2 Solutetransport . . . . ... ... ... ...... 241

7.1.2.1 Dissolved solute transport . . . . .. .. 242
7.1.2.2 Particulate solute transport: sedimentation

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

7.1.3 Nutrientuptake . . . . .. ... ... ... .... 245

7.2 The floodplain analysis across numerical simulation .. ... 249
7.2.1 Floodplain restorationneed . . . . ... ... ... 251

General Conclusions 255

8.1 Thehydraulicmodel .. ... ............... 256

8.2 Nutrientuptake modeling . . . . . ... ... ....... 258
8.2.1 Laboratory and irrigation canal experimentations 258
8.2.2 Theriver 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 numericalgition 263
9 Conclusiones generales 265
9.1 Elmodelo hidraulico . . ... ............... 266
9.2 Modelizacion de la retencion de nutrientes . . . . . . ... 268
9.2.1 Experimentacion en laboratorio y canal de riego 268
9.2.2 Lavalidacion del modelo completoenelrio . . . .271
9.3 Modelo de sedimentacion . . . . . ... ... ... .. .. 271
9.4 Analisis de la llanura de inundacion a través de laikigion
NUMErCA . . . . . o o e e e e e e e 272
9.5 Propuesta de restauracion de la llanura de inundadi@vés
de la simulaciobn numérica . . . . . ... ... ... ... 274
10 Further Research 275
11 Appendix A: Tables 277
Bibliography 289

XVi



List of Figures

11

2.1

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

Floodplain hydrological connectivity. . . . .. .. .. ... 13
Study approach. . . . . ... ... 19
Location of the studyarea. . . ... .. .......... 22
Natural and anthropic floodplain formations. . . . . . . .. 24
Example of auxiliar lines inthe riverreach. . . ... ... 33
Example of auxiliar lines inthe riverreach. . . ... ... 36
Location of the studyarea. . . ... ... ......... 42
Roughnessmap. . . . . . .. ... ... ... ....... 45
Gauging curve used in the outflow section. . . . . . . . .. a7
Digital Terrain Model using triangular mesh. . . . . . .. . 48
River bed sections. . . . . .. ... ... ... ... . 57
River bed reconstruction . . . ... .. ... ... ... 58
Computed and measured flooded are@ at50m/s. . . . . 59
Computed and measured flooded are@ at500m%/s. . . . 60
Probeslocation. . . . . .. .. ... ... ... ... 61

XVii



LIST OF FIGURES

4.10
4.11
4.12

4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23
4.24
4.25
4.26
4.27
4.28
4.29
4.30
4.31
4.32

51

Hydrographs of the simulated flooding events. . . . . . . . 61
Flooding area temporal evolution for hydrograph I. ..... 62
Flooded area at peak discharge of hydrographs I, JIIVII

and\V. . ... 64
Water surface elevation at probe 1 and hydrographI. . . 65
Flooded area temporal evolution for hydrograph Il. ..... 66
Probes water surface level under hydrograph 1l. . . . .. .67
Flooding area temporal evolution for hydrograph Ill.. . . 68
Probes surface water level for hydrograph Ill . . . . . . . 69
Flooded area temporal evolution for hydrograph IV. ..... 71
Probes water surface elevation for hydrograph IV. . ..... 72
Probes water surface elevation for hydrograph V. . . .. .73
Measured water level and temperature. . . . . . .. .. .. 75
Flooded area under the peak discharge of each hydtograp 79
Eroded area under 3066 /sriver discharge. . . . ... .. 80
Graveldeposition. . . . . .. .. ... ... .. ... ..., 81
Erosive potential under scenariol. . . . ... ... .. .. 85
Digital Terrain Model of the Scenario2. . . . ... ... .. 86
Erosive potential under 11&6%/sriver discharge. . . . . . 87
Erosive potential under 228&/sriver discharge . . . . . . 89
Digital Terrain Model of the Scenario3. . . ... ... ... 90
Erosive potential under 300 /sriver discharge. . . . . . 92
Digital Terrain Model of the Scenario4. . . ... ... ... 93
Digital Terrain Model of the Scenario5. . . .. ... ... 94
SchemeofChapté . . ... ... ............. 107

XVviii



LIST OF FIGURES

5.2 Locationofthestudysite.. . . . .. ... ... ... ... 109
5.3 Irrigation canal scheme. . . . . . ... ... ... ..... 111
5.4 Irrigation canal experimentation: 1-12. . . . . .. .. ... 112
5.5 Laboratorycanalscheme. . . . ... .. ... ....... 114
5.6 Laboratory canal experimentation: 16-20. . .. .. ... 115
5.7 lrrigation canal experimentation: 13-15. . . .. .. .. .. 116

5.8 Schematic representation of the Michaelis-Menten @dbation.124

5.9 Irrigation canal used for the field experiments. . . . . ... 129
5.10 Irrigation canal PCA; experiments 1-12. . . . . . ... .. 132
5.11 Relationship between the P sorbed and final SRP coatentt 34
5.12 Laboratory channel PCA; experiments 16-20. . . . . . . 136
5.13 Laboratory channel passive tracer (16-20). . . . . . . .. 141

5.14 SRP time evolution at the laboratory channel experisnen
(16-20). . . . . 145
5.15 Mass balance and steady SRP uptake coefficient atite irr
tion canal experiments (1-12). . .. ... ... ... ... 146
5.16 SRP and tracer concentration at the irrigation canaémex
ments (1-12). . . . . .. 149
5.17 Measured and calculated DIN concentration at thesiting
canal experiments. . . . ... ... .. ... ... 159
5.18 Comparison of the measured and calculated SRP coacentr
tion using the sediment SRP uptake predictive formulation
for experiments 16-20. . . . . ... ... ... .. .... 160
5.19 Irrigation canal SRP model validation. . . . . .. .. ... 161

XiX



LIST OF FIGURES

5.20 Comparison of measured and estimated SRP concentratio

6.1

6.2

6.3
6.4
6.5
6.6
6.7

6.8

6.9

6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17

using the predictive formulation. . . . . . ... ... ... 164

Location of the two sampling stations at the study sitacB

dots represents the sampling stations: SS 1 and SS 2 respec
tively. . . . .. . . 181
Location of the two sediment sampling areas at the stitely s
Circles point the sediment sampling areas SF and MP, estab-
lished by Cabezas and ComiR3| and Cabezas et al3§)

during two floodingevents. . . . . ... ... ... .. .. 185
Habitats within the study site . . . . . . .. ... ... .. 187
Validation of the sedimentation model. . . . . . . ... .. 195
SRP model validation. . . .. ... ............ 196
SRPsimulation. . . . . .. ... ... oL 196
Comparison of simulated and observed River-oxbow lake ¢

nection. . . . . . . . .. 199
Current sediment deposition. . . . .. .. ... ... ... 200
Current sediment deposition profile1. . . . .. ... ... 201
Current sediment deposition profile2. . . . .. ... .. 213
Current sediment deposition profile 3. . . . . . ... .. 214
Simulated SRP concentration . . . . .. ... ... ... 215
Floodplain SRP uptake potential: 2008/s. . . . . . . .. 216
Simulated TDS concentration . . . . . . ... ... .... 217
Sediment deposition under scenariol . .. ... .. .. 218
Sediment deposition profile 1 at scenario 1. . . .. . .. 219
Sediment deposition profile 2 at scenario1. . . ... .. 224

XX



LIST OF FIGURES

6.18 Sediment deposition profile 3 at scenario1. . .. .. .. 225
6.19 Simulated SRP concentration at scenario 3 during thkspe
discharges of hydrographs Il, lll, IVand V. . . .. .. .. 226
6.20 Sediment deposition atscenario2 . ... ... .. ... 227
6.21 Sediment deposition profile 1 at scenario2. . . . .. .. 228
6.22 Sediment deposition profile 2 at scenario2. . . . .. .. 233
6.23 Sediment deposition profile 3 at scenario2. . . .. ... 234
6.24 Comparison of current situation, scenario 1 and 2 atdiyd
graph IV. . .. .. 235
6.25 Comparison of current situation, scenario 1 and 2 atdayd
graphV. . . . . .. ... 236

XXi



LIST OF FIGURES

XXii



List of Tables

11

3.1

4.1
4.2
4.3
4.4
4.5
4.6
4.7

51
5.2

53
5.4

Model comparison. . . . . .. ... ... 10
Water quality parameters at the study site. . . . . . .. .. 25
Manning coefficients. . . . . . ... ... ... 44
Flooded and erodedarea. . . . . . ... ... ... .... 78
Scenariol. . ... ... ... 83
Scenario 2. . ... 88
Scenario 3. .. ... 91
Scenario4. . ... 93
Scenariob5. . ... 95
Objectives. . . . . . . . ... 106
Physical and chemical characteristics of the experiah@n

rigationcanal. . . . . ... ... 128
Irrigation canal PCA for experiments 1-12.. . . . . . . .. 130
Laboratory channel PCA for experiments 16-20. . . . . . 135

XXxiii



LIST OF TABLES

5.5 SRP uptake coefficients at the laboratory channel expeits
using the steady and unsteady approaches. . . . . .. .. 138
5.6 Comparison of measured and calculated bromide coreentr
tions in laboratory channel experiments (16-20). . . . . . 139
5.7 Comparison of measured and calculated SRP concengatio
in laboratory channel experiments (16-20). . . . . . . . .. 142
5.8 Comparison of measured and calculated bromide coreentr
tions using the 2D unsteady model for experiments 1-12. 144
5.9 Irrigation canal nutrient uptake coefficients. . . . . ... 148
5.10 Comparison of measured and calculated SRP concensati
for experiments 1-12. . . . . . ... ... ... 151
5.11 Comparison of measured and calculated SRP concensati
using the sediment SRP uptake formulation for experiments
16-20. . . . e 154
5.12 Comparison between measured and calculated SRP eoncen
trations using the predictive SRP uptake formulation for ex
periments 1-12. . . . . . . .. ... 162
5.13 Physical and chemical characteristics of the irrggatanal
during the experiments 13,14and 15. . .. ... .. .. 167
5.14 Comparison of the measured and calculated bromidesnenc
trations using the unsteady 2D model for experiments 13, 14

5.15 Comparison of measured and calculated phosphorugmonc
trations using the new approach for experiments 13, 14 and

XXIV



LIST OF TABLES

6.1

6.2

6.3

6.4

6.5

6.6

6.7
6.8

Simulated hydrographs. The return period is calculaigdn

the period: 1927-2010. . . . ... ... ... ... .... 188
Physical and chemical characteristics of the Ebro (meth-
metic meart- SD). Concentration variables are expressed in
mg/l except SRP and Chl-a, which areug/l. . . . . . . .. 190
Mass balances as the difference between outflow and inflow
concentration of the chemical water parameters at each ex-
periment. Presented afevariablet:SD where negative val-

ues indicates consume, and positive values indicatesseelea
Values significantly different from 0 g#<0.05 resultant from
thet-test are printedinbold. . . . ... ... ... .... 191
Comparison of measured and calculated deposited seidime
at sampling pointsg/n?). Presented are the— valuefrom

the t — studentcomparison. SF and MP are the sampling
locations. . . . .. .. ... 194
Comparison of measured and calculated phosphorusrconce
trations in successive experiments using the new readive f
mulation. Last row presents the comparison between mea-
sured and calculated Chloride concentration in experird8ntl97
Total simulated sediment and SRP retention during egch h
drograph. . . . . . . .. . . ... 202
Simulated floodplain SRP buffering potential. . . . . . . . 204
Total simulated sediment and SRP retention for eachriexpe

mental hydrograph under Scenariol. . . . . ... .. .. 211

XXV



LIST OF TABLES

6.9 Total simulated sediment and SRP retention during egch h
drograph at Scenario2. . . . . ... ... . ... ..... 222

11.1 Simulated sediment deposition at the current sitnatio . . 278

11.2 Simulated SRP at the current situation . . . . . ... .. 279
11.3 Simulated sediment deposition at scenariol . . ... .. 280
11.4 Simulated SRP atscenariol . ... .. ......... 281
11.5 Simulated sediment deposition at scenario2 . . . . . . . 282
11.6 Simulated SRP atscenario2 . ... ... ........ 283

11.7 Simulated SRP addition experiment: river discharderbtys 284
11.8 Simulated SRP addition experiment: river dischar@@ b /s285
11.9 Simulated SRP addition experiment: river dischar@@b% /s286
11.10Simulated SRP addition experiment: river discha@0n®/s287

XXVi



Introduction

1.1 Floodplain ecosystems

Floodplains are ecotones between upland and river-chanmebnments that
alternate between aquatic and terrestrial states (Junk Et0&)). The dy-
namic interaction between water and land, generated byriegiflooding,
is the main process that produces and maintains these emosyéBayley
(14)). As aresult, a diverse shifting mosaic of habitat (SHMxpas is gen-
erated across the riverine landscape, where many speciepexist (Hauer
and Lorang (1)). This interaction is known as hydrological connectivaynd
constitutes the driving force that produces the latera@raitange of particu-
late and dissolved matter, both via surface flow (the floodgubncept of
Junk et al. {02)) and via groundwater pathways (Heiler et ai3), Ward and
Standford 212), Galat et al. §9), Ward et al. 213)) (see Figurel.1).
Hydrological connectivity between the river and the flo@iplprovides
the opportunity for the floodplain to function as a naturaksior sediment
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and nutrients, emanating from the headwaters and latarets®such as agri-
cultural crops, and urban and industrial effluents (Burt.€3d)). Hence, the
floodplain receives directly from the main channel all atsssf nutrients, and
its basic nutrient status would be expected to correspottiatoof the river
(Junk et al. {02). However, ecotones are characterized by their own set
of ecological processes and interactions (Odarv)), and therefore, flood-
plains tend to establish their own cycles (Junk et &02). For instance,
gases such as GOO,, H,S, CH, and N, are produced and/or consumed in
the floodplain, within systems with slow, regular flood psls@edependently
of processes in the main channel (Junk et &02). Particulate inorganic
matter increases its ecosystem relevance once it reachddulplain and
becomes a basic part of the nutrient pool, available to pgirpeoducers in
the dry phase and during part of the wet phase (Junk et@®)); Dissolved
nutrient content is also affected by the floodplain biotid abiotic processes
(Junk et al. {02)), which tend to reduce the floodplain nutrient concertrati

The river nutrient contribution into the floodplain constés an elemental
process for the floodplain production and maintenance. riiss@utrients,
such as nitrogen (N) or phosphorus (P), are often floodplaidyztivity lim-
iters, and needs the river inflowing to replenish their cotragion (Junk et al.
(102). However, an excess of river contribution of N and/or Pmhjgroduce
the eutrophication of the system, and the consequent wagditygdecreas-
ing. In the same way, a lack of N and/or P might produce an irapsiement
of the freshwater ecosystem. Hence, the concentration quitibeium be-
tween both compounds determines the floodplain ecosystdusst



1.1 Floodplain ecosystems

The processes that undergoes the transformation andakeupt N and P
in the floodplain are very different. The P cycle comprisesdissolved and
particulate forms, its major source is the sedimentatioits§@h and Dorge
(131), Johnston 101); Vought et al. 06)) and the sorption and precipi-
tation are considered the most important longterm P seqiest mecha-
nisms (Richardsoril(71); Richardson and Marshall{2); Reddy et al. {66)).

In contrast, the N cycle comprises three forms: dissolvediiqulate and
gas, and its main source varies among the floodplains. Sotheratfound
the sedimentation as the major nitrogen contribution (Qleeterink et al.
(150)), whilst other authors pointed out the atmospheric dejposand nitri-
fication as the main N sources (Koerselmanb and VerhoeMes); (Johnston
(101); Vought et al. R06); Olde Venterink et al.{48)). Three processes con-
tribute to N retention: denitrification, sedimentation ammtake by aquatic
plants. The relative importance of each mechanism depemdbeoflood-

plain ecosystems characteristics (Saunders and Kaif)).

Sedimentation is therefore an essential process for bdititaat trapping
and floodplain nutrient contribution. During the last dezaattention has fo-
cused on the fluxes of suspended sediment and particulat@®thfresh-
water drainage systems because of severe eutrophicafiectsein rivers,
lakes, reservoirs and coastal waters observed througheutdrld (e.g. Mey-
beck et al. {26), Carighan and Vaithiyanathad@), Bowes and House2(),
Olde Venterink et al.{49), Braskerud et al.Z6)). Several studies based on
field measurements confirm the largely influence of the seaitien process
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on P uptake (Johnstori@l), Alexander et al.4), Bowes and House2@),
Olde Venterink et al. 49). Predictions of P retention in riparian buffers
are nowadays extremely challenging because of the commutiesactions and
feedback between hydrology and biogeochemical transfiwmsaof P (Mar-
tin and Reddy 121); Cirmo and McDonnell 49); Hattermann et al.70)),
and so is its numerical modeling, that includes transpaut teansformation
of both sediment and P (Carignan and Vaithiyanath) (

1.2 Floodplain benefits and restoration need

Floodplains are among the biologically most productive divérse ecosys-
tems on earth (K. and Standfort03)). In the last few decades, the ecological
services and goods that these ecosystems provide have ldely vecog-
nized, and even their value has been economically estim@tezlmajor ser-
vices of floodplains include disturbance regulation (37%hefr total value),
water supply (39%) and waste treatment (9%) (K. and Staddfdi3), al-
though these areas also are highly valued for their tratespmm potential,
food and fiber production, recreation, and beauty. The estichworldwide
value of the services provided by flood plains is US 392009, assuming
that the total floodplain area is abolE@6 Kn? and area-based value is US
19580ha/yr (K. and Standford{03)).

In spite of their values, floodplains are among the most thresl ecosys-
tems in the world (K. and Standford@3)). Man induced alterations through

impoundments, river regulation and channelization regrethe major threat
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to river systems worldwide. These impacts affect importagrine hydro-
morphological processes (fluvial dynamics), which defireedyinamic equi-
librium of habitat distribution with their characteristitota (Giller 62), Nils-
son et al. {45, Reckendorfer et al.165, Schiemer et al.180)). In many
riverine systems, hydrological connectivity between tiverrand its flood-
plain is restricted to groundwater pathways, and geomdogiical dynamics
are mostly absent (Marchand1@); Heiler et al. {2)). As a result, river
restoration has become a global issue in terms of geomarghdhydrology
and ecology, and river engineers are seeking the coopeiaftibese sciences
to improve degraded waterways within small to large scaler niestoration
projects (Palmer et al1p4)).

Most river restoration efforts are almost exclusively lohea empirical
experience (Richards and Hughek/(@)), where the relationship between ef-
fort and results is not always satisfactory. Most of thesgidoal studies
show a difficult application in other systems or even at ofipatial-temporal
scales within the same system. It is widely recognized timgiecal data are
necessary to understand the past, present and future @b#inan processes,
but it is also true that considering the different spatihporal scales of the
operating processes is fundamental in riparian systeroregiin (Ward et al.
(215). Including all spatial-temporal scales in the empirieglproach re-
quires a temporal and economic effort that is not alwaysiplesg® assume.
Therefore, numerical simulation can be a useful tool, clpabconsidering
diverse spatial-temporal scales but without excludingéed of some empir-
ical experience. Using numerical simulation it is possiioleéeproduce and
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predict the dynamic interaction between river and its fldaiap and there-
fore, fundamental riparian processes such as solute wetnspitrient uptake
and hydromorphological dynamics. Numerical simulatioodsmmonly used
as a predictive tool. Indeed, it can be an efficient restomatool, capable
of represent and predict the results of different ripariestaration alterna-
tives before to carry them out. Furthermore, the accuraiedection of the
floodplain-river dynamic interaction, makes the numergiaiulation a use-
ful tool for a better understanding of the different spatehporal riparian

processes.

At the same time, numerical simulation progress needs therieal ex-
perience. The use of numerical simulation in real casesemphssible the
validation of the models, but it also stimulates the implatagon of new
functions as a response of the needs of a particular experiehherefore,
the use of numerical simulation for riparian restoratiomposes favor the

improvement of both disciplines.

1.2.1 The floodplain middle Ebro river

The middle Ebro river does not constitute an exception infthedplain

degradation problematic. The Ebro river is the largest kdedinean river of
the Iberian Peninsula, and therefore, it is a greatly regdlaver. The alter-
ations of river flows and floodplains have disrupted the isitgnfrequency,
and timing of the natural disturbance regime responsibienfaintaining the

ecological integrity of these ecosystems. During the lasttury, the flow
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regime has been greatly disrupted. Irrigation of lowlareharand abandon-
ment of farms-lands in upland areas during 20’s century ¢faaRuiz et al.
(60), Ibanez et al.42), Begueria et al.18), Batalla et al. 9), Begueria et al.
(17), Lopez-Moreno et al.1(13), Vericat and Batallag05)), construction of
dams from 1913 to 1975 for irrigation purposes, and the aljual produc-
tion that since 1980’s has been largely driven by an empluasibe cultiva-
tion of water-hungry crops (Frutos et abg)), has resulted in a dramatically
change of both hydrology and sediment transport and thepaticun of river
margins and massive construction for flood protection (Rii60)).

Several studies have been carried out within the study nesgogirting the
current floodplain anthropic degradation. Regalt68f reported that natu-
ral vegetation had been strongly modified by anthropic afi@ns, and this
was later confirmed by Castro et ad5j. Ollero (151) highlighted the mor-
phological dynamics decreasing as a result of river reuiand protection
structures. Cabezas et &@4j reported a strong morphological stability of the
floodplain that leads to a lack of landscape diversity. Cabet al. 6) mea-
sured biodiversity within the study site and reported thespnce of an ho-
mogeneous river scape dominated by wetlands at maturessioeal stages
as a result of the hydrological connectivity decrease. €aband Comin.
(33) pointed out that human occupation of the Ebro river regias lead to
smaller accumulations of soil organic carbon and soil dgamatter dur-
ing the intervals between floods. Gonzalez et&3) found successional and
hydrological gradients within the floodplain, where the msticcessional ac-
tivity is near the main river channel. These studies redutliean important
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scientific and ecological contribution that highlighted tieed of a floodplain
restoration strategy focused on restoring the hydromdogfical dynamics.
However, since all of them are exclusively based on field mnessents, nu-
merical simulation might be a necessary tool for an efficgahéction of the

best restoration alternative.

1.3 The hydraulic model

In the present work, the hydrodynamics of a floodplain areikted, attend-
ing to the physical-chemical processes within the mairr @v@&nnel as well
as within the floodplain. Therefore, it is crucial to choossuétable simu-
lation model capable of reproducing properly the hydrauttthe problem.
Simulating a stream, floodplain, coastal areas or urban a@enot require
the same numerical model. Thus, each problem needs to clio®saost
efficient solution, and our focus of attention is the floodplaodeling.

Floodplains are extended flooding areas, subjected torieguiloods
whereas the properly representation of the flood wave aévenof doubt-
less interest. Therefore, a model that takes into accoerddmplexity of the
water movement over the terrain surface becomes necessarymportant
to make sure that the model is able to handle properly thegrapdic com-
plexity as it is one of the major factors governing the watewftlynamics.
Secondary channels, depressions and general terraiolariigs play an im-
portant role in environmental flows, and it dismiss simjisipproximations
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Most popular hydraulic models use the one-dimensional 8dnt-Venant
eqguations, or also called 1D shallow water equations. Thagider that flow
is directed only in the longitudinal direction of the rivand do not consider
transversal variations for the water depth and for velocBging useful in
problems where the flow is confined between river banks, iecagere
water overflows and leaves the main river bed, they renddesseThis is

approximation is specially inappropriate in meanderingrs.

Being the flow in rivers three-dimensional (3D), models tihake use of
the Navier-Stokes equations seems to be the best optioptesent flood-
plain hydrodynamics. 3D models produce accurate resultiseatost of a
high computational effort. In fact, simulation of floodingemts becomes un-
approachable in cases of extent areas. When evaluatinfoealin rivers
the cost of the non-simplified three-dimensional numennathods can be
avoided using two-dimensional (2D) depth integrated maded water depths
involved allow for such kind of approximation.

As water in rivers and estuaries are usually well-mixed aoddlare
pressure-driven, so the dissolved chemicals are genedatyibuted uni-
formly over a water column. Understanding that dissolveldtearansport
is determined by the characteristics of the fluid flow, thdlehawater model
has been accepted as the basis for the development of anstetiwironmen-
tal or hydraulic models (Vreugdenhi27) and Wu ¢19)).

Indeed, looking at the available literature in surface emmental flood
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Table 1.1: Model comparison.

Comparison of some of the most used 2D hydraulic models tagkd in

this work, SFS2D.

Model Flow equations  Method CoupledDiscretization Field Applica-
solute tion/validation
trans-
port
TELEMAC-2D | Shallow water Finite No Structured- Horritt and Bates §2):
(Hervouet {6) | equations with differ- unstructured 84 % flooded aredq
and Hervouet| turbulence clo- ence quadrangular-  agreement using low
(77)) sure triangular resolution satellite
mesh imaginary data. The
authors conclude thaj
a substantially more
validation is required.
RMA-2 (Roig | Shallow water Finite No Structured- Wagner 208): 0.1 m
(174) and King | equations with ele- unstructured difference between
(104) turbulence clo- ment guadrangular- measured and calcu
sure triangular lated water depth using
mesh 3 gauging stations
Two of them were alsg
used as a boundar
conditions.
MIKE-21 Shallow water Finite No Structured (Ahmad @)) 0.1-0.3
(Institute ©3)) | equations with differ- square or m difference betweern
turbulence clo- ence rectangular measured and calcu
sure mesh lated water depth in the
gauging stations use
as boundary conditions|
HYDRO2DE Shallow water Finite No Structured- Connell et al. %1):
(Beffa and | equations with volume unstructured +0.26 m Standard
Connell (L6)) turbulent diffu- triangular mesh error in water depth
sion using resident-supplied
information and pho-
tographs.
SFS2D Shallow water Finite Yes Structured- Validation in Chapter
(Murillo equations with volume unstructured 1: 79% flooded areg
et al. (136) and | turbulent diffu- triangular mesh agreement using a dif
Murillo et al. | sion ferential GPS data.
(139)
IBER (CEDEX | Shallow water Finite No Structured-
47) equations with volume unstructured
turbulent diffu- triangular-

sion
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simulations, most studies use depth-averaged 2D modetsq®4 al. {3),
Somes et al.187), Horritt (81), Beffa and Connell16), Cobby et al. §0),
Bates et al. 12).). Tablel.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 iietpl
models, neglecting the inertial terms and assuming impbdanplifications
of the hydrodynamical effects. They are usefully if the eagb is put in
flooding impact in terms of flood extent, flood depth and floochtlan, and
provide information with a low computational cost (Hervo(ig6) and Her-
vouet (/7), Roig (L74) and King (L04), Horritt (81), Cobby et al. §0)).

In terms of the physical-chemical floodplain processes sschutrient
transport, simplification of the equations reduces sigaifity the accuracy
of the results, as the responsible terms involved in tratspe omitted or
excessively simplified. On the contrary, using the full &hvalwater equa-
tion models (Murillo et al. {38) instead of the simplified models, reliable
information of the flow velocity can be provided, and it is @rgmount im-

portance when dealing with transport of dissolved chenspaties.

Also, although numerical modeling of free surface flows vattemical
transport over complex bed in realistic situations inveltansient flow and
movable flow boundaries, the conventional methods for peifty environ-
mental simulations in rivers uncouple the hydrodynamiasthe transport of
chemical agents. Ignoring unsteady hydrodynamical effewans that only

11
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a quasi-steady process over very slowly varying bed levebeareasonably
modeled, so that, the correct simulation of solute trartspaapidly varying

flows containing shocks or discontinuities remain excludé¢hen solving

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

probability that naive methods will compromise the quadityd reliability of

the solution.

In this context, we propose the use the SFS2D (Shallow Flomuition
in 2D) numerical model developed by Murillo et alL.36) and Murillo et al.
(138), which solves the full shallow water equation models anaptes the
hydrodynamic part and the solute transport. The numerisar@tization is
based on a finite volume method that used an augmented R@exapate
Riemann solver. Detailed information of the numerical masleshowed in
Chapter3.2

12
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Hydrological connectivity: phisical-chemical state

Connectivity lost TSI
. \‘ "(,”’ \“\df’ |‘.//

Water level Decreasing water quality > Loss ws Connectivity (water, materials and biota)

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

Considering the relevance of the floodplain ecosystemstantiytdrological

connectivity as the main process that produces and maititaBe ecosys-
tems, we pretend to enhance the need of the restoration aserpation of its
natural hydrodynamics. Hence, the focus is on floodplairrdigdical con-

nectivity, sedimentation, hydromorphological and nuiridynamics. Taking
into account the need of an efficient tool capable of undedstand predict
this hydrodynamics, the development of a simulation toat thcludes those

processes is a major part of the present work.

2.1 Final aim

Our ultimate goal is to analyze the hydrological and the maschemical
processes that produce and maintain the floodplain ecosysfemeans of

the numerical simulation. We aim to establish the numegaalulation as

15
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a predictive tool suitable for the management and restoraif the riparian
ecosystems.
2.2 Preliminary aims

The main goal has been specified in nine specific objectivatsctiver both
numerical and experimental floodplain analysis, in an giteto develop,
validate and apply a simulation tool that integrates flowadygits, sediment
transport and nutrient uptake. These objectives are thesthielow:

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

2. Include a simple hydromorphological dynamics represd@nt in the
2D shallow water model.

3. Development of an unsteady nutrient uptake model of ptigdichar-
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 ripaggstem using
experimental field data.

6. Analyze the current floodplain hydrological connectivit

7. Analyze the influence of the current flow regime and the tooted
river defenses in the floodplain geomorphic activity thajothe sim-
ulation tool.

16
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8. Analyze the current sediment and dissolved phosphoradglain dy-
namics by means of the simulation tool.

9. Generate possible restoration scenarios through thdagion tool.

2.3 Study outline

Chapter4 focuses on floodplain flooding dynamics (see fi§1). A two-
dimensional simulation model was validated using field da@ GIS analy-
sis. Then, we included a simple hydromorphological dynamepresentation
in the 2D shallow water model to analyze the current floodpfimioding dy-
namics and its geomorphological activity. Based on thisentrfloodplain
analysis, five possible hydromorphological restoratidarahtives have been
simulated and analyzed.

Chapter4 has been accepted for publication in Journal of Hydraulie En
gineering as: Gonzalez-Sanchis, M., Murillo, J., LatoBg,Comin, F. and
Garcia-Navarro, P. Transient two-dimensional simulatibreal flood events
in a mediterranean floodplain.

In Chapters, nutrient uptake capacity was examined by means of exper-
imental and computational analysis (see fidl). Field experimentation was
carried out in an irrigation canal within the study area, sdwater discharge
comes from the Ebro river. Solute transport, including bretictive and non
reactive substances, was included in the two-dimensiomallation model.

To determine the main factors related to the nutrient uptakeerimental

17
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data were subjected to multivariate statistical analyseslving Principal

Component Analysis (PCA). A nutrient uptake coefficient wasmated us-
ing different approaches: one-dimensional steady statedimensional un-
steady state and kinetic. A new nutrient uptake formulati@s developed
and included in the two-dimensional simulation model. Aacy of the four
nutrient uptake calculation methods was analyzed compaiperimental
and calculated data thorough a linear regression analysis.

A summarized version of chaptBhas been submitted to the journal Wa-
ter Resources Research as: Gonzalez-Sanchis, M., Muri|lléermaat, J.,
Comin, F. and Garcia-Navarro, P. Nutrient retention capaafi 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 theoEiver (see
fig. 2.1). Then, floodplain solute dynamics, nutrient uptake andnsexakta-
tion pattern were analyzed using the complete two-dimeasisimulation
model. Finally, following the results of the floodplain ayeif, 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. Verm&atComin, F.
and Garcia-Navarro, P. Modeling nutrient and sediment ahyosin the mid-
dle Ebro river floodplain (NE Spain): a validation.

18
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CHAPTER 3
Hydraulic model

Roughness

Bed elevation

Mesh generation

Model calibration

Validation in the floodplain

potential, sedimentation, d

transport and SRP uptake

Analysis of current
geomorphological activity

Restoration scenarios

CHAPTER 4
Predictive model
development
Validation: controlled
and semicontrolled
conditions
|
CHAPTER 5

Analysis of current floodplain:
geomorphical activity, dissolved nutrients
and sediment dynamics,

SRP uptake and buffering potential

Final restoration
scenarios

Figure 2.1: Study approach.

General study outlines. Main objectives are indicated aecchapter where
they are accomplished.
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3

GENERAL METHODOLOGY

3.1 Study Area

Three studies were carried out in a2n river segment located along the
middle Ebro basin, 1&mdownstream Zaragoza city (NE Spain). The reach
of the Ebro river in the study area forms a meande7 @n?, river width:
110 m with one island and an oxbow lake) included in the NaturaldRes
"Los Galachos de la Alfranca, Pastriz, la Cartuja y el BurgoEbro” (see
Figure4.1). The discharge, averaged over the years 1927 to 2010 ywiftis
reach is 230n*/s (Ebro River Basin Administration: www.chebro.es), and
the surface elevation ranges from 1mBabove sea level (a.s.l.) at the river
channel to 18%na.s.l. at the base of the old river terrace.

The Ebro is the largest Mediterranean river of the Iberianii&eila, with
a basin of 8% n? and a channel length of 93@n It has an annual discharge
into the Mediterranean Sea of8BEQ7 m3/y, with a maximum in February, a
minimum in August, and an asymmetry in the upward and dowdwarves

21
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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 tbw Wwater level

in autumn (Ollero {53)). The water regime is regulated by the presence of
234 dams and reservoirs on the river basin, impounding 57%efmean
annual runoff (www.chebro.es), and whose main objectivierigation pur-
poses. Most (89.3%) of the water supply is dedicated to almie, whilst
domestic and industrial activities ocupes 7.2 and 3.5 %e@sely Bouza-
Deano et al. £2). Hence, agricultural activities take up most of the Ebro
catchment area (PinillaL60)), and are directly related to the large number of
lateral defenses constructed in the middle Ebro basin. Asudtr the trend of
middle Ebro river discharge has decreased, specially $imec@950s, and it
causes a narrowing in the riparian corridor of the free mednd Ebro River
over the last several decades (Ollet63) that reduces the natural floodplain
forests to only 4.5% in the whole Middle Ebro (Ollerd5Q)). Furthermore,
agricultural practices and the increasing of human agtélitring the last cen-

tury decreases the water quality (Torrecilla et 408)).
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3.1 Study Area

3.1.1 Ecological aspects

The selected river segment is notably affected by embankistenctures,
where a 20% of its surface is occupied by crops and pasture/etty, still
some active morphological dynamics occurs, but this isiotstl to the clos-
est river floodplain (Gonzalez et a63)). As a witness of the past hydrogeo-
morphic activity, the floodplain shows an oxbow lake and apethannel (see
Figure3.2), which still get superficially connected to the river dgyifhood-
ings, when sedimentation process prevail over erosiondgzzaband Comin.
(33)).

Steppic shrubby vegetation dominates the uplands adjacéhé flood-
plain. The riparian forest is composed of three softwoodc8atae species:
white poplar Populus alb3, European black poplaP(nigra) and white wil-
low (Salix albg, and five hardwood species: saltced@arfarix gallica, T.
africanaandT. canariensi} narrow leaf ashHraxinus angustifolizand field
elm (Ulmus mino) (Gonzalez et al.q3)). The flow regime creates a ripar-
ian forest gradient whereas the youngest vegetation ig ¢tothe main river
channel, while the oldest is located in the upper floodplamate, further
from the main river channel. Therefore, it is possible to Bndcessional and
hydrological gradients, where the main successionaligcts/near the main

river channel (Gonzéalez et abJ)).
The water quality is characterized by a high nitrogen cotraéion, high

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

The molar rate between total Nitrogen and Phosphorus (NS1218uggest

23
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Figure 3.2: Natural and anthropic floodplain formations.

Numbers represents the different morphologic and antbrf@pmations, (1):
crops and pasture fields, (2): young riparian forest, 3 isotdeiparian for-

est, (4): paleochannel, (5): oxbow lake, (6): secondaryeeband (7): con-
structed wetlands. White lines represent the lateral dikés for flood pro-

tection. Dotted white lines denote the limits of the NatuRaserve "Los
Galachos de la Alfranca, Pastriz, la Cartuja y el Burgo deoEbBFhe black
gquadrant represent the limit of the computational domalre derial picture
was taken in 2007.
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3.2 Two dimensional hydraulic model

that probably the phosphorus is a limiting nutrient for &fgaduction (Zhen-
Gang @21)).
Table 3.1: Water quality parameters at the study site.

Concentrations are expressedmg/|, conductivity inuS/cmand tempera-
ture in°C.

Water parameter | average-STD
Total Nitrogen 3.7t1.1
N-NO3 2.4+1.5
N-NH4 0.2+0.1
P-PQ 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 dissoleed suspended
solute transport, sedimentation and an estimation of tikedtosive potential
was calibrated, validated and used to analyze and pre@idtdbdplain mor-
phological activity and flooding, dissolved nutrients aedisent dynamics.
Furthermore, an SRP uptake model has been developed atetibvalidated
and coupled to the numerical model to represent the currert f®odplain

uptake as well as the total buffering capability.
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3.2.1 Hydrodynamic simulation

A two-dimensional hydraulic simulation model, SFS2D, deged by Murillo
et al. (L36) and Murillo et al. (38) was used in the present work. Water flow
under shallow conditions can be formulated by means of thpéhdeveraged
set of equations expressing water volume conservation aterymwomentum
conservation. That system of partial differential equatiwill be formulated
here in a conservative form as follows:

ou JFU) 0G(U)

o T ey =SUXY) (3.1)

where

U=(h g q)" (3.2)

are the conserved variables whhepresenting the water depti, = huand

gy = hv, with (u,v) the depth averaged components of the velocity vegtor
along the(x,y) coordinates respectively. The fluxes of these variables are
given by:

2 T 2 T
1 g 1
F = (qx, Yoo, qxhqy> . G- <qy, >, X §th> (3:3)

whereg is the acceleration of the gravity. The source terms of tistesy are
the bed slope and the friction terms:

s_<oso—M SO—M)T (3.4)
) X pwv Yy pvv .
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where the bed slopes of the bottom lexzalre:

0z 0z
“ghs. Sy=-ghy (3.5)

be = dy

The friction forces are expressed through the bottom shemsS, = (Thx, Thy),

whose components can be written in terms of the Manning'ghoass coef-

ficientn:

Tox n2uy/u2 + 2 Toy n2vv/u2 +\2

E:ghsrx Sfx:T7 E:ghsry SfyZT
(3.6)

System 8.9) is time dependent, non linear, and contains source terms.
Under the hypothesis of dominant advection it can be classiind nu-
merically dealt with as belonging to the family of hyperloodiystems. The
mathematical properties 08.0) include the existence of a Jacobian matrix,
Jn, of the flux normal to a direction given by the unit vectgr En, with
E = Fny+ Gny, defined as:

_JEn_JoF  0G
=90 au™au™y

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

Jn (3.7)

discretization that will be outlined in next section.

3.2.1.1 Dissolved solute transport

Solute transport and water flow under shallow conditionsheformulated

by means of the depth averaged set of equations expressisgreation of
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water volume, solute mass and flow momentum. The diffusiohetrans-
ported variables can be computed by inserting the fornaradi the depth
averaged-¢ turbulence model (Rastogi and Rodbd)), that are also mod-
eled as transported scalars. Such a system of partial efitiai equations
will be formulated here in coupled form fqgrgeneral species as:

odu JFU) 0dG(U)

N
T ot ey = S(U) +R(U)+ OD(U) (3.8)

where in matrix notation

U=(h & a ha he ... hg, hk he ) (3.9)

describes the conserved variables withepresenting the water deptby

and gy, with (u,v) the depth averaged components of the velocity vector
u along thex andy coordinates respectivelyn,@ ....,¢, representing the
scalar depth-averaged concentration of the different tiflestransportedk

the turbulent kinetic energy angdthe dissipation rate. The diffusion term
D and the reaction terr®R are constructed using the— ¢ model proposed

by Rastogi and Rody (Rastogi and Rotl6{)). The fluxes of the conserved

variables are given by:

2 T
F=<qx FT+30P ady/h kB @ . G Ok qxhs)

, T
G= (  %a/h T+3ig® qo g ... @ ghk ghe )
(3.10)

whereg is the acceleration of gravity. The first source tegrimcludes the

28



3.2 Two dimensional hydraulic model

bed slope and friction in the momentum equations:

S=(0 gh(Sw—S) gh(Sy—Sy) 0 0 ... 0 0 0) (3.11)

where the bed slopes of the bottom lezalre

Sx=—74C Sy=—5- (3.12)

and the friction losses are written in terms of the Mannimgisghness coef-

ficientn:

Stx = PPuy/ w2 +v2/h*3 S = nPvy/u2 4-v2/h3 (3.13)

3.2.1.2 Suspended solute transport and sedimentation

The suspended solutetransport is calculated from:

o(hg) d(hup) Jd(hvp) 0 do. 0 7))
(3.14)
wherews is the particle settling velocity anid, E are the deposition and
erosion rates respectivelys is calculated following Jimenez and Madsen

(98) formulation.
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3.2.1.3 Flow erosive potential estimation

To represent the floodplain geomorphological activity inécessary to add
a new term in the numerical scheme. As previously statedsystem of
equations3.8 assumes fixed bed. However, it is also possible to obtaim-info
mation regarding the erosive capability of the flow. The bestien rate is
directly related to the dimensionless bottom shear streShields parameter
(Wu (219):

| Tol

0= "9
9(Ps — Pw)dm

(3.15)

whereps andp,, are solid material and water densitidg,is the bed particles
median diametem(n) and 6, the critical Shields parameter, expressing the
critical condition for incipient motion of sediment. Thelwa of 8, can solely

be determined by fluid and sediment characteristics Cao aanghB9) by
means of the particle Reynolds numiiee= /d3(s— 1)g/v, beingv the

fluid kinematic viscosity.

The mathematical model does not account for morphodynah@oges

of the bed, but it is possible to evaluate the following pastan

ro :g (3.16)
C

and wherrg > 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 schenm#& g is integrated in a volume
or grid cellQ:

%/QUdQJr/Q(ﬁE)dQ:/QSdQ (3.17)

Following previous work, it is assumed that the third intdgran be re-
formulated as in?)

/SdQ:f (Tn)dl (3.18)
Q 0Q
whereT is a suitable numerical source matrix. This enables thevdtlg
formulation
17}
—/ UdQ+ ¢ Endl=4¢ Tndl (3.19)
ot Ja Q Q

When the domain is sub-divided in celly ,using a mesh fixed in time,
(3.19 can also be applied to each cell. Assuming first order inesppproach
equation 8.19 reduces to (Murillo et al.1(38)):

(Uin+l_Uin) . NE B
At A+ I(Zl(éE T)xnklk =0 (3.20)
whereA is the cell areadE = Ej — E;, with E; andE; the value of the
function E at celli and at cellj respectively, withj a neigbouring cell of
connected through the edgen, = (ny, ny), is the outward unit normal vector
to the cell edge, I is the corresponding edge lengtbE is the number of
edges in the cell andlk to be defined.
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3. GENERAL METHODOLOGY

Due to the non-linear character of the flaxthe definition of an approx-
imated Jacobian matriﬁ,n,k, allows for a local linearization and is exploited
here Roe173). The problem is reduced to a 1D Riemann problem projected
onto the directiom at each cell edge.

Following the unified discretization in (Burguete et &l0)) with the dis-
cretization of the friction term based on Murillo et al3g). Both bed slope
and friction term can be split on the basis of eigenvectoder to enforce
the discrete equilibrium with the flux derivative terms, €bgroperty) is en-
sured in steady cases with nil and not nil velocity (Murilloagé (138 and
Rosatti et al. 175)).

A careful discretization is specially required for the an#tdic treatment
of wet/dry borders since it avoids unphysical results (Muegt al. (138)). To
allow the computation at the minimum computational costreseovative flux
redistribution presented in (Murillo et alL§8)) not affecting the accuracy of
the results, has been used in this work. Also, a hybrid teglencombining
pointwise implicit and upwind explicit formulations for ehfriction source
term presented in Murillo et al188), has been applied.

3.2.3 Hydrodynamic river bed reconstruction

In general Digital Terrain Models (DTM) developed in perraatrivers do
not furnish any information of the region covered by the waieat least, not
with the same resolution as the rest of the terrain. Howevleen using 2D
hydraulics models, it is necessary to provide the compléi&Dincluding
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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 &rpalate and/or
reconstruct the river bed elevation is necessary. The presmk, propose a
new method whose starting point is a gridded DTM of the aragititludes
the water surface level in the river at a given value of therridischarge.
The information concerning the water surface elevation @eddischarge
is used to reconstruct the river bed. For that purpose, thvediar lines
corresponding to the longitudinal axis and the left andtriginks of the river
are drawn (see Figuie3).

Several points along the axial or central line are choserrderoto as-
sign them the water level elevation and to get an approxanaif the water
surface elevation derivative along the channel axis. The furface level
variations between adjacent points has a lower limit in #solution of the
terrain measurement technique used. Therefore, the catigpubf the sur-
face elevation derivative at a point requires the use ofimédion from other
points located as far away as required by this limit. Furtiee, the com-
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3. GENERAL METHODOLOGY

puted derivatives must be locally averaged in order to daogsiple peak
values and to produce realistic and smooth distributionsly @alues of the
derivative strictly greater than zero are allowable andveeldlimit of 10~4
was selected in this study.

The river bed is reconstructed by following a path alongtaR points
in the original DTM file and applying a method that can be sumired 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 keyk a

another point is considered.

3. If point P is in the river, the nearest point in the river algsis sought.
A straight line betwee® andP: is drawn so that the intersection with

the bank lines provides two new poifRsandR . See Figure.4 (left).

4. PointsPr andR_ define a cross sectidhin the river that contains point
P and the top width of this cross sectiow?2s estimated as the distance
betweenPr andB.. The value of the water surface level derivative
along the river axis at poirfz, previously calculated, is assigned to

the cross section as well as a value for the roughness ceeffici

5. A simplifying hypothesis concerning the cross sectiocapghis made
by assuming a symmetric triangular geometry. Then, witkreafce
to Figure3.4(right) the required deptl§ 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:

_d(h+z) n?Q?

== " R (3.21)

wherel; is the coordinate direction that follows the channel axis de
fined by the central line containing poiRt and

A=WE (3.22)
A

- 2¢/&2+W2

From @3.23, the following non linear equatiorf,(), for the unknown

R (3.23)

& can be worked out in terms of Q and&:

(&) =W03g103 n2Q224/3(;2 W o a2

The roots off (£) are computed using the Newton-Raphson method,

that requires the derivative

_df 1—0W1°/3E7/3— ﬂ”2Q224/3(52+W2)*1/35 _0

f’(f)_&_?’ 3 5

(3.25)

Starting with an approximated value of, for instanég= 0.5m, the
iterative procedure leads to the desired convergence suollaéon that,
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3. GENERAL METHODOLOGY

P,

Figure 3.4: Example of auxiliar lines in the river reach.
in our case, was fixed in 18m.

_ f(én)
éni1=2¢n— m (3.26)

Being a quadratic convergence, the solution is obtained maore than

three or four iterations.

6. Once the cross sectional shape is determined, the wapbén dad
therefore the bed level at poiRtcan be calculated

Le = W (3.27)

beingL, the distance betwedhand the midpoint of the lineq(, Fr).

The application of these steps to all the points in the DTMvigles 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 raerrel environ-
ments (Hauer and Lorang 1)) where aquatic and terrestrial systems coexist
and are subject to recurrent flooding. The principal prog¢kas produces
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and maintains river-floodplains is the dynamic interacbetween water and

land (Bayley (4)). The fluvial action of flooding creates a shifting mosaic of
habitat (SHM) patches across the riverine landscape (Waal £14)) and

is a fundamental part of the hydrographical dynamics ofrimezones (Junk
etal. (L02), Standford {88)). Flooding, geomorphic change owing to cut and
fill alluviation, and subsequent succession of the floodplagetation, con-
tinually transform the SHM establishing a transient eguilim among new
and old habitats (Hauer and Lorangfl)).

To interpret and predict the changes in river-floodplaieriattion under
different flow regime and/or management conditions, the emizal simula-
tion of the overland water flow can be used as a tool to know yidedtogical
floodplain dynamics and to predict the hydrological behavié/hen eval-
uating real flows in rivers, the cost of the non-simplifiedettndimensional
numerical methods can be avoided using depth integratectlsyoak water
depths involved allow for such kind of approximation in moases (Murillo
et al. (L38)). In river modeling, the use of the Shallow Water equatibas
been often justified (Vreugdenhi2@7) and Wu @19), where the flow can
be assumed to be governed by the bottom friction and bediteggllarities
maintaining the temporal transient character. This allfmwvan adequate rep-
resentation of the surface flow processes that are a basiofplae mentioned
hydraulic connectivity which is conditioned in part by tleeraiin topography
Florsheim and MountH6). When performing numerical simulations, this to-
pography must be represented with enough fidelity to ensumerate results,
otherwise a different scenario will be simulated (Cook aretiWade £2)). In
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this context, Digital Terrain Models (DTMs) provide exht@ws information
of the floodplain, but the regions covered by water are a soofrancertainty
(Hunter et al. 89)). Therefore, the decisions made to represent the river bed

elevation may be of primary importance for some dischardeega

When the shallow water equations are solved in order to nmbeeflow
evolution in a river for floodplain inundation predictionswme other kind of
eco-hydraulic simulation, the choice of the spatial modebives more than
a change in the governing system of equations. A one-diraealapproach
is led by boundary conditions at two points, the inlet anddbtet, and the
computational domain is well defined between them. A twoealigional ap-
proach involves a new difficulty: the computational domaine longer fixed
and well defined but can change as the flow evolves and is detrby a
combined influence of the flow properties and the bed form.

Structured quadrilateral grids are generally preferretiyidraulic engi-
neering practice since the connectivity between neighbocells is trivial
and there is no requirement for grid generation, in prircigihese grids ei-
ther fit perfectly or introduce undesirable corners in thedbes of the wet
computational domain. Triangular grids are useful maimly their poten-
tial interest in adaptation to irregular boundaries butehawt yet gained the
same acceptance as quadrilateral grids for hydraulic adjmins. Therefore,
not only most of the flow dynamics is considered in the mathimalformu-
lation but it is also complemented with the best discreteasgntation of the
relevant terrain information (Uchida et a(1), Schubert et al.181), Brown
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etal. 7).

In recent years, the development of robust and efficieni@kfhite vol-
ume models of shallow water flow has been the matter of resaarthe
computational hydraulics literature as the basis for theeld@ment of more
ambitious environmental or hydraulic models. Bottom fantand bed level
irregularities have been shown to influence not only flood esalvehavior
but also numerical methods performance drastically. A farts have been
reported on the search for the best methods (Vazquez-Ce2d&) Hub-
bard and Garcia-Navarr@g)) in presence of flow over irregular geometries
(Zhou et al. 223, Audusse et al.®), Murillo et al. (137)). When dealing
with simulation problems that involve bed variations arahsient flow over
a dry bed, a correct numerical treatment becomes crucia békt treatment
of the wet/dry frontier in shallow water finite volume comatibn has been
a matter of some activity (Akanbi and Katopod&y, Bradford and Sanders
(25), Murillo et al. (136)).

The present chapter is devoted to the application of a campge shal-
low water model in finite volumes (see Chapter refGeneralhgéblogy) to
the simulation of overland flow problems and to the validatd the numer-
ical results with measured data with the aim of developingoh ¢apable of
predicting the hydrodynamic floodplain behavior that caopilaly a key role
in the ecological restoration. For that purpose, first treaaf study is de-
scribed and the importance of the decisions concerning sheofithe topo-
graphic data is emphasized. For that reason, the full medatfined as a
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combination of the hydrodynamic flow simulation part, thegbness model
and the topographic data representation. In order to gaifidance in the
forecasts of mathematical models as a practical tool it ces®ary to con-
front them with real life data. The necessary calibratioagghis performed
to decide the best roughness coefficients and the best tqgugrdata repre-
sentation. After that, the validation is performed by conmgathe numerical
results obtained from the complete model so defined with taemlevels
measured during other five flood events, with time series oficoous water-
depth point measurements during different situationsgatbe year and with
flooded area measurements.

Once the model is validated, the simulations are used to&teathe cur-
rent floodplain geomorphic dynamics. Finally, differenpagraphic scenar-
ios, based on changes in the hydraulic river-floodplain eotivity, are gen-
erated in order to analyze their potentially beneficial effa the floodplain
geomorphic dynamics.

4.2 Objectives

Present chapter develops a tool to predict floodplain hydrachics that can
be used as an ecological restoration tool. In this way, tleeiBp objectives
of the present work are:

1. Find an efficient representation of the roughness anditetopogra-
phy, including the main channel bed.

2. Validate a complete 2D shallow water model in finite volsme

41



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

3. Analyze the current floodplain hydromorphological atgivthrough
the simulation model.

4. Analyze the influence of the current flow regime and the ttooted
river defenses in the floodplain geomorphic activity.

5. Propose and simulate possible geomorphological regtorscenarios.

4.3 Description of the study area

The study was carried out in a reach of the middle Ebro Ri&Kih down-
stream Zaragoza city. The reach was 2 Km long with an isladdaaroxbow
lake (see Figurd.1) and is included in the Natural Reserve "Los Galachos de
la Alfranca, Pastriz, la Cartuja y el Burgo de Ebro”. The Hemge, averaged
over the years 1927 to 2010, within this reach is &8s (Ebro River Basin
Administration: www.chebro.es), and the surface elevatanges from 175
mabove sea level (a.s.l.) at the river channel to dB&s.l. at the base of the
old river terrace.

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 1@ return period flood (300@n°/s, 1927
2010) is 37 Kn?, whilst only about 30 % of the area is flooded by a river
discharge of 1006n®/s(0.37 yr return period, 1927 2003), and only 10 % is
flooded by a river discharge of 606 /s (0.14yr return period, 1927 2003).
The oxbow lake is connected with the river when the dischezgehes 1000
m®/s, and this occurs 1-3 times per year.

4.3.1 Roughness

Floodplain roughness has been characterized in situ,idgyithe floodplain

in a set of habitats of homogeneous structure using diffede€BPS Topco@
(0.03 maccuracy). The Manning roughness coefficient has beennassig
each habitat according to the recommendations found inpbeiaized bib-
liography as detailed in tabke 1 Figure4.2 shows the roughness map used
in the simulations.
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Table 4.1: Manning coefficients.

Roughness coefficients used in the floodplain.

Description Manning’s n Reference
Main channel 0.035 Acrement and Schenide$)(
Urban 0.05 Sande van Der et al1{7)
Crops 0.035 Palmeri et al. {55
Permanent water 0.024 Palmeri et al. {55
Pine forest 0.124 Poole et al. {61)
Unsurfaced road 0.027 Chow @9)
Grassland 0.033 Palmeri et al. {55
Poplar plantation 0.05 Martin Vide (122
Gravel 0.028 Acrement and Schenide$)(
Cottonwood or willow dominant 5 10yr with gravel soil 0.1 Acrement and Schenide$)(
Cottonwood or willow dominant 16 15yr with sand soil 0.04 Acrement and Schenide$)(
Cottonwood or willow dominant<2mtall and <5cmin diameter at base 0.13 Poole et al. {61)
Reed 0.13 Rhee et al. 169
High grassland and disperseed willow- Byr 0.124 Acrement and Schenide$)(
Mature forest with blackberry undergrowth 0.12 Poole et al. {61)
Old secondary channel 0.13 Poole et al. {61)
Dispersed cottonwood and Tamarix-220yr with gravel soil 0.036 Bedient and Huberl)
Scarp 0.023 Chow (49)
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n: 0.02 003 004 005 006 007 008 008 0.10 011 012 013 015 016 017

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

4.3.2 Discharge

As this is a natural reserve it is not possible to build a prgaeiging station
in the domain of interest. The best approximation to estntia time evolu-
tion of the inlet discharge into our area of study is given lgaaging station
belonging to the Ebro River Authority located approximate? kmupstream

the reserve, therefore, data from this station have beeah use
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In order to relate discharge with water depth at the outletiae and
therefore be able to provide a downstream boundary conditidhe model,
the natural narrowing of the river, leading to an acceleratif the flow in this
region, was used. This was useful to define a discharge/satigg curve by
means of observed field data (using differential GPS To@))r&;o that pairs
of values of water discharge and water level were supplieat. vRlues of
discharge greater than 228 /s it was not possible to collect field data, so
the gauging curve has been completed by extrapolation. ©ottier hand,
the computational grid is divided into internal cells andibdary cells. The
boundary cells are also labeled as inlet and outlet. Whefonpeing simula-
tions of the river flow, the outlet boundary cells are forcedrteet two con-
ditions simultaneously: they must share a single value dése water level
(the water depth varying according to bed level variati@rs) the sum of the
individual discharges must correspond to the total diggham the gauging
curve. The finaQ(h) curve used as outlet boundary condition is displayed in
Figure4.3
As shown in Figuret.3, the outlet flow curve has a sigmoid form. The first
part, from 0 to 1000 /s, represents the water depth rising within the main
channel, that corresponds to a linear adjustment. The ,va(lﬁi)rr?/s cor-
responds to the threshold where the river burst its banksetebd data), and
it represents an inflexion point within the gauging curveorirrl000 to 2000
m® /s the relation between the river discharge and the water tyaénds 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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Figure 4.3: Gauging curve used in the outflow section.

the curve, from 0 to 1008/, represents the water depth rising within the
main channel, whose representation corresponds to a kfastment. The
value, 1000m*/s corresponds to the threshold where the river burst its banks
(observed data), and it represents an inflexion point witlérgauging curve.
From 1000 to 2000n/s the relation between the river discharge and the
water level depends on the floodplain topography, whichdedwan irregular
shape.

4.3.3 Topography

The Digital Terrain Model (DTM) used in this work was provitiey the
Ebro River Basin Administration (www.chebro.es) as a supfm the re-
search project. It had been obtained using the Laser IndDaedtion and
Ranging (LIDAR) data, by means of a single pulse scanningaewith Q15

m vertical accuracy and th horizontal resolution. Scanning LIDAR sensors
produce distributed high quality topographic data thatjoles a good terrain

information to integrate with two-dimensional numericgdhaulic models
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(Marks and Batesl(19)).

However, since triangular grids are the best discrete septation of the
relevant terrain information (Uchida et a((1), Schubert et al.181), Brown
et al. 7)), we discretized the DTM into a triangular structured grithe
triangular computational cells were created from theside gridded DTM
by drawing the main diagonals. As a result, a triangular nveigih 214880
cells was developed (see Figut<).

Terain elevation (M): Si76™175 150 12 184 186 188 190 192 194 196 196 200 202 204

Figure 4.4: Digital Terrain Model using triangular mesh.
Left: 2D DTM view. White lines represents the measured roress 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 aad not covered
by water, but does not furnish any information of the regiomered by the
water. The main channel shape was characterized with datuibvahymetry
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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 CoffSappers
(see Figuret.4left).

A first bed elevation map of the full domain was thereafterdpiced by
interpolating these measured values with the DTM data usgis soft-
ware (resample tool), by transforming the network fromn tesolution to 5
m. Most floodplain flooding studies use DTM with 30100 m resolution
(Horrit and Batesg0), Connell et al. §1), Bates and De Rod.(), Marks and
Bates (19), but in our case, with these resolutions many of the terda-
tails are lost, and therefore, the floodplain hydraulic bedras represented
too superficially to comply with the objectives of this pap&his river bed
reconstruction will be calledRBL from now on. The interpolation methods
based on statistical treatment of the overall informatimviged incorrect re-
sults when reconstructing the river bed as will be seen. |&®rthis reason,
another interpolation method intended to produce a betfanesentation of
the river bed from the available data was developed and imedtin Chapter
3.2.3 This second terrain model will be call&B2 from now on. A compar-
ison of river bed sections using the three terrain modelDAR data,RB1
andRB2) is shown in figuret.5.

4.4 Full simulation model

The full model presented in this work combines the hydrodyiaasimulation

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

The topographic submodel includes the terrain representand the
roughness characterization. Both variables are fundaxhant simulation
model, where its incorrect representation produces ustieasimulation re-
sults. In that sense, we developed a triangular structueghrasing the LI-
DAR data and the bed channel reconstruction, which is shawin3.3 The
roughness representation is showr if. 1

Application of the full model requires two steps: caliboatiand vali-
dation. Calibration establish the sensitivity of the hydinsamic simulation
submodel to the topographic data representation. Vatidagfers to the ac-
curacy evaluation of the complete model through compariosimulated
and available field information.

4.5 Model calibration

The calibration step is an important point that states theiseity of the hy-
drodynamic simulation submodel to the topographic dateemsgmtation. At
the present work the sensitivity was stated on the basis tfaalg state dis-
charge.

Although some authors agree that river bathymetry is a ketygba field

survey, it is also true that a high number of measured cras®aalata is not
always available, and sometimes is absolutely missing ihDAR dataset
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(Cook and Merwade5Q)). Our results were highly sensitive to the precise
definition of the full river channel shape required by the 2Bdel and this is
the point we want to emphasize.

For calibration purposes, the hydrodynamic model was useaihtulate
two steady flows in the river reach. All the calculations iistivork were
performed over triangular grids in order to better fit thedr irregularities.

To check the validity of the river bed reconstruction, a djeatate so-
lution for a constant discharge equal to /s, low regime, was computed
using the described shallow water model and run to conveggerhe quality
of the reconstruction can be evaluated by comparing the ricaheesults for
the water level surface with the information provided by dnigginal DTM
of the area (Figurel.7). Figure4.7 (upper) shows the water level surface
computed over th&BL bed elevation model and it shows unrealistic dry ar-
eas and overflooded regions when compared to the LIDAR irdtiam of
the water surface at that discharge (Figdrélower). Comparison between
measured and predicted flooded area has been estimatediagdor Bates
and De Roo 11) criteria, where the accuracy of the calculated flood extent
versus the observed is defined on:

(AoNAc)
(Ao +Ac) = (AoNA)

whereA, corresponds to observed flooded argacorresponds to calculated

Fita(%) = 100 (4.1)

flooded area anfl, (N Ac is the intersection between observed and calculated
flooded areas.
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Following this criterionRB1 shows an agreement between observed and
calculated flooded area Bita = 85.4%, while the agreement fRB2 is Fita
= 98.3%. Therefore, if the bed elevation provided®§2 is used, the pre-
dicted water surface in the river is more accurate. Figurglower) shows

the agreement between measured and computed data.

The second set of simulations at discharge of B80s flowing at steady
state, was performed to assess the quality of the prediatedbed eleva-
tion. The extension of the flooded area was also measured tisindif-
ferential GPS. When using tHeBl bed elevation, the computed floodplain
was excessively flooded and many habitats were erroneonishected to the
river. This is shown in Figurd.8 (upper) where the calculated flooded area
has been plotted together with a dashed line representatitire measured
flooded area. The flooded area obtained usingRB@ interpolation tech-
nique is shown in Figurd.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 ofgtmess coef-
ficients was low for a given topographic data submodel and/engtompu-
tational mesh. Variation of the Manning’s roughness coeffits shown in
Table4.1with 4+ 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 thetbpsgraphic
data submodel. The rest of the computations were carriedooutlidate
the full model with no more changes than the inlet dischamyeesponding
to the individual flooding events. This process is based enctimparison
of the computed results and the available field informatiehere several
field data such as flooded area, water depth and flow velodtyemuired.
The agreement between the measured and predicted floodethasereen
estimated using equaticghl

4.6.1 Experimental techniques and field measurements

The collection of field data for validation proposes was iedriout during
2007, registering the five flooding events occurred withia ylear. The data
collection covered a wide range of discharges from 400 td28%'s, with
a return period of: 0-¥r (estimated within 1980-2010), and was focused on
water depth and flood inundation extent. Water velocity watsregistered
because of, as Bates et dl0) pointed out, the collection of a full representa-
tion of the variability of flow velocities during flood eventsspecially in an
extensive floodplain, is very difficult.

4.6.1.1 Flood inundation extent

The shoreline of the maximum flooded area was measured ifnséuery
flooding event using differential GPS Top@n(0.03 m accuracy). Points
were manually recorded every-220 mwithin the limit between the dry and
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wet area. Point recording was-13 hr long, whereas the maximum inlet
discharge variation wasBm?/s. Inland dry areas were also recorded using
the same methodology, except for the highest river diseha2g50m’/s,
where it was not possible to enter in the floodplain, and it elzserved from
the old river terrace.

4.6.1.2 Water depth

Water level was registered both manually and automatiadliging 2007,
where the measuring locations will be referred to as lonatibl, L2, L3,
L4, L5 and L6. L1 to L5 are located in a secondary channel ctoste
main river channel that is hydrologically connected wité tlver in ordinary
flooding events. L6 is located in the oxbow lake, and is théhést probe
from the river (see Figuré.9).

Water level was registered manually at probes L2, L3, L4 ahdding a
ranging rod during the five flooding events, as soon as it wasible to enter
the secondary channel. 1-3 daily water level measuremesits registered
at each probe during the whole flooding event, whose took 2dam4 days
each one.

At probes L1 and L6 Water level was recorded continuousliyrye@@®
minutes using water depth and temperature sensors (@i,vGrS cmaccu-
racy) with a barometric correction, during 2007. The agreeinbetween
measured and predicted water level is estimated as follows:

pd

Fitp = |(Dp—Do)i (4.2)

Zl=
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whereDy, is the predicted water levell), is the observed water level ahtlis
the number of observations.

Five simulations, corresponding to the five real events$estiond.6.1.9,
that will be referred to as hydrographs I, Il, IlI, IV, and V vegperformed (see
Figure4.10. Every event was simulated starting from the previouslgnco
puted steady state of the river, that correspond with th@indischarge of
each flood event, and was compared to the field measuremdrgscompu-
tational cost was 60, 64, 64, 68 and [3for hydrographs I, 11, 111, IV and V
respectively. Computed and measured data comparisontated bellow.

4.7 Validation results

Hydrograph | (Figure4.1]) is representative of an ordinary flooding event
of peak discharge 4207 /sin 50 hr. Figure4.11shows four snapshots of
the numerically predicted flooded area at timhesOh, t = 15h, t = 30h and

t = 45h. At the initial time all the probes are dry. As the flood pragges,

a back flow appears submerging L1. Figdré2displays the comparison of
predicted and measured flooded area at maximum dischargeagrbement
between measured and predicted flooded &iigais 78%. Once the peak
discharge passes, the level decreases retaining watex arél surrounding
L1. Figure4.13shows the comparison of the numerical predictions and the
field measurements of the water surface level at probe L1rerhe average
of the difference between measured and predicted watdrige@€ 9 + with

an Standard Deviation o£0.20 m using equatiord.2 In agreement with
the field observations, the numerical simulation predictediooding in lo-
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cations L2, L3 and L5. The simulation predicts that locati@in the oxbow
lake is not affected by this flooding, in agreement with fiddd@rvations.
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Figure 4.5: River bed sections.
Comparison of four river bed sections using LIDAR data (elydRB1 recon-
struction (square) an@B2 reconstruction (triangle).
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Figure 4.6: River bed reconstruction
Upper, original elevation as taken from the DTM. MiddRB1. Lower,RB2.
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Figure 4.7: Computed and measured flooded are@ at 50m®/s.
Comparison of computed (white) and measured (hatch) floadeas aQ =
50m3/s. Upper, computed using tHeBL river bed reconstruction. Lower,
computed using thRB2 reconstruction.
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Figure 4.8: Computed and measured flooded are@ at 500m°/s.
Comparison of computed (white) and measured (hatch) floadsas aQ =
500m/s. Upper, computed using tHeBL river bed reconstruction. Lower,
computed using thRB2 reconstruction.
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Figure 4.9: Probes location.
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Figure 4.10: Hydrographs of the simulated flooding events.
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(m) 0.0051.015202530354.04550556.06570

Figure 4.11: Flooding area temporal evolution for hydrograph I.
Inundation area at (&)= Oh, (b)t = 15h, (¢)t = 30h and (d)t = 45h for
hydrograph I.
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Hydrograph Il is also representative of an ordinary floodavgnt (see
Figure4.10. Figure4.14shows four snapshots of the predicted flooded area
at timest = 0,t = 20h, t = 40h andt = 70h. In the initial time, locations
L1 to L5 are dry and, as time evolves, the five locations getdiédo Fig-
ure4.12displays the comparison of predicted and measured flooaedadr
maximum discharge. The agreement between both areas icatbesis-ita
= 76%. Once the peak discharge passes, the level decreasadesying
water stored in the areas surrounding L2, L3 and L4, whilsiahd L5 re-
main hydraulically connected with the river channel. Fegdrl5shows the
comparison of the computed and measured water surfaces lav¢he five
probes. A good agreement between the numerical predictindghe field
measurements, particularly for locations L2, L3 and L4, banobserved.
The largest errors are produced in the initial and final tinbedng the aver-
age of the difference between measured and predicted wwa&id49 + 0.14
m. This desagreement could be due to the interactions of tii@ceuwater-
groundwater, which is relevant at these stages of the flgpdind they have
not been considered in the mathematical modelling of thegmtework. Oth-
erwise, excluding the initial and final stages of the floodimgnt, the average
of the difference between measured and predicted watdrige023 + 0.04
m. This lack of information also affects the first stages of edgal evolution
of locations L1 and L5 as displayed 4n13 As these two probes continue to
be connected with the river flow during the recession parefiydrograph,
the water elevation surface predicted is more accurateaasthge (6 +
0.34 m). The simulation predicts that location L6, in the oxbowdals still
not affected by the flooding, according to field observations
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A 4

Figure 4.12: Flooded area at peak discharge of hydrographs |, II, lll,id ¥.
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) meligvation at
probe 1 and hydrograph I.
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Figure 4.14: Flooded area temporal evolution for hydrograph II.
Inundation area at (&)= Oh, (b) t = 20h, (c) t = 40h and (d)t = 70h for
hydrograph II.
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Figure 4.15: Probes water surface level under hydrograph Il.
Comparison of measured (black circles) and simulated éndiitles) water
level at probes (a) L1, (b) L2, (c) L3, (d) L4 and (e) L5, duringdrograph
Il.

Hydrograph Il is an ordinary flooding event (see Figdr&Q, whose
peak discharge is only about 1@@s bigger than the peak discharge of hy-
drograph Il, but enough to increase the hydrological cotivigcbetween the
river and the floodplain. Figur¢.16shows the flooded areatat 40h and at

t = 60h, and how only locations L1 and L5 in the artificial secondamarc
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nel remain connected with the river. The comparison amorg fiata and
predicted values for the water level elevation at the five 1% probes is
shown in Figuret.17showing a good agreement in generaB@+ 0.03 m).
Figure4.12(lll) displays the comparison of predicted and measuredi#do
area at maximum discharge, where the agreergptis 74%. The simula-
tion predicts also in this case that location L6 in the old naeging channel
is not affected by the flooding, according to field observatio

(@) % (b) s
(LT T

h(m) 0.0051.015202530354.04550556.06.57.0

Figure 4.16: Flooding area temporal evolution for hydrograph lil.
Inundation area at (d)= 40h and (d)t = 60h for hydrograph |l.
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Figure 4.17: Probes surface water level for hydrograph IlI
Comparison of measured (black circles) and simulated éadiitles) water
level at probes (a) L1, (b) L2, (c) L3, (d) L4 and (e) L5, duringdrograph
[l

Hydrograph IV at Figuret.10is a case of great interest to validate the
accuracy of the full model as in this case the old river oxbousttbe hy-
drologically connected to the river by means of the surfame fbr a certain
period of time. It corresponds to a peak discharge of 1t8gs in 70 hr.
Figure4.18 shows the evolution of the computed inundation area by means
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of six contour plots at timess= 20h, t = 30h, t = 35h andt = 70h, and how
the oxbow lake becomes connected at a certain time througit@andary
channel. Due to the magnitude of the flooding wave, only mfation re-
garding water surface elevations at locations L1 and L6 wegrded. Figure
4.19 shows the comparison of the time evolution of the water Isueface
measured and computed at those locations showing a goottlance. Lo-
cation L1 is flooded all along the entire simulation and tHfedénce between
measured and predicted water level i29D4 0.08 musing @.2). The time
dependent hydraulic connectivity between the oxbow lakérariver is well
reproduced by the model as reflected by the results at L6.ré&®a2 (1V)
displays the comparison of predicted and measured floo@dedaimaximum
discharge, where the agreeméiitt is 66 %.
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Figure 4.18: Flooded area temporal evolution for hydrograph IV.
Inundation area at (&)= 20h, (b)t = 25h, (c)t = 30h, (d)t = 35h, (3)
t =40h and (f)t = 70h for hydrograph IV.

71


3/figures/hidro4T20.eps
3/figures/hidro4T25.eps
3/figures/hidro4T30.eps
3/figures/hidro4T35.eps
3/figures/hidro4T40.eps
3/figures/hidro4T70.eps
3/figures/leyh4.eps

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

Hydrograph II; Probe L1 Hydrograph II; Probe L6
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Figure 4.19: Probes water surface elevation for hydrograph IV.
Comparison of measured (black circles) and simulated éatiicles) time
evolution of water surface elevation at probes (a) L1 and-@)with hydro-
graph IV.

Hydrograph V (Figuret.10 is a high flooding event of 22507 /sin 120
hr that corresponds to a case of extensive inundation and dhével oxbow
also hydrologically connected to the river by means of thiéase flow for
a long period of time. Figurd.12 (V) is a comparison of the extent of the
computed flooded area with the observed flooded area, in ddstes, at
t = 60h where the agreement between the observed and predicteediood
areaFita is 92 % using 4.1). Figure4.20shows the comparison of the time
evolution of the water level surface measured and computégtations L1
and L6 showing a good accordance2®+ 0.12 musing @.2)). The time
dependent hydraulic connectivity between the oxbow lake 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 tisemnied flood

extension in all cases$-{ta average of 7% 13%). An accurate prediction of
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Figure 4.20: Probes water surface elevation for hydrograph V.
Comparison of the measured (black circles) and simulatddtévcircles)
time evolution of the water surface elevation for probesL(hand (b) L5,
with hydrograph V.

flood inundation extent is a good test of model capabilitied & of a sig-
nificant practical interest Bates et al.0j. The flood extension provides, in
some way, the superficial hydrological connectivity betwte river and the
floodplain. As mentioned in the introduction, the hydrot@diconnectivity
is essential to the riparian ecosystems maintenance, ahdhig results, new
flow regime scenarios can be drawn in order to improve the filaial func-

tions.

Given that the hydraulic behavior of the floodplain can ctiadithe
floodplain functions, the detailed information of the flonachcteristics over
the irregular floodplain is of maximum interest. This infation is one of the
present model results and has been validated by payindiattea the local
water level measurements. In this way, although the siredlatater levels
were in agreement with the measured data in general, soors erere found
at the initial and final stages of most flood events at the L&atloa. How-

ever, as Cabezas et aRf] pointed out in a previous study, this location is
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a groundwater discharge zone, so this disagreement betiveesimulated
and measured data could be due to the surface water-groterdnizraction
that is not considered in the present hydrodynamic modelfloddplains,
there are zones of groundwater recharge or discharge, areldRists a close
relationship between the water table and the topography Zval. 22).
The L5 location is one of the lowest points of the ripariare&irand, given
that a flood event is the result of the joint action of surface groundwater
flows, this point is wet with exfiltered water since the begignof the flood
events season. However, when this location is connectdtktaver by sur-
face pathways, surface and groundwater flows mix and, abenair river
discharge, the surface flow is dominant. As the surfacergiwater flow in-
teraction has not been considered in the present mathemnetozieling, the
initial state where the L5 location has an exfiltration wasanot included in
the simulation. Therefore, there is an initial disagreena¢ithe beginning of
every simulated flood event that can be noticed in the watet i@lues and
the water level time evolution. The groundwater exfiltratghenomenon at
the L5 location can be detected using continuously watepézature mea-
surements. The exfiltered water at the beginning of the fleetiteremains
stagnant so that its temperature depends on the ambienétatage varia-
tions as well as on the water exfiltration temperature. Whdittered and
surface water are connected, water temperature deperwsrathat of the
new entering flow. Above certain river discharge, when thréase flow pre-
dominates, a sudden temperature change is observed, heingw temper-
ature better explained by that of the river surface flow. Féglu21shows the

temperature an water level measurements at each simuladeieflent at L5.

74



4.8 Discussion

Hydrograph | Hydrograph Il Hydrograph il
1 /: 182 1 182 1 182
et
15 ]f \ 15 Say 15 it &
| o 1815 A+ %, 1815 £ e 1815
c 14 14 a 5 14 2 S P
5 IJ 181 K 181 s g £
£ 13 | 13 # o 13 T
2 ; B Iy 3
5 ol - 1805 N 1805 1o . 1805,
2 L - e
. £
el - o g
Eonfey 180 " _.& y{ 180 " 180 =
10 | 1795 10 179.5 10 179.5
v v,f'-\/
9 179 9 179 9 179
0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60
Time (hr) Time (hr) Time (hr)
Hydrograph IV Hydrograph V
13 185 13 185
125 1255
184 - § 184
12 12 % J
S 1usla 183 15 £ 183 E
P ol ey 7 3
5 1 1 - 11 £
g | o e 4 182 £ 182 8
g 105 < M 105 7 5
£ 10~ vl 181 10 P 181 &
2 oost Vi
95 £ £ 95 A
\ 180 4 180
9 9 fW
85 179 85 179
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100120140160180
Time (hr) Time (hr)

Figure 4.21: Measured water level and temperature.
Temperature (circle) and water level (cross) time evolut probe L5 for
each flooding event.

At the hydrographs Il and Ill, the temperature change wasmbrThis
change was produced with very similar river discharge (75 1m the hy-
drograph 1l and 760 Ais in the hydrograph llI), and at the same measured
water level (181.4 m.). It suggest the surface flow predomiaaover the to-
tal water volume occurs when the river discharge is abouim®g and 181,4
m. water level.

In contrast, at the hydrograph I, the temperature changenataso sud-
den. The L5 location was flooded with bakflow, and providirgt this flood-
ing rate is slowly, the temperature change should be mordugta In addi-
tion, as we mention above, the surface discharge predoogrgtrould occur
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when the river discharge is about 756/mand the water level 181,4 m., and
either of them occurs in this flood event. Therefore, theama@fflow did not
predominate over the total water volume, and it could casaliffuse tem-
perature change.

At the hydrograph 1V, the temperature change was suddeninsagtee-
ment with the hydrographs Il and lll, it occurs when the ridescharge was
760 /s and the water level 181.4 m. In this flood event, the rivecltairge
overcomes very soon (at 10 hr.) the 76&sntherefore, the initial disagree-
ment is lower than at the previous hydrographs.

At the hydrograph V any sudden or gradual temperature chaageob-
served. This could be due to the surface flow predominance tbeetotal
water volume, because of the river discharge and the watelnlesre always
above 1150 rifs and 181.9 m., respectively. Therefore, the water tenyrera
at the L5 location should be the river surface flow tempeegtand no initial
disagreement should be observed at the simulated and redassults.

4.9 Ecological application of the full model

On the basis of the observed and calculated results, we €iam #fiat the
full model is a suitable tool to predict the hydraulic contéty between
river and floodplain. In this way, the model becomes a usefil in ecohy-
drology, where the hydrologic/hydraulic mechanisms thataulie important
ecological processes such as nutrient transport or setiti@npatterns need
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to be interpreted and predicted.

In the same way, a fundamental process such as the geomautivity
can also be represented and predicted. Hydromorpholggricaésses define
the dynamic equilibrium of habitat distribution with theinaracteristic biota
(Schiemer et al.1(80)), and are critical in the production and maintenance
of the floodplain ecosystem (Bayle%4)). Hence, the full model, including
the flow erosive potential estimation (see Cha@e.1.3 has been used to
evaluate current floodplain geomorphic dynamics and to ggeifferent
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 preserk are
mainly bank erosion and sediment deposition (see Chaptehigh at the
reach scale are seen as lateral movements of the channgs$ acfloodplain.
This movement is usually based on the equilibrium betweertae bank
erosion and the convex bank sedimentation. Point bar festiend to be
built along convex banks, whilst concave banks are erodechigher flood-
plain and bench features. As a result, concave banks tenel bordered by
higher riparian margins that are less frequently flooded t#t@nvex banks
(Steiger and Gurnelll©0)).

However, the selected river segment is notably affectedniyamkment
structures, where limited morphodynamic activity has bekserved since
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the last half of the twentieth century (OllertH2), Cabezas et al3d), Cabezas
et al. 37)). Indeed, cut-avulsion phenomenon is almost restriaigtid river
adjacent floodplain Gonzalez et ab3j, whilst in the rest of the floodplain
sedimentation prevails over erosion (Cabezas e8@)).(Hence, our focus is
on erosive processes.

Table 4.2: Flooded and eroded area.

Flooded and potentially eroding area at the current scamderisix different

peak discharge. The recurrence peridd bas been estimated within the
years 1927-2010.

Q T Flooded area|l Eroded area
/s yr. " % mw %

400 | <01 | 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 floodplainaiyics, the
erosive potential of six ordinary and extraordinary flogdevents has been
analyzed. According to the results, the study area is alooyapletely flooded
with a return period of 3 yr, where almost 30 % of the study area is flooded
every year (see Table2and Fig.4.22. The frequently flooded area is adja-
cent to the main channel, and mainly corresponds to ripoiast.

Simulation results also show a lack of hydromorphologictivdy, where
the highest erosive potential is only capable of eroding 12883n7) of the
study area (see Table2). Moreover, this erosive phenomenon corresponds
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Water depth (m): 05 16 26 37+ 47 58 68 79

Figure 4.22: Flooded area under the peak discharge of each hydrograph.
Water depth the current situation under 400 (1), 800 (110 9I) and 1169
(IV) and 225m?/s (V) river discharge.

to an extraordinary flooding event, with .X8r recurrence period and 3000
m?/s of river discharge, where its major erosive potential isrieted to river
defenses and urban and agricultural constructions (seed4®3. In agree-
ment with these results, we can affirm that after a ZQB;Z)S river discharge
flooding event, the only significant geomorphological chatitat we found
in the study area was a gravel bar deposition that destrdyeedrtificial sec-
ondary channel (Gonzalez-Sanchis et@h)) (see Figuret.24).

The current lack of hydromorphological activity of the miieléEbro river
floodplain has previously been pointed at many studies @Q#ero (151),
Ollero (152), Cabezas et al.3f), Cabezas et al.3{), Gonzalez et al.g3),

Ollero (153), Magdaleno and Fernandez-Yusfel§)), where some of them
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Erosive potential

High: >1
. Low: 0

Figure 4.23: Eroded area under 3006%/sriver discharge.
Erosive potential under 300@°/sriver discharge at the current situation.

has been developed in the same study area (Oligr9),(Cabezas et al3§),
Cabezas et al.3() and Gonzalez et al6@)). In that sense, Gonzalez et al.
(63) confirm that maintenance of current hydrogeomorpholdgiedterns
will not produce disappearance of most of the existing fisrest will keep
aging them, and new pioneer forests will be confined to smalel more
dynamic areas (usually close to the main channel or in-alareas). Ollero
(152) stated that the Ebro river, at the 'Natural Reserve Los ¢hals!, has
lost its geomorphic dynamics, and therefore, no more oxtadwed will be
provided. An aerial photograph of the same study area carbbereed in
Cabezas et al.3@) and Cabezas et al3T), where the authors pointed the
presence of limited morphodynamic activity since the ladt of the twenti-

eth century.
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Figure 4.24: Gravel deposition.
Comparison of the constructed secondary channel befgrar{d after B) a
flooding event of 2250n° /s peak discharge. Circle shows the gravel deposi-
tion area.

When the current flow regime has a very limited erosive paknie
recovering of an actively shifting mosaic of habitats (SMikuld require

hydrologic restoration measures.

The lack of a significant hydromorphological activity coldd due to
the current flow regime, the constructed river defenses amabiation of
both. River flow regulation has decreased the number of pesahalges
and the duration of flooding events (Cabezas et3l) 4nd Magdaleno and
Fernandez-Yustel(L6)), while river defenses have decreased the floodplain
eroding capability and the hydraulic connectivity betwdles river and the
floodplain (Ollero (52) and Gonzalez et al6@)). Hence, a restoration of
floodplain hydrogeomorphology needs a change in the riveinb@anage-
ment (Ollero (52), Gonzalez et al.§3), Cabezas et al.3f)), where flow
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regime as well as river defense construction policy shoelddzonsidered.
Floodplain restoration purposes also have to consideitialssconomic sit-
uation, which is actually devoted to agriculture, pastare] recreational use.
In this context, we propose the numerical simulation as &ulsgsol capa-

ble of predict the result of the possibles restoration a#teves, and choose
the most efficient solution. In the present chapter, fousiixs restoration
alternatives based on terrain modification and/or the digghincrease are
proposed:

1. Discharge increase.

2. Initial river defense height reduction.

3. Riverisland elimination.

4. Height reduction of the river defense and its adjacemsro

The alternatives based on terrain modification (2, 3 and ¥ Heeen
analyzed by means of the simulation of the erosive potenfithe highest
flooding events (1169, 2250 and 3000/s).

4.9.2 Scenario 1: river discharge increasing

Discharge can be increased by means of two alternativeeasing the wa-
ter discharge of one flooding event, producing a huge floodimnt, or just
increasing the frequency of certain flooding events.

In order to test the first alternative, we simulated threkpelscharge of
4000, 5000 and 6000¢/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 asea dot signifi-
cantly increase from the one provided by the flooding everB0ff0 m?/s
river discharge. Therefore, this alternative produce ragisfactory results,
which in addition, has a high economic and social cost becthe Spanish
water policy management.

Table 4.3: Scenario 1.

Flooded and eroded area at the scene 1 and under three riifferak dis-
charge.

Q Flooded area|l Eroded area
m/s . % m %
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 itidcdet.9.1,
does not produce significant hydromorphological dynamisee (tablet.2
However, reducing its recurrence period without a disohamgrease, can be
an alternative to restore the floodplain hydromorpholdgaeivity. In this
way, if for instance, natural flooding events with a peak logsge of 2250
m®/s occurs every 1 or 2 years instead of the current 3.4 yr, thewtde a
significant increase of the eroding area. Neverthelessidering that most
of this erosive potential is restricted to the dikes, it isegsary not to restore
these dykes after the flooding events.

This second alternative is also difficult to apply becauséhefSpanish
water policy management, where a conflict between ecolodyagniculture
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and risk management, can be produced. On the other handdipgpthat the
eroding area increase is slow and can take years to reswmdhphologi-
cal dynamism, the efficiency of the alternative is not satisfry, although it
might restore the hydraulic connectivity between the rived the floodplain
in the end.

4.9.3 Scenario 2: Indike reduction

The study area has a river defense to protect the agricliteids from flood-

ing events. The crops are located adjacent to the river Isderthe flood-
plain (Ollero (L52)), and the river defense extends to riparian forest. Inrorde
to combine floodplain restoration and risk management, weqse to reduce

the height of the river defense topni, corresponding to riparian forest de-
fense (see Figuré.26). This strategy is proposed to enhance the flooded area
and erosive potential of the flow, but without damaging agdtical fields.
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Erosive potential

High: >1

. Low: 0

Figure 4.25: Erosive potential under scenario 1.
Erosive potential under 4000°/s river discharge (a), 5000%/s (b), 6000
m®/s (c).
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Terrain elevation (m):

176 178 180 182 184 186 188 190 192 194 196 198 200 202 204

Figure 4.26: Digital Terrain Model of the Scenario 2.
Left: 2D DTM view. Right: 3D DTM view.
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i (@
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Figure 4.27: Erosive potential under 1168°/sriver discharge.
Erosive potential under 11683 /sriver discharge at the current situation (a),
scenario 2 (b), scenario 3 (c), scenario 4 (d) and scenagd. 5 (

Erosive potential

High: >1

. Low: 0

According to the simulation results, this scenario incesaa 4 % the
flooded area (Tablé.4). At the same time, the new flooded area does not in-
clude the crops, where the erosive potential is the sametlas ahe at the ini-
tial situation. The increase of the flooded area also imgdle floodplain-
river hydrological connectivity, where the oxbow lake aradgochannel are
connected to the river surface pathway under lower diseheafues than at
the initial situation (Figuret.28. In contrast, the results show only a slight
erosive potential increase. The erosive potential isiotstt mainly to urban
constructions and near river areas. Although the erodead ard hydrolog-

ical connectivity would increase compared to the curretoagion, they are
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not large enough to restore floodplain hydrogeomorpholdgitamics, but

can only recover hydrological connectivity and some of teergorphologi-
cal activity.

Table 4.4: Scenario 2.

Flooded and eroded area at the scene 2 and under three riifferak dis-
charge.

Q Flooded area| Eroded ared
/s W %| %
1169 | 1083550 43 108 0.01
2250 | 2436175 97| 6487 0.26
3000 | 2494575 99 47 0.00

88



4.9 Ecological application of the full model

Erosive potential

High: >1

. Low:0

Figure 4.28: Erosive potential under 2256 /s river discharge
Erosive potential under 2256 /sriver discharge at the current situation (a),
scenario 2 (b), scenario 3 (c), scenario 4 (d) and scenayio (5

4.9.4 Scenario 3: island removing

Removing the island could be another strategy that combioedplain hy-
dogeomorphological activity and risk management, wheeefltiod erosive
potential can be increased, but without increasing flooded. a his strategy
could be easily carried out using heavy machinery duringstimmer dry pe-
riod. However, to study its efficiency through the simulattool, the island
has been removed from the DTM and replaced by a river bed s&tmtion
(see Figuret.29.

According to the simulation results, this strategy doesinotease the
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Terrain elevation (m):

176 178 180 182 184 1B6 188 180 192 194 196 198 200 202 204

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 (Tab. Hydrological connec-
tivity between river and floodplain remains the same as irirtitial situation
but, in contrast, flow energy increases and makes possielentrphologi-
cal changes. These changes are located mainly at adjaeenaréas, being
very difficult to find geomorphological activity at the redttbe riparian for-
est (Figuregt.28and4.27(d)). The erosive potential increase is bigger than
in the previous scenario, but is still not enough to restavedplain hydro-
geomorphologic dynamics, where a more drastic change ifidbdplain is
needed.
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Flooded and eroded area at the scenario 3 and under threeedtffpeak

discharge.

Table 4.5: Scenario 3.

Q

Flooded area

Eroded area

m/s

mw %

mw %

1169
2250
3000

955500 38
2435575 97
2496550 99

259.1 0.01
8342 0.33
1132.7 0.05
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Erosive potential

High: >1

. Low: 0

©

Figure 4.30: Erosive potential under 3006°/sriver discharge.
Erosive potential under 3006 /s river discharge at the current situation (a),
scenario 2 (b), scenario 3 (c), scenario 4 (d) and scenayio (5

495 Scenario 4: 2ndike reduction

Reduction of the initial river defense height seems not ghaiw enhance
flow erosive potential. Since the land adjacent to this rakefense is an
abandoned crop, we propose to reduce Beight of the river defense and
abandoned crop in order to increase floodplain hydraulimectivity and
hydogeomorphological dynamics, but without affectingabecultural fields
(see Figuret.31).

This strategy increases flow erosive potential more thaprinous sce-
narios (Tablet.6). Although the erosive potential is restricted again maial

urban constructions and river adjacent areas, some offiagan forest zone
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Terrain elevation (m):

176 178 180 182 184 186 188 190 192 194 196 198 200 202 204

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 predusudden hy-
dromorphological dynamic restoration, but since some efriparian forest
is affected, a progressive hydromorphological dynamioverng could be
expected. Hence, this scenario would be able to restore sbitne hydrogeo-
morphological floodplain activity but affecting part of theban construction
located inside of the Natural Reserve.

Table 4.6: Scenario 4.

Flooded and eroded area at the scenario 4 and under threeedtffpeak
discharge.

Q

Flooded area

Eroded area

m/s

m %

e %

1169
2250
3000

1114600 44
2364975 97
2489375 99

1116 0.04
6419 0.30
20470 0.82
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4.9.6 Scenario 5: hydrological connectivity increasing

Increasing the surface hydraulic connectivity of the pelhemnel, the sec-
ondary channel and the oxbow lake, reproduces in some waljoi@plain
structure corresponding to the one previous to the regulati the Ebro river
(see Figuretl.32. Hence, this scenario should increase the hydromorpholog

ical activity at these areas.

Terrain elevation (m):

176 178 180 182 184 186 188 190 192 194 196 198 200 202 204

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 erpsitential com-
pared to Scenarios 2 and 3 (see Tahl§. Moreover, the erosive potential
increasing does not affect urban area nor agriculturaldjdidt it is mainly
restricted to the natural floodplain habitats. Although tibtal eroded area
does not rise 1% of the floodplain, this restoration straisgapable of in-
ducing morphological activity at the paleochannel as welagathe riparian
forest under an ordinary flooding event (see Figu¥ (e)). The potentially
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eroded area increases with the river discharge, and afietiste floodplain
habitats such as one of the constructed wetlands.

Table 4.7: Scenario 5.

Flooded and eroded area at the scenario 5 and under threeediffpeak
discharge.

Q

Flooded area

Eroded area

/s

mw %

mw %

1169
2250
3000

934843 37
2499535 99
2499940 99

4082 0.16
6839 0.30
21198 0.84

According to the present results, Scenario 5 is the bedegtrao re-
store the floodplain hydromorphological activity withodfieating urban nor
agricultural zones. Moreover, since this strategy indugasomorphologi-
cal activity from ordinary flooding events, the floodplairst@ration 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 pedioce as a
predictive tool has been analyzed. The model is based ont@ ¥imlume hy-
draulic model of the surface water flow, a roughness modebandographic
model from the available DTM. The method provides informiatdf the time
and space variation of the water depth, the depth-averagjedities and the
friction bottom stress, indicative of the erosive capaoityhe flow. The cal-
ibration of the model has been based on available field irdition on water
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level elevations for two discharges. The calibration phHaas® revealed the
extreme sensitivity of the hydraulic model to the river bbédge. As stan-
dard LIDAR techniques do not supply information on the pdrthe river
covered by water, this can be considered an important iSBoe.interpola-
tion methods based on statistical treatment of the ovarfdtination, such
as the GIS tools, provide incorrect results when reconstigiche river bed
and are therefore unable to recover with accuracy the meaddigid data.
In consequence, the numerical results for flood modelingdas the GIS
model reconstruction alone are inaccurate. In this workingle procedure
to recover the river bed shape from both geometric and hiidriaformation
has been proposed leading to a correct model performandmostall the
measured situations.

A systematic discrepancy still remains during the risimgiiof the flood
at one of the measured probes. The explanation for thisefiaocy comes
from the groundwater-surface flow interaction, at thatipaldr location, that
is not considered in our model. The field observations canicgrwater tem-
perature indicate important mixing of water from differesaturces near that
point. The extension of the model to include this flow intéicatis part of
the immediate future work but is outside the scope of thegmtesork.

In the validation shown here, the full model has demonsirtide an ex-
cellent tool to predict the hydrological connectivity beswn river and flood-
plain, provided that the correct topographical informati® supplied. At the
same time, the model supplies detailed information on thedlwaracteristics
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over the irregular floodplain. These flow characteristiceaeine important
ecological properties such as the particulate organicemeatintribution, the
dissolved oxygen content or the type of macroinvertebraterain habitat.

The floodplain analysis highlight its limited erosive pdtahunder the
current topography and flow regime. The restoration scer@ased on in-
creasing the water discharge indicates that probablyaitiedf geomorphic
activity is actually influenced more by the constructedridefenses and the
floodplain land use than the Ebro river basin discharge atigul. In this
way, the best restoration alternative appears to be reiogvire 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 indlized West-
ern countries as their concentration increased expotigrgiace the sixties,
mainly due to the increased use of mineral fertilizers angsphorus com-

99



5. NUTRIENT RETENTION CAPACITY OF AN AGRICULTURAL
DRAINAGE CHANNEL: DEVELOPING A PREDICTIVE MODEL

pounds in detergents (Bake®)). The impact of human activity on surface
stream habitats has been extensively studied througheuivthld (Hynes
(91), Johnson et al100), Townsend et al.199), Parker et al.156)), forming
the basis for many stream restoration efforts (Standforal.€fL89), Wiss-
mar and Beschta2(L7)). Indeed, the European Union has approved specific
directives relative to Nitrates and Phosphorus in an attemgontrol the
problem with medium and long-term perspectives (Direstivél/271/EEC,
91/676/EEC and 2000/60/EC). As a consequence, over reeeatlds, par-
ticularly point sources of water pollution have been reduddowever, non-
point sources such as agriculture, are still substantimicalture being con-
sidered one of the main nutrient sources worldwide (BaBgr (

Streams in relatively undisturbed ecosystems differ suthistlly from
those found in agricultural regions, where a high nutriertaentration and
reduced riparian vegetation increases primary produckiteiody et al. (25)).
Indeed, nutrient concentrations in catchments with higficatjural activity
can be orders of magnitude higher than in undisturbed cantsr(Melody
et al. (L25), which contributes to the eutrophication of aquatic eyst (Car-
penter et al.42)).

A large number of studies has identified water courses asriamtosys-
tems for nutrient uptake (Meyet27); Klotz (107); Richardson 171)). The
retention of nutrients is due to both, biotic and abiotic hmtisms (Reddy
et al. (L67)). In agricultural landscapes, the drainage and irrigmatietwork
could also be considered as a nutrient removal system. igaied agricul-
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ture, the channel networks are designed and managed toioptivater de-
livery and drainage from the crops (Santd§g'§)), and this drainage water
is often discharged into existing streams or rivers. Hepegt of the agri-
cultural nutrient load is located in the channel networksaibage channels
often carry residual nutrients, pesticides and suspendidss altering the
water quality of the receiving stream (Terrado et 4P4), Castaneda and
Bhuiyan @4), Causape et al4¢)), which may affect in-stream biota and cre-
ate a concern for river management. Possibly, part of the imaetained in
the drainage channels themselves, and the retention tapacld be com-
parable to that of first order streams because of morphabgimilarities.
Irrigation channel, thus, can be understood as rivers easts, where the

same uptake models can be applied.

The linkage between solute reactions and transformatiotisl@vnstream
transport with the stream has been incorporated in severdels (Bencala
and Walters Z0), Newbold et al. {41), Kuwabara and Hellikerl(11)). The
most widely used are the one-dimensional (1D) models thatras steady
state and uniform cross-sectional parameters (Mulhol&tral. (L35), Marti
and Sabaterl0), Haggard et al.§8), Melody et al. (25, Hoellein et al.
(79). However, these models have two disadvantages. On théname
adopting the simplification is not always adequate to reprea real river or
stream (Workshop2(18)). On the other hand, their application needs the out-
let and inlet nutrient data, which are not always availableerefore, another
formulation that represents more realistically the rived avhose 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 obgsctiThe first
one pretends to evaluate the irrigation infrastructureienit uptake potential
through a set of 20 nutrient addition experiments in a setkictigation canal.
The second evaluates the steady-state one-dimensiomalatein method
for nutrient uptake and proposes to overcome its two disatdgas by means
of an alternative model supplied with new nutrient uptakenfalation based
on the nutrient addition experiments. At each time step yiséem is under
steady state conditions, but flow conditions could vary agnivem. There-
fore, it makes possible to consider flow velocity and wateptilevariation.
The second disadvantage is solved by formulating the mittiptake as a
function of the most uptake influential parameters, wheeeftimction does
not need the outlet nutrient data, and can vary in time andesgecording to
the selected uptake parameters.

5.1.1 Nutrient cycling

Nitrogen and phosphorus are widely recognized for theirortgmce in agri-
cultural and forest production as well as for their rolesmaging nutrients in
the eutrophication of lakes, streams, estuaries, and peatat oceans (Bink-
ley et al. @1)). The directly available forms in aquatic systems are igaim
organic, although some algae are able to use organic forthesé nutrients
(Darley (63)). lIts dissolved inorganic forms are ammonium (NHnitrite
(NOy), nitrate (NQ), and orthophosphate (R Both nutrients have a dif-
ferent metabolic cycle, where the greatest differenceitigbe interference
of micro-organisms in the cycle, opening Npfixation and denitrification as
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pathways to and from the atmosphere that are not availabl. fo

Major processes affecting nutrient concentration of cychre:

1. Algal uptake

2. Hydrolysis converting particulate organic nutrientsidissolved or-
ganic form

3. Mineralization and decomposition of dissolved organitrients
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 yniaeshwater
systems (Reddy et al1§7)). It is typically present in both inorganic and
organic forms. Total phosphorus consists of phosphorusaiticplate and
dissolved forms, and it can be classified as: dissolved argard inorganic
phosphorus (P) and particulate organic and inorganic P.

Dissolved and particulate organic P generally are the mamponents

of total phosphorus. Dissolved inorganic P is consideredvailable, where
organic and particulate P forms generally must undergcstoamations to
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inorganic forms before they are considered bioavailabkxl(fy et al. {67)).
PO, reacts with many cations, such as iron and calcium, and lyesolibs
to suspended solids in the water column, but the phosphguls is a func-
tion of a number of biotic and abiotic processes (Reddy efl&l7)). Bi-
otic processes include assimilation by vegetation, pamkind periphyton.
Abiotic processes include sedimentation, adsorption dinsents/soils, pre-
cipitation, and exchange processes between soil/sediamehthe overlying
water column. Organic forms of phosphorus are generatethdygeath of
algae and then are mineralizated to phosphate. Partiqhatphate sorbs to
sediments and settles to the sediment bed. Dissolved paigsjzhsorbed to
particulate matter, taken up by algae, plants and bactoee food chain,
and eventually returned to the water as organic phosphdrherefore, the
processes that affect phosphorus concentrations arésogstd desorption
of phosphate to suspended and sedimented particles, aéabalism and

algal predation and mineralization and hydrolysis.

Nitrogen is a major component of proteins and is used by drimarad
plants to synthesize protein, and its cycle comprises akfggms in the water
column, in the air and in the sediment bed. In this way, n#érogan enter the

ecosystem in several chemical forms:

1. Dissolved and particulate organic nitrogen

2. Inorganic nitrogen, both in detritus and live organisras:a gas B
nitrate NQ, nitrite NO, and ammonia Nkl
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The major components of the nitrogen cycle are organicgémoammo-
nia and nitrate. Organic nitrogen is one of the primary foohshe exter-
nal nitrogen loadings, undergoes bacterial decomposiiwhis mineralized
to ammonia. Ammonia is often the major form of nitrogen useddigal
growth. Algae will use N@ + NOs for growth as the ammonium concentra-

tion becomes depleted.

The present chapter presents an analysis of the irrigatinal @hospho-
rus and nitrogen uptake potential. Then, the steady-statedonensional
calculation method for nutrient uptake is evaluated, amallfinan alternative

formulation to estimate the nutrient uptake is presented.

5.2 Objectives

Our main hypothesis is that a drainage channel system cadpafsvege-
tation, sediment, micro-organisms and periphyton, woeka autrient sink,
whose damping capacity can be modulated by channel opetith mainte-

nance. The specific objectives of the present work are:

1. Quantification of the dissolved phosphorus and nitrogeake capac-

ity of a Mediterranean drainage channel system.

2. ldentification of the parameters most influential in digsd phospho-

rus and nitrogen uptake.

3. Validation of the steady flow one-dimensional reactia@$port model.
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4. Development of a new unsteady nutrient uptake model afigiiee

character where the outlet nutrient data are not necessary.

5. Validation of the proposed nutrient uptake model in aedéht spatial-

temporal scale.

A scheme of the chapter is presented below (see Talland fig. 5.1)

indicating the corresponding method, model and sectioedch objective.

Table 5.1: Objectives.

Breakdown of approach applied in each objective, experisn@Exp.) used
and the section where is reached each objective.

Objective | Method Model Exp. Section

1 Field experimentation: Mass balance 1-12
nutrient addition at the 5.5
irrigation canal

2 Field and labora- Principal Component 1-12
tory nutrient addition Analysis of both sedi- and 5.5
experimentation; dif- ment and water column 16-20
ferentiation  between experimentation
sediment (laboratory)
and water column
(field) uptake

3 Comparison between 1D steady flow reactive 1-12
measured and simu- transport model and 2D and 5.6
lated water column and unsteady flow reactive 16-20
sediment uptake transport model

4 Non-linear regression 2D Unsteady simula- 1-12
of water column and tion model with the new and 5.7
sediment data uptake term 16-20

5 Field nutrient addition 2D unsteady simulation 13-15
experiment under a model with the new up- 5.8
higher spatial-temporal take term
scale
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Irrigation canal nutrient uptake (SRP and DIN)

Exp. 1-12 ’ ’Exp. 1-12
‘ Modeling

e

Exp. 16-20 Exp. 16-20
Exp. 1-12 Exp. 1-12
Exp. 13-15

( Model validation >

Figure 5.1: Scheme of Chaptes.
Scheme of the main raised points and the used experimengs) (Ex the
present chapter
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5.3 Study area

The study area is located along the floodplain middle Ebrerir North-
east Spain (fig5.2). It has a Mediterranean climate, with marked seasonal
variation where the mean annual precipitation is & and the mean an-
nual temperature is 2&. Most of the floodplain is covered with farming
land, and major crops are corn, alfalfa and poplar plamati@rganic and
inorganic fertilizers are applied in the catchment. Tdtieet al. (L98) esti-
mated a contribution by agricultural drainage to the Ebemllof 113.2 and
0.4Kg/(dayKm of NOs; — N andPO, — P respectively.

The irrigation channel chosen is situated in the floodpl&nKin down-
stream of Zaragoza city and is included in the Natural Res#res Galachos
de la Alfranca” (4236 N; 2°55 W). The irrigation network is variable in ge-
ometry and construction materials. Most channels have eretsrectangu-
lar cross section, where some semicircular stretches ade wfaearth. The
study reach is a section of irrigation a canal, withitKé of the discharge
point into the Ebro river. Since it is one of the ends of thealdorigation
network, the canal also receives some of the irrigatiomaiges.
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Figure 5.2: Location of the study site.
Upper: location. Lower: White line indicates the irrigatiohannel.

The canal is flooded by the Ebro river with a recurrence pesid@i4 yr,
so that some material (seeds, sediment, organic matter,igtdeposited in
the channel quite frequently. The reach has natural vegetahd sediment
which are never removed (figh.9). The channel flows full of water most
of the year except in February, when it is left dry becausehefupstream

irrigation network cleaning.
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The canal reach is1mwide, 1L5mdeep, 0001 % slope and its longitude
ranged between 57 and 30 depending on the experimentation. The bed
topography was characterized by a digital terrain modelNIpWith 0.25m
resolution and M3 m accuracy, using a differential GPS (Top@m Bed
channel roughness was characterized after dividing thangtan a set of
habitats of homogeneous structure. The roughness coaffiss assigned
to each habitat according to the recommendations founderspiecialized
bibliography (Palmeri et al165), Acrement and Schenide$)].

5.4 Methods

The nutrient uptake potential of the irrigation canal waaleated by means
of 12 short-term nutrient addition experiments (experitednl12). In order to
differentiate between sediment and water column uptaketdient addition

experiments were performed in a laboratory channel usieshfisediment
from the irrigation canal (experiments 16-20). At the saime} 5 sediment

incubations were carried out.

Once the irrigation canal nutrient retention efficiency waaluated, the
phosphorus was selected as the nutrient to be modeled. @hdyssate 1D
and unsteady-state 2D reactive transport models were gechpdlhen, a
new alternative phosphorus uptake model was developedadiated. The
models comparison and the new formulation validation wareied out by
means of a linear regression between measured and cattplatsphorus
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uptake for each model using sP8s14.0 software. For the validation pur-
poses, 3 new nutrient addition experiments were carriecbtlte irrigation
canal using a higher spatial-temporal scale (experime3Hks).

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 thregation canal
under semi-controlled conditions were carried out in thiggation period
(March-August, October-December) on 2008-2009. Onlyalliesl inor-
ganic phosphorus was added because the agricultural deaiwwvater was
known to have a high Dissolved Inorganic Nitrogen (DIN) cemtcation.
Bromide (Br) was used as a conservative tracer.

57m

\4

7m

—)
O
tim | fyss1 @ ss2 O
Injection point o

Figure 5.3: Irrigation canal scheme.

White dots represents the Sampling Stations: SS 1 and SS 2.

Two sampling stations located atm and +50m of the injection point
were defined. At the second section iffj0three sampling points along the
cross section were used, whilst only one sampling part wad asthe first
section (7m) (see Figuré.3d). After collecting three background samples of
channel solute concentration, a solutionkdfi,PO, and conservative tracer
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(KBr) was pumped steadily into the channel using a peristaltop(see
Figure 5.4). Water samples were taken every 5 minutes for 60-80 min at
both sampling sections using acid-washed PP bottleni) 00 Conductiv-

ity (WTW® Multiline P4) was registered every 2.5 min from the injentio
starting time until conductivity returned to near-backgrd levels after the
injection ended (see Figute4).

Figure 5.4: Irrigation canal experimentation: 1-12.

Left: deposit of the SRP and tracer injected at the inlet ef th
domain. Right: conductivity measurement at the outlet ef th
domain.

5.4.1.2 Sediment experiments

In order to verify the potential sediment uptake capacity, itrigation canal
sediment was isolated to perform two different laboratoqgegiments: sed-
iment incubations and laboratory channel nutrient addigégperiment under
controlled conditions.

e Experimental set 3: Sediment incubations
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Five sediment incubations were developed where undistisédiment
cores (6cm) were taken at three locations in the channel reach using
transparent PVC tubes (diameter 4®cm). The sediment phosphorus
uptake (SPU) capacity was determined by incubation of sefirim a
0,0.5, 1, 1.5 and 2 ppm of REP solution at ambient temperature 20
C). After 24 h shaking, the supernatant was filtered, andlyk®irphy
and Riley ((39) and the results were expressed as mg)ss (hospho-
rus uptake per unit masg§) of dry sediment. The equilibrium phos-
phorus concentratiorE(PG,) was determined incubating an amount of
sediment in five different solutions of R& (0, 0.1, 0.25, 0.35 and 0.50
mg/l ) during 24 hour whilst being gently shaken (House andifan
(83)). Simple linear regression of P sorbedd Rorbeq kg™ dry sed-
iment) against final Soluble Reactive Phosphorus (SRP)ectration
(SRRinai, mg/l) in the solution was used to estimate sedimerRrC,,
where thex intercept represents the point of negligible P adsorption o
release from sediments to the aqueous solution. The skpgd of
this line was used as a measure of sediment adsorption tapeoere
greaterKsiope Values would indicate a stronger ability to adsorb P from
the aqueous solution (Froelich7)).

Experimental set 4: Sediment laboratory channel expetisnenperi-
ments 16-20

We used a laboratory channel to perform five nutrient addigperi-
ments using the irrigation canal sediment as a substratelabloratory
channel is 5m length, 024 m width and O slope, and fed with con-
trolled tap water discharge (see Fig&&and5.6). Velocity and water
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depth were manipulated in order to reproduce the irrigatiomal wa-
ter parameters. Both parameters where manipulated in boeaory
channel until the Froude Number was within the same magaitfd
order as the obtained at the irrigation canal.

0.24m I

5m

\4

0.7m

—}
Injection
Obstacle
. point I SSlO

\ 4

Sediment

Figure 5.5: Laboratory canal scheme.

White dot represents the Sampling Station SS 1. Black doefep
sents the injection point.

0.027— 0.033 m?® of sediment were removed from the irrigation canal
and replaced at the laboratory channel, whe@22 2.73 m of the
channel were covered with sediment, depending on sedinaaiflail-

ity. Then, 5 short term additions (30-60 min) of phosphate aron-
servative tracerBr—) were carried out with different phosphorus con-
centrations. A solution oKH,PO4 and conservative tracekK Br) was
pumped steadily using a peristaltic pump. The mixing actiosghan-
nel length and depth was produced with an obstacle7ah @com the
injection point, before the sediment (see FigGrgéand5.6). At each
nutrient addition the sediment was renewed so as not to tondhe
nutrient uptake with the previous addition. Water samplesawaken
at the end of the canal every 2-5 minutes using acid-washdub®es
(200 ml). Conductivity was registered at the same point every singl
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minute from the injection starting time until conductivitgturned to
near-background levels after injection ended.

Figure 5.6: Laboratory canal experimentation: 16-20.

Left: Laboratory channel during one experiment. Right:tabs
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-terapscale, a set of 3
new nutrient addition experiments were carried out in tleérdrge canal. The
experiments were performed using the same methodologyfaebbut with
an increased spatial and temporal scalen3@hgth and 2- 4 hr nutrient ad-
dition duration. Two sampling stations were established &n (upstream)
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and 300n (downstream) of the injection point. A solution of KAO, and
conservative tracer (KBr) was pumped steadily into the nkhasing a peri-
staltic pump. Water samples were simultaneously takery&@+ 30 min-
utes for 2- 4 hr at both sampling sections using automatic samplersr(@
SD900) and acid-washed (HCI 50 %) PP bottles)((see Figure.7). Con-
ductivity (WTW® Multiline P4) was registered every-510 min from the
injection starting time until conductivity returned to mémckground levels
after the injection ended. Temperature and pH were measusal using a
wTW® Multiline P4 probe. Water velocity was measured at the epsir
sampling point using a current meter (Hydro@‘;a and the measure was

verified with conductivity data at the outlet sampling siati

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 experital cam-
paigns, were transported to the chemical laboratory in dadt-boxes and
filtered with nitrocellulose filters (Millipore, @5um-pore size). Soluble re-
active phosphorus (SRP), total dissolved nitrogen (TDN) @kalinity were
analyzed within 24 h. The remaining samples were presemakii be-
fore analysis of nitrate (N¢) and bromide (Br). SRP was analyzed using
Murphy and Riley {39 molybdenum blue colorimetric method. TDN was
analyzed by catalytic combustion at high temperature {8%0sing a Multi-
N/C 3100 analyzer (AnalytikKjer@). Nitrate and bromide were analyzed
using ionic chromatograph (Metrhom 861 Advanced compagfitted with
100ul sampling loop.

Background samples from experiments 1-12 and all samptesxfmeri-
ments 13-15 were used to quantify alkalinity, suspendediaswlved solids.
Alkalinity of unfiltered water was estimated within 4 h of ation by a
potentiometric automatic titration with 4304 0.04 N (APHA (5)). Total
Suspended Solids (TSS) was determined by filtering samptesigh pre-
combusted (450C, 2 h) Q45 um-pore size WhatmdB GF/F glass-fiber fil-
ters, followed by drying filters at 60C until a constant weight was reached.
This filter was used then to determine the Suspended Paittcliorganic
Matter (SPIM) by means of combustion (450, 4 h) followed by weighing.
Suspended Organic Matter (SPOM) was calculated as theatiffe between
TSS and SPIM. Total Dissolved Solids (TDS) were determingdéighing
the residue after evaporating 28 of filtered water at 100C (APHA (5)).
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Suspended Chlorophyll (a, b, ¢ and d) was determined byififesamples
through 045 um-pore size WhatmaR GF/F glass-fiber filters, followed by
23 h of filter extraction in acetone 90 %, adsorption measargsin a spec-
trophotometer equiped with acinquartz cuvette and using the mixed phy-

toplankton extinction coefficients (Jeffrey and Humphray)).

To quantify covariance of nutrient uptake with the streamh water qual-
ity characteristics, a Principal Component Analysis (PGaded on the Ward

algorithm (SPS@> 14.0 package) was carried out.

5.4.2 Computational analysis: nutrient uptake estimationmod-
els

Several modeling approaches have proved to be useful irctired nutri-
ent uptake in streams. This section describes the follawBtgpady one-
dimensional reactive transport model, transient storkigpetic nutrient up-
take and unsteady two-dimensional reactive transport moBmally, the
methodology to generate the new predictive phosphorukemptendel is de-

scribed.

5.4.2.1 Steady one-dimensional reactive transport model

The model is based on the solute mass conservation equa#brepresents
the cross sectional averaged solute concentration dysaasigoverned by

one-dimensional (1D) advection and dispersion in unifotmarmels with
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constant discharge:

JAC JuC o0 oC
ot = ox T ox"Pox!

whereC is solute concentratiort, is time, X is distance A is the cross sec-

(5.1)

tional areap is water velocity and is a dispersion coefficient.

For non-conservative solutes, equatiénl) must be modified by adding
terms to simulate solute decay or uptake:
oC QodC 10 oC

= —K&jLZE([ADW] —kAC (5.2)

wherek (T1) is the first order uptake coefficient auis the discharge.
To compartmentalize the nutrient uptake in benthic uptagdiment uptake,
periphyton uptake, etc. additional first order tefkgS can be added witky

standing for thec individual nutrient uptake complexes.

It is widely admitted that the assumption of steady uniforoafls valid,

and instead of.2) the concentration dynamics is formulated as:

T_ LK 53
Then, the global nutrient uptake coefficidntis usually calculated by

means of a simplification of (egs.2) that consists of considering constant

discharge, uniform velocity and cross sectional area aifdramdistribution

of concentration in the whole domain. In those conditiohss possible to
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write:

KX=Xo C X—Xo
u

C=0Coe™ = In(z)=-kK

(5.4)

This formulation requires the inlet and outlet nutrient cemtration to
calculate the nutrient uptake coefficidatThis could an inconvenient when
one or both data are not available.

Using the uptake coefficienl, it is possible to calculate another uptake
metrics such as: uptake length, transfer coefficient andkeptate (Work-

shop @19)).

The uptake length is then obtained according to the cros®eatwater
velocity:

u
Sw= (5.5)

Itis a characteristic length related to the 1D distancesieal/by the solute
in dissolved form (Workshop2(L8)). It is possible to define also the turnover
length, which is the sum of distances traveled in partieutatm (Workshop

(219)).

The transfer coefficien¥s represents the nutrient uptake normalized by
the concentration in the water column (Worksh@pg)):

Vi = (5.6)

uh
Sw
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whereh is the water depth.

Finally, the uptake ratef(mg/n?s)) is the total flux of nutrient from the
water column to the stream bottom, and it refers only to gugsake rather

than retention.

Q(Ci - Co)
SW

whereCi(mg/l) is the input nutrient concentratio,(mg/I) is the output

U= (5.7)

nutrient concentration, and is the canal widthrg).

The model assumes that nutrient concentrations are atysstaig, and
discharge and cross sectional area do not vary over the,readhhat trans-
port is controlled by advection only. Therefore, this siifigdtion could be a
problem in some systems, where the heterogeneity plays @oriamt role in
the nutrient uptake (Newbold et al.42)).

5.4.2.2 Transient storage

The transient storage model is based in the above mentideadysone-
dimensional reactive transport model. Solutes can be teatipoetained in
zones of nearly still water. The eventual movement of thisewmay return
the solutes back to the stream. This phenomenon is knowreasi€nt Stor-
age (Bencala and Walter&@), Bencala {9)) and it can be included in the

nutrient uptake formulation. The most widely used versibihe transient
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storage model adds an additional term to equai@{OConnor et al. 146))

as follows:

oC  QoC 14, dC
= Aas T aglADG ]+ a(C—C) ke (5.8)

O a1 (C-C kG (5.9)
wherea is the storage zone exchange coeffici€itjs the solute con-
centration in the storage zonAy; is the cross sectional area of the storage
zone andks is the first-order reaction coefficient in the storage zongr-S
age parameters can be estimated using a variety of teclnifijaen physical

measurements to empirical relationships.

Transient storage refers to the temporary retention otesland its sub-
sequent returning to the stream. Presence of pools and mffleome obsta-
cle such as emergent vegetation, generates water retiocughenomenon
or transient storage. Provided that the model assumesyss¢ae and uni-
form velocity and cross sectional area, an additional atefit is needed to
cover transient storage, because exclusion of transierage underestimate
nutrient uptake (OConnor et alLl46)). However, a transient flow model with
a non uniform velocity cross sectional area, may not neegecia transient
storage coefficient, because recirculating zones are dettimeugh flow ve-

locity and area.
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5.4.2.3 Kinetic nutrient uptake

The uptake rate formulated in eds.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 comrabfoemulation is
Michaelis-Menten function (Worksho19)), also referred as Monod formu-
lation (Monod (L32)). This function was developed for enzyme kinetics, but
it has been used to describe the rate of nutrient uptake byahatreambed
communities (e.g. Bowie et al24), Mcintire and Colby {24), Mulholland

et al. (L33, Payn et al. 158)), and others saturating processes:

_ Umal

U=
Ks+C

(5.10)

whereU represents the uptake flux of a nutrient or organic solutesgma
per unit stream bed area per unit timé),axis the maximum uptake flux that
would occur under high (saturating) water-column nutri@ricentration@)

andKg is the half-saturation concentration, i.e., the concéintiaat which:

U= U%X (5.11)

This approach provides a saturation curve (FiguBthat represents the
usual system behavior: lower nutrient concentrations eaubnear uptake
increases, while high concentrations, lead to saturation.

Another common formulation is the Elovich equation, whigfrequently

used to interpret the kinetic data for phosphate exchangeixed systems
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Figure 5.8: Schematic representation of the Michaelis-Menten
formulation.

(e.g. sediment water phases):

% = anF(—bUNET) (5.12)

o] thatdu%g(o) = a. With the condition thah = 0 att = 0, this integrates:

1
UneT(t) = [t—)]ln[l—i— abt] (5.13)
whereUNET is the net uptakenig/n¥), t is time min), a is the initial

uptake rateraig/m?min) andb the rate constant@/mg).

Both formulations provides two coefficients that descrithessystem up-
take capacity, and those coefficients need experimentiéra@bn. There-
fore, if we change the aquatic system or some of the wateitgeahditions,
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the coefficients must be different, being necessary morergrpntal data to
recalculate again the coefficients. This is one of the maonvenient of this
kind of formulation, where predictive capacity is reducedah aquatic sys-
tem with an specific water quality parameters. To avoid #uik bf predictive
potential, we tried to find an equation where the coefficiansdescribed in
terms of sediment and water parameters, making possibépjication in

other systems.

On the other hand, kinetic or non-linear nutrient uptakenigation solves
the nutrient uptake estimation, but not the stream flow dyosi\ complete
stream nutrient uptake model needs the nutrient decay &sipreas well as
a flow dynamics representation, where a steady or unsteadynrftmlel can

be used.

5.4.2.4 Unsteady two-dimensional simulation model

The 2D unsteady simulation model SFS2D developed by Mwetlial. (L36)

and Murillo et al. (38) was used to evaluate the 1D steady model accuracy
and to estimate the 2D unsteady uptake coefficient. The 2Dlatron model

is showed ir3.2

The 1D steady model evaluation was developed includingptake co-
efficient obtained from equatio.3 in the 2D unsteady simulation model

in equation 8.8) as a reaction term inR(U)). For a general solute, the
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reaction term is

Ro=—ha, (5.14)

where is the steady-state nutrient uptake coefficient.

The unsteady uptake coefficient has been obtained by a trihleeor
procedure using the steady-state uptake coefficient astegtpoint.

The suspended solute transport is calculated as expresSéapte.2.1.2

5.4.2.5 Predictive SRP uptake formulation

A new SRP uptake formulation for both, sediment and watenroal SRP
uptake, is developed considering the system under quasiysttate flow
conditions instead of stationary. The SRP uptake coeffi@éexperiments
16-20 (sediment) and 1-12 (water column and sediment) waslated, for
every time step, using equatiob.{). Then, non-linear regressions between
the calculated SRP uptake coefficients and the most infaleBRP uptake
parameters were performed for both the sediment and the waltenn us-
ing sPS® 14.0 software. The resulting equations were considereteas t
new SRP uptake formulation.

Both formulations were validated using experiments 16-@fdifnent)

and 1-12 (sediment and water column). Since there were reriexgnts de-
veloped without sediment, the water column formulation welglated with
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the sediment formulation using experiments 1-12. For tidaton, the sed-
iment and the water column SRP uptake formulations weraided in the
2D unsteady simulation model in equatio® §) as a decay term&R(U)).
Then, experiments 16-20 and 1-12 were simulated, and ar lnegaession
between measured and calculated outlet SRP concentragispevformed to
analyze its accuracy.

Finally, to validate the model on a different spatial and penal scale,
experiments 13-15 were simulated using the new formulatidinear re-
gression between measured and calculated outlet SRP ¢aimmnanalyzes
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 tnbdeep layer of sed-
iment and vegetation (mainlRumex sp.andPoa sp; fig. 5.9). Sediment
composition was dominated by silt. During our observatighe discharge
ranged between 19941 s and velocity varied from @6 m s 1 to 0.3 m
s 1 (Table5.2).
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Table 5.2: Physical and chemical characteristics of the experimémightion
canal.

Concentration variables (arithmetic me&anSD) are expressed img/| ex-
cept SRP and Chl-a, which arejirg/l. Nomenclature: Temp: Temperature,
Ca': Calcium, DIN: Dissolved Inorganic Nitrogen, TDN: Totalsdblved
Nitrogen, SRP: Soluble Reactive Phosphorus, SPOM: Susperdrticulate
Organic Matter, SPIM: Suspended Particulate Inorganictélal SS: Total
Suspended Solids and TDS: Total Dissolved Solids.

Variable Spring Summer Autumn Winter
Discharge(ri/s) | 0.09+ 0.02 0.06+ 0.02 0.05+ 0.01 0.05+ 0.02
Temp.CC) 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 84.6A 34.00 37.52+ 16.02
TDS 500.00+ 37.67 717.33 + 564.00+ 4.00 560.00+ 68.20
174.12

At base flow,N — NOs concentrations were high (@8 — 3.13 mg 1),
representing more than 70 % of TDN, and practically 100 % & .Dhdeed,
we found no significant differences among ttie- NOs and DIN concentra-
tions { test,P >0.05). Hence, to avoid collinearity problems, we have only

included the DIN uptake metrics.

Ambient SRP concentrations ranged from 1 top&Hl—1, and the mean

molar DIN:SRP ratio was 206 : 1. Ambient nutrient conceidrat were
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higher than in most of the reported studies on streams (efaedit al. {9),
Melody et al. (25, Newbold et al. {42), Mulholland (34), Marti and
Sabater 120), House et al. §4)), but nutrient concentration in streams with
high agricultural activity can be orders of magnitude higtien in undis-
turbed systems (Melody et alLZ5)).

Figure 5.9: Irrigation canal used for the field experiments.
Left: detailed view of the vegetation. Right: view of chahreach dimen-
sions: width: 11 m, height: 15 m, length: 57— 300m.

5.5.2 Netretention of Soluble Reactive Phosphorus; expenients
1-12

The net mass balance of each experiment reveals an averagaskein SRP
concentration over the length of the study reach aD#63.5 % of the net
mass balance, corresponding td®@+ 0.10 mg nt? h~1. Several factors
may have affected this retention, and their covariancepattas explored in
a PCA (fig. 5.10. The three first principal components together accounted
for 73% of the total variability. Variance among and withiariables was
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considerable, and most variables correlated significamitly one principal
component (10 out of 16 with pj@1; Table5.3), (fig. 5.10. The first princi-
pal component (PC1, explaining 31 % of variance) appearsbriespond to
suspended solids (SPOM, TSS and SPIM), pH and SRP retestiggesting
a relation between TSS, pH and SRP uptake.

Table 5.3: Irrigation canal PCA for experiments 1-12.

Correlation of measured channel variables and nutriensrbatance esti-
mates with the first three components of a PCA analysis (73 ptaieed

variance). A correlation is considered significanpi& 0.01 (r > 0.71) and

printed bold. Correlations significant pt< 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)e®liat vari-
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ation in alkalinity, TDN and DIN. At the same time, it was négely corre-

lated to discharge and water temperature. This negativelation could be
due to a dilution effect produced by the higher dischargé ithemaintained
during the main irrigation period, the summer. The thirdhpipal component
(PC3, 17 %), still explains a considerable proportion ofttital variance, and
it correlates to water depth (fi§.10).

The PCA results provides a differentiation among factorSRP reten-
tion. It appears that TSS, SPOM, SPIM and pH could be the nusstiyely
influential variables, indicating an abiotic phosphorusalgp process taking
place in the water column. Correlation between SRP retemtinl suspended
solids suggests that probably the main SRP uptake procphssphorus ad-
sorption. This process states that in presence of oxygsspldied phosphates
combine with suspended particles, and these particlde setthe sediment
bed to be temporally removed from the phosphorus cyclinggs® (Zhen-
Gang @21)). The settling of suspended solids and adsorbed phosplcaru
provide a significant transport mechanism of phosphorus tie water col-
umn to the bed (Zhen-GangZ41)).

The positive correlation with pH may imply that higher contrations
of suspended solids go together with increased alkaliMtyiability among
experiments was very lowpH = 8.32 + 0.08), and it should not cause any
effect on phosphorus consumption. Therefore, TSS, SPOMJ §Buld be
identified as the most influential SRP uptake parameters.

On the other hand, chlorophyll a (Chl-a) covaried posiyiveith SRP
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Figure 5.10: Irrigation canal PCA; experiments 1-12.
Correlation coefficients of measured variables and nutu@take with the
first two principal components. The interior square indisahe 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 stagnatibthe flow. This
correlation also suggests the presence of algal phosphptake in the water
column. However, biotic phosphorus uptake takes more tirae the abiotic
processes, being the former on the order of days, and tlee Gitthe order

of minutes (Zhen-Gang2@1)). 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, idamt SRP uptake

process may be abiotic, and in this case it is addressed bypdidé process.
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5.5 Nutrient retention in the drainage canal

5.5.3 Net nitrogen retention; experiments 1-12

The net DIN mass balance showed an irregular behavior, stiggeDIN
release from the channel in some of the experiments. Theebumdance
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 buddatde did
not covary with flow or any water quality parameter (Tabl&). The DIN
concentrations (¥8 to 313 mg/l of N — NO3) may well suggest saturation
similar to the observations of Haggard et @8) at a range of B2 to 265
mg/l of N—NOs.

Under these results, we can affirm that there is no DIN uptakieedrri-
gation canal, hence, only the SRP will be considered in thersnt isolation

experiments.

5.5.4 Sediment SRP uptake

5.5.4.1 Sedimentincubation

Sediment incubations showed a high SRP uptake, with an &stitksope
of 130 (/kg); (fig. 5.11). This suggests that retention mainly occurs across
the sediment-water surface, through benthic plant upte&eyrecipitation
and sedimentation. However, the incubation methodologyiges a full
and prolonged contact between SRP and the whole sedimeig.nixing

generally does not occur in the canal system, where only ariégimeters
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of the sediment column are in a permanent contact with therneiumn.
Therefore, the sediment phosphorus uptake was probabigsiimated.

N
a

N
=3

(mg/l)
&

=
o

@

o

P sorbed (mg P kg‘] dry sediment)

5}

0.05 0.1 0.15 0.2 0.25
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Figure 5.11: Relationship between the P sorbed and final SRP concemtratio
The sedimenE PG, value was obtained using the regression equatien
1300x— 4.4 (r? = 0.93), where the intercept represents BRC,. "o” repre-
sents the SRP concentration.

5.5.4.2 Laboratory channel experiments; experiments 162

Nutrient addition experiments always resulted in a positiet SRP mass
balance (213 g/n?s), indicating SRP retention in each experiment. This re-
tention may be affected by several factors and their coveeigattern was
explored in a PCA. All the measured parameters were inclutdéue PCA,
including the proportional relationship between sedimaml water mass
(sediment mass/water mass), which is lab&&d Ehere. As sediment incu-
bations showed, the proportion of the sediment in contattt water affects

to SRP uptake potential.

PCA results showed that the three first principal compontrgsther
accounted for 88% of the total variability, and all variabterrelated signifi-
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cantly with one of these three principal component (9 out it p< 0.01;
Table5.4), (fig. 5.12. The first principal component (PC1, explaining 40
% of variance) corresponds to SRP retention, SRP inlet caraten, water
temperature, Reynolds number and discharge, suggestsitivpaelation-
ships among water temperature, SRP concentration, flowlambe and SRP

uptake.

Table 5.4: Laboratory channel PCA for experiments 16-20.

Correlation of measured channel variables and nutriensrbatance esti-
mates with the first three components of a PCA analysis (88 ptaired

variance). A correlation is considered significanpi& 0.01 (r > 0.71) and

printed bold. Correlations significant pt< 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
ASRP 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) deduthe
variation in sediment lenght and tiAT E parameter with a negative corre-
lation. This pattern probably is a consequence of the exyarial design,
where the highest water depth corresponds to the shortdistesat layer.

135



5. NUTRIENT RETENTION CAPACITY OF AN AGRICULTURAL
DRAINAGE CHANNEL: DEVELOPING A PREDICTIVE MODEL

The third principal component (PC3, 19 %), still explainsigngicant
proportion of the total variance, and it corresponds torasedt chlorophyll
concentration (fig.5.10. Sediment chlorophyll content appears an impor-
tant parameter in the total experiment variability, butiét dot correlate with
any other parameter, hence did not explain variation inkgoéganong experi-

ments.
! T T T
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05 L gt Re
w ' " .Q
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; | i «ASRP
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Figure 5.12: Laboratory channel PCA; experiments 16-20.
Correlation coefficients of measured variables and nutiiitake with the
first two principal components. The interior square indisathe area where
the correlations are 0.71.

The PCA results provides a differentiation among factorSRP sedi-
ment retention, where SRP inlet concentration, water teatpes and flow
characteristics appear the most positively influentialaides. These cor-
relations suggest dominance of an SRP adsorption procebe itotal up-
take. The role of sediment in regulating P concentrationthefporewater
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and the overlying water column is well known (Johnson et%),(McCal-
lister and Logan123); Hill (78), Reddy et al. 167)). Meyer (1L27) reported
abiotic sorption by stream sediments as primary regulaibi3 concentra-
tion in Bear Brook, New Hampshire. Moreover, the compositsd sediment
in our stream (silt predominance), enhances dissolvedgbiooss adsorption
(Froelich 67), House et al.&4) and Haggard et al6(’)). Phosphorus adsorp-
tion should also be influenced by sediment length andRA& E parameter,

and both parameters explain a great part of the total véitiabi

Abiotic phosphorus uptake is probably not the only phosphamptake
process, biotic SPR uptake is probably occurring throughpériphyton.
Sediment chlorophyll content covaries with one of the mamponents

(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 equat{ieq. 6.12),

did not provide a significant model curve fit. That suggest thodel is not
applicable for the current data set. In the same way, usingxperimental
data to fit Michaelis-Menten equation results in a non sigaift model. Both
formulations describe a saturation curve, and to descrip@perly through
experimental data, it is necessary to provide data fromast liiree parts of

the saturation curve. Our experimental data are probalpisesenting only
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the saturated part of the curve, preventing a satisfactoryecfit across the
fully necessary range of concentrations.

5.6.2 Sediment uptake estimation: steady and unsteady appaches

Laboratory channel uptake coefficient estimations thrdirghorder reaction
simplification (eq. 9.4)) supplied always positive values of uptake coeffi-
cients, indicating an SRP retention in each experiment. GR&ke coeffi-
cients ranged from.Z0E — 04 to 346E — 055! (see Tablé.5).

Table 5.5: SRP uptake coefficients at the laboratory channel expetsusing
the steady and unsteady approaches.

Arithmetic meant- SD.

Model k(s™T) Sy (M) Vims?1) U@mgnm?sT
Steady 6.6E-05:5.3E-05 912.3454.2 6.07E-065.1E-065 1.8E-021.9E-02
Unsteady| 4.7E-03t6.7E-03  385.3466.1 6.76E-06:1.0E-05 1.83.4

The unsteady two-dimensional (2D) model was applied to kitateach
laboratory channel experiment. To evaluate the accuradheohumerical
model, measured and calculated Broncentrations were compared with lin-
ear regressions (Tabfe6). All the experiments except number 19 showed an
excellent agreement between measured and calculated derazoncentra-
tions, withR?>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 werefisigmily different
from 1 and 0O respectively, which introduces a systematiorenrthe predic-
tion of tracer concentration (Tabf6). Most of the disagreement in experi-
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ment 19 occurred at the beginning and at the end of the expetirdvhen the
comparisons are limited to the period that bromide coneéintr remained
more or less stable, the agreement improwd= 0.74; slope= 0.96+0.11
(p> 0.5); intercept = B9+ 1.98 (p > 0.5). Since the experimental method-
ology assured the complete water mixing across channethemgyd depth,
we speculate that the initial and final disagreement in eéxyaatt 19 is due to
a transient storage effect, where bromide was tempordhyned in sediment
pores.

Table 5.6: Comparison of measured and calculated bromide conceorisait
laboratory channel experiments (16-20).

Presented ané, the slope, the intercept, apdvalues oft-test comparing the
slope with 1 and the intercept with zero. Slopes differ digantly from 1 at
p<0.05 and are printed in bold. Intercepts differ significantlyps0.05 and
are printed in bold.

Experiment| df r? | SlopetSE | psiope | 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 0.83t0.60 0.1

Once we were sure the unsteady 2D model correctly reprasémtelis-
solved solute transport, the outlet and inlet SRP concémisawere used
to find the unsteady SRP uptake coefficient. In this way, the keal-
ues found from the unsteady model simulations ranged fratg 1 02 to
2.60E — 0551, which were not significantly different from thesteady val-
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ues { = —1.27; p > 0.05) (Table5.9and Figure5.14).

The linear regression between measured and calculated &P aon-
centration shows a significant correlation for both apphneacp < 0.05),
where there were no significant differences in explainedanae between
the steady and unsteady approaches (comRanalues, Tablé.7). How-
ever, both approaches often led to systematic deviatiamm &bserved val-
ues. For both approaches, slopes differed significantiy fio(steady-state
5 times, unsteady 3 times) and intercepts differed from Uni@4< in both
models). Still, slopes and intercepts were much more ckoskrand 0 in the
unsteady approach. Furthermore, experiment 19 appeagaddht difficult
to predict, which is in agreement with the bromide obseovei
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Figure 5.13: Laboratory channel passive tracer (16-20).

Comparison of the passive tracer concentration during didé a
tion experiments as computed with the 2D unsteady model and
measured at the outlet sampling point. Red dots Repredents t
measured tracer, black dots represents the computed. tracer
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Table 5.7: Comparison of measured and calculated SRP concentratidabaratory channel experiments
(16-20).

Presented are?, the slope, the intercept (Int.), apdvalues oft-test comparing the slope with 1 and the
intercept with zero. Slopes differ significantly from 1@t£0.05 and are printed in bold. Intercepts differ
significantly from 1 afp<0.05 and are printed in bold.

Steady-state Unsteady-state
Exp. | df R? | SlopetSE p Int. £SE p r? | SlopetSE | psiope | 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 | 0.75t0.12 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 | 0.814+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 | 0.22t0.07 | <0.01 | 0.95 | 0.89+0.04 | 0.02 | 0.20+0.08 <0.01
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Similarities among predictions of both approaches is gugbdue to the
uniform cross sectional area experiment conditions. Exparts were car-
ried out in a laboratory channel where, a uniform cross geatiarea, one of
the steady-state model assumptions, was provided quite wel

5.6.3 Irrigation canal SRP uptake estimation: steady and un
steady approaches

Estimated first order SRP uptake coefficients were alwayisiymand signif-
icantly different from 0= 3.557, p=0.004), indicating an SRP retention in
each experiment. Variation among experiments was higlaer tiat derived
from the mass balances, with a coefficient of variation (98%tge as much
as that of the mass balance calculations (52 % Hig)5).

The unsteady two-dimensional model was applied to simelaté canal
experiment. To evaluate the accuracy of the numerical sitioms, measured
and calculated Br concentrations, were compared with linear regressions
(Table5.8). These showed an excellent agreement between measuredland
culated concentrations, wifR?>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 s tive newk
values found from the unsteady model simulations ranged #6E — 03 to
2.6E — 04 s1, which are significantlyt(= 3.576; sig. = 0.004) higher than
those estimated from the steady-state model (Ta)e Both approaches dif-
fer by one order of magnitude, the unsteady uptake coeffigging higher.
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Table 5.8: Comparison of measured and calculated bromide concentsatis-

ing the 2D unsteady model for experiments 1-12.

Presented arB?, the slope, the intercept, aqmlvalues oft-test comparing

the slope with 1 and the intercept with zero.

Exp. | df [ R? | SlopetSE | psiope | IntercepttSE | 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 0.014+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| 0.97/4+0.03 0.3 0.28+0.17 1
7 10| 0.99| 0.940.01 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 0.014+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 approack’]; computed with the 2D
unsteady (black dots) and measured (red dots) at the samplin
point.
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Figure 5.15: Mass balance and steady SRP uptake coefficient at the iongat
canal experiments (1-12).

Relationship (line) between the SRP net budget differemzkthe steady
SRP uptake coefficienk) ("o”). The linear regression hasra = 0.70 and
p<0.00.
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As stated in Sectio®.4.2.4 to evaluate the accuracy of both methods
(steady and unsteady), the steady SRP uptake coefficienintragduced in
the unsteady 2D model as a reaction term in equadi@n The comparison
of both methods is shown in Tab%1Q Both calculation methods showed
a good agreement between the calculated and the measureehtration.
The linear regressions were always significgmt=(0.01) and there were no
significant differences in explained variance between tady and unsteady
approaches (compaR¥ values, Tablé.10). In the same way, intercepts did
not differ significantly from 0 in any of the steady and ungieatate calcu-
lations. However, the steady-state approach showed sgitediscrepancies
in three of the experiments, their regression slopes bagmifisantly differ-
ent from 1 (Table5.10. This systematic error was found mainly in experi-
ments where the flow varied with time. Hence, this disagredmeuld be
due to the simplification in the solute mass conservatioragop and prob-
ably to the assumption of a constant decay term (€512))( In contrast,
the regression slopes of the unsteady approach did never significantly
from 1, suggesting a closer reproduction of the phosphoynamdics in the
channel. Hence, the assumption of a constant decay termiles steady ap-
proach, could introduce a disagreement between the mebandecalculated
concentrations (figs.16 experiment 17).
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Nutrient uptake coefficients (arithmetic mearsSD) at the irrigation canal using the steady and unsteady

Table 5.9: Irrigation canal nutrient uptake coefficients.

approaches.
Model Nutrient k(s Sy (M) Vims?) Umm?si)
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-04 956.544+ 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 (Bed)
(triangles) and SRP (dots) concentration at the secondlsgmp
section (average of the three measurement points) durengdh
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 uptaéicent kpn)
was not significant different from 0 (t=81; sig.0298), and in some experi-
ments it was negative, possibly as a result of DIN desorption

The nitrogen uptake simulation did not reproduce the measuaitro-
gen uptake with the same accuracy as in the case of phospfuanupare
figs. 5.16and5.17). Linear regressions have been calculated between the ob-
served and calculated nitrogen concentrations using lveddg and unsteady
approaches, and both of them were not significant (data etrsh
Therefore SRP will be the only nutrient to be considered i ghedictive
formulation.

5.7 Predictive SRP uptake formulation

As stated at the introduction, the steady approactb(8dhas two disadvan-
tages: the river uniform representation, where steadg;staniform cross-
sectional flow parameters are assumed, and the need of tle¢ and inlet

nutrient data to its application, where the kinetic apphesccan also be in-
cluded. To solve both problems, we propose an alternatiaulation that

considers quasi steady state flow conditions instead dabstay, and whose
formulation is expressed as a function of the most uptakaenfial parame-
ters. In the present section, a predictive dissolved prarsghuptake model
is developed, first for the sediment, and then for the whodéndge canal
system.
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Table 5.10: Comparison of measured and calculated SRP concentratineseriments 1-12.

Presented ar&?, the slope, the intercept, amvalues oft-test comparing the slope with 1 and the
intercept with zero. Slopes differ significantly from 1@t 0.05 and are printed in bold.

Steady-state Unsteady-state
Exp.| df r SlopetSE | p— | IntercepttSHE p— | r? SlopetSE | psiopk Intercept-SE p —
value value value
1 14 0.87| 1.36:£0.04 | 0.001 0.00+0.04 | 0.3 | 0.95| 1.01+0.02 1 -0.014+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 | -0.014+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 0.014+0.01 1
7 14 0.97| 1.15+0.05 | 0.01| 0.03+:0.02 | 0.2 | 0.99| 0.970.03 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 | 0.014+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

uoenwIoy axeldn dyS aAdIpald L'G
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5.7.1 Predictive sediment SRP uptake formulation

Using the quasi steady state approach to estimate nutigeakel coefficient
supplies a positive general uptake coefficien0(®-+ 0.001s71). In agree-
ment with the previous results, this positive coefficierggest an SRP re-
tention in each experiment. However, the partial uptakdfictents were not
always positive, but in experiment five some of them were tgaT his re-

sult may indicate a partial SRP desorption or a transient SRRge.

To create the predictive SRP uptake equation we use the pteespro-
vided by the sediment PCA analysis: SRP inlet concentratiaer temper-
ature, Reynolds number and water discharge. However, taefgediment
mass to water mass in the column may also have some influemeériant
uptake. A deep water column implies that not all the nutgentthe col-
umn can exchange with the sediment. On the contrary, inashallaters, the
contact between nutrient in the water column and sedimembi® intense.
A gradual increase in SRP retention with decreasing stréaencan be ex-
plained by the ratio between water volume and benthic sairéaea, which
also increases with stream size (Peterson efl&B)). A small ratio signifies
a high reactive surface area relative to the volume, prorgatorption and
uptake of soluble nutrients by the benthic community (Reteet al. {59)).
As we intend to extrapolate the predictive sediment SRPkeptaodel to
other systems, such as canal or natural river, it is necetsarclude a factor

that contemplates this proportion effect. This additioiagtor could be as
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5.7 Predictive SRP uptake formulation

follows:

Ms  ps(1—POROSITYhs
My, Pwhw
whereps and p,, are sediment and water density amdandh,, are sed-

(5.15)

iment and water depth. Moreover, equat®ib5 also includes some of the
sediment characteristics that may influence sediment jhloogp uptake ca-
pacity.

Hence, usingVls/M,, relationship, SRP inlet concentration, water tem-
perature, Reynolds nhumber and water discharge, we dewktbpdollowing
non-linear regression with the quasi steady state uptagticients:

CiCsre(1+2)T Ms

k= Csre+ In(T)IN(Re) My, (5.16)

whereC; is a constant value of.006, Csrpis the inlet phosphorus con-

centration §/m?), Reis the Reynolds number arid the water temperature
°c).

This equation %.16) provides a saturation curve that depends on the wa-
ter temperature, Reynolds number and the sediment-waipogion. There-
fore, the SRP uptake coefficient is variable in time and spabese param-
eters also should have an influence on biotic uptake, bue sirec did not
measure algae or bacteria growth during the nutrient axidigxperiments,
these cannot be introduced in the formula with an expligiregsion. Sedi-

ment presented a biofilm where the chlorophyll concentnatias measured.
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However, there was no direct relationship between this eatnation and
phosphorus uptake. Hence, although probably there wagia pfosphorus
uptake, the main uptake appears to be addressed by abiotiegses such as
sediment adsorption. Therefore, the general sedimentpplboss uptake of
our system can be expressed using equabolg).

5.7.2 Validation of the predictive SRP sediment uptake formla-
tion

The new SRP uptake equatioB.16 was introduced in the unsteady 2D
model in equation3.8). Then, the accuracy of the new formulation was eval-
uated comparing linear regressions of measured and caduRP. Table
5.11shows the comparison of measured and calculated phospbonaen-
trations in successive experiments using equatobg.

Table 5.11: Comparison of measured and calculated SRP concentrasarg u
the sediment SRP uptake formulation for experiments 16-20.

Presented arB?, the slope, the intercept, amulvalues oft-test comparing
the slope with 1 and the intercept with zero. Slopes diffgnisicantly from
1 at p<0.05 and are printed in bold. Intercepts differ significantign 0 at
p<0.05 and are printed in bold.

Experiment| df r? | SlopetSE | Psiope | 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 0.014+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§.16 provided significant linear regressions in all
the experimentsR? > 0.90; p < 0.05) (Table5.11). However, systematic
discrepancy differences were found in experiments 16 €3|d® (slope and
intercept) and 20 (intercept). Major discrepancies wellg present in ex-
periments 20 (slope and intercgp 0.05) and 5 (interceptp 0.05).

The predictive capability of the three successive appreschn be evalu-
ated from their explained variance and the slopes and e ©f regressions
of observed vs. predicted values. Explained variance wies gatisfactory
for all the three models£> 0.71; eq.5.16r2> 0.90). Slopes however always
differed significantly from unity for the steady-state mbffe4 — 0.9), twice
for the unsteady model ®— 0.9) and twice for the new predictive model
(0.5—1.1). Intercepts were closest to zero for the new predictivdehdNe
conclude that the steady-state model performed worst, eMiner other two
were comparable. The new predictive model had difficultyriedicting ex-
periment 19, but performed better, overall.

5.7.3 Water column SRP uptake formulation

The sediment predictive equation can be used to represgimiesgt SRP up-
take, but we still need a formulation that represents SR&keapin the water
column. To do so, it is necessary to identify uptake agenthénwater col-
umn. According to the PCA results (Sectibrb.?, TSS SPOMandSPIM
appeared the most influential variables. However, in ordegenerate the
non-linear regressions, some changes were introduceceiortbinal vari-
ables. On the one handi,SSwas replaced bPOMandSPIM. SinceTSS
is the result of adding uBPOMand SPIM, it is possible to include these
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two variables instead of SS On the other hand, some variables that did
not appear significant into PCA analysis were included inftmmulation.
These areTDS Reand theSRPambient concentrationT DS and Re can
affect water column SRP uptake. As in sediment SRP uptake, tfidou-
lence can facilitate or difficult SRP uptake in water colurhiigh turbulence
could enhance SRP-TSS contact, facilitating SRP uptakeveMer, this is
probably not a linear effect, because a laminar flow regimallys results
in a lower velocity, increasing residence time, which caoahcrease SRP
uptake. Moreover turbulence effe®eformula includes water temperature,
and including water temperature in the equation means tadedts effect
in biotic and abiotic uptake processes, which has been demaded in many
studies.

SRPambient concentration was included to contemplate theemitin-
jection effect in the uptake process. Increasing nutriententration through
nutrient addition can transform the nutrient equilibriupstem, causing a dis-
tortion of the ambient nutrient uptake (Mulholland et 4139)).

Total dissolved solids corresponds to the surNaf, K+, Ca?*, Mg?*,
H4SiQy, HCO3—, CO32—, SA2-, Cl—, andNO3~. The middle Ebro river
water is a typical carbonate water, where the principal elgsare calcium
and bicarbonate, and providing that irrigation canal veat@mes from the
middle Ebro river, it has a high calcium and bicarbonate ean{see Table
5.2). Inorganic phosphorus reacts easily with calcium and reaipitation
is an important abiotic uptake process. TherefdrBS content would also
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benthic uptake

affects SRP uptake in the water column.

Hence, a non-linear regression among the quasi steady SRIiReupef-
ficients andSPOM SPIM, TDSandRewas established as follows:

Csrp
Cl(;z—ﬁim)CSRI{:SPOI\ICT p<Cspim(1+ 2)
o SRRaD (5.17)

Csrp

Csrp+ Co( — 2™ ) CoponCrpsCspim(1+ m)

+9
CsRRamb

wherek is the SRP uptake coefficierd (), Cspomis the suspended par-
ticulate organic matterg(m?), Crps corresponds to total dissolved solids
(g/m3), Cspim represents the suspended particulate inorganic magter’),
Csreamb iS the SRP ambient concentratiogy (©®), Reis the Reynolds num-
ber, andC; andC; are constants values of2E — 09 and 151E — 07 respec-

tively.

5.8 Validation of a predictive model combining water
column and benthic uptake

To evaluate the accuracy of the new approach, experimentd A were sim-
ulated using the new predictive formulation (see FigorE). Then, linear
regressions were carried out comparing measured and a@duSRP con-
centrations (Tabl®.12. The new approach has no influence in the transport
eguations, only in the reactive term. Since the chemicaktrromide is bi-

ologically and chemically stable and not undergo microbiahsformations
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and gaseous losses, it is not necessary to redevelop the legressions 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 measuremerispoin
Red triangles: measured input DIN concentration, blackntri
gles: DIN computational input. Red dots: DIN measured autpu
and black dots: DIN computed output.

159


4/figures/Nitrogeno1.eps
4/figures/Nitrogeno4.eps
4/figures/Nitrogeno5.eps
4/figures/Nitrogeno7.eps
4/figures/Nitrogeno10.eps
4/figures/Nitrogeno11.eps

5. NUTRIENT RETENTION CAPACITY OF AN AGRICULTURAL
DRAINAGE CHANNEL: DEVELOPING A PREDICTIVE MODEL

SRP (mgll)

SRP (mgll)

Experiment 16 Experiment 17
08 06
07 o,
05 X
06 DRSNS SIS Sy
b 53 5 = o
os b ) 5 04 & o
04 £ o3
&
03 » 02
0.2
/ 01 :
01 | o 1 i
o 0d oed N
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500
Time (s) Time (s)
Experiment 18 Experiment 19
07 25
06 -
" 4 2
05 . =
) s
04 ' g 1 6666606
\ Y 78 oo ¥
03 . g
0.2 @
i 05
01 4 Ty {
0botal A . 0 badd §
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 4000
Time (s) Time (s)
Experiment 20
25
.
2 eae e & %008 4, %osd
PRI et s 2 %
= e !
S }
B s ] ;
& |
g 1
& |
05 | T
‘ !
0bd |
0 500 1000 1500 2000 2500 3000

Time (s)

Figure 5.18: Comparison of the measured and calculated SRP
concentration using the sediment SRP uptake predictivedta-
tion for experiments 16-20.

Red dots: measured SRP concentration at the sampling rsectio
(the average of three points). Black dots: estimated SR&ten
tration using the sediment SRP uptake predictive formutati
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Figure 5.19: Irrigation canal SRP model validation.
Simulated SRP time evolution at the irrigation canal duemgeriment 3.
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Table 5.12: Comparison between measured and calculated SRP con@amgrat
using the predictive SRP uptake formulation for experiradni.2.

Presented are?, the slope, the intercept, armvalues oft-test comparing
the slope with 1 and the intercept with zero. Slopes diffgnificantly from
1 at p<0.05 and are printed in bold. Intercepts differ significantigri O at
p<0.05 and are printed in bold.

Experiment| df r’ | SlopetSE Psiope | INtercepi=SE | Pintercept
1 10 | 0.92| 0.7140.04 | <0.01 0.014-0.02 0.5
2 14| 0.85| 1.59+0.17 | <0.01 -0.04+£0.06 0.5
3 14 | 0.96| 0.974-0.05 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| 0.914-0.09 0.3 0.014-0.05 1
6 12 | 0.97 | 0.92+0.05 0.1 -0.04+£0.03 0.5
7 10 | 0.88| 0.914-0.01 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 0.014-0.01 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 -0.114-0.07 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 anaicalialdta
(R? > 0.69), where linear regressions were always significang (0.01).
Eight experiments (3, 5, 6, 7, 9, 10, 11 and 12) provided éxtelSRP
concentration predictions, with slope and intercept ngnificantly different
from 1 and O respectively. The rest of the experiments (1,e/#8) showed
a systematic discrepancy (sloges: 0.05) between measured and calculated
data. Experiments 1 and 4 showed the highest SRP uptake Z3% and
39+48 % respectively), and the new formulation underestimtiescyreatly.
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On the contrary, experiments 2 and 8 showed a low SRP uptafe-&0

% and 36 + 1.1 % respectively), and the results provided a systematicall
overestimated SRP uptake. Posibly, the high dissolvedpttuoes uptake at
experiments 1 and 4, is an indicator of presence of othekapgents, or
a much higher biotic uptake. Providing that abiotic uptakéhe main SRP
uptake process considered in the new formulation, thisdcbal one of the
reasons of the systematic error. However, the low uptakel ldvserved at
experiments 2 and 8 does not suggest an important biotikegteesence.
Hence, the systematic discrepancy may be adressed by atltersf 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 sartglen before
starting the nutrient addition. Hence, its variations dgrihe experiment are
not contemplated. Irrigation canal water flow was very stabut variations
of water quality parameters are possible within experiseand those vari-
ations can affect SRP uptake. The lack of a continuous wateangeters
characterization could be another cause of the systenraticggesence.
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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 dot
estimated SRR: inlet SRP.

164


4/figures/SRP1F3wc.eps
4/figures/SRP2F3wc.eps
4/figures/SRP3F3wc.eps
4/figures/SRP4F3wc.eps
4/figures/SRP5F3wc.eps
4/figures/SRP6F3wc.eps
4/figures/SRP7F3wc.eps
4/figures/SRP8F3wc.eps
4/figures/SRP9F3wc.eps
4/figures/SRP10F3wc.eps
4/figures/SRP11F3wc.eps
4/figures/SRP12F3wc.eps

5.8 Validation of a predictive model combining water columnand
benthic uptake

In general, the new model provides a good agreement betweasured
and calculated data (Figute20, where in spite of the systematic discrep-
ancy, SRP calculations were always within the same orderagfnitude as
measured data. Hence, the model showed a good predictiaeitagbut it
should be tested in other system conditions as well as irr attpgatic sys-

tems.

5.8.1 Changing temporal and spatial scale

In order to validate the predictive uptake model under diffé conditions,
a new set of 3 nutrient addition experiments was carried expdriments
13-15, see Subsection Experimentation number 2). The iexpets were
performed at a higher spatial-temporal scale, where thakepthodel vari-
ables were characterized continuously during the wholemxgnt.

5.8.1.1 Results

New nutrient addition experiments resulted in a null masarzz, which did
not significantly differ from 0, indicating the absence ofFS8ystem uptake.
In agreement with this, the estimated first order SRP upta&#icients were
not significantly different from OK = 9.34E — 6+ 3.38E —4s1; t = 0.14,
p=0.5). In the same way, the average of consumed SRP&x}+2.28%,
and did not significantly differ from @ & —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 liotl@mech-
anisms (Reddy et al167)), a change in some of these mechanisms can result
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in an SRP uptake variation. Therefore, a variation in ptafsimd chemi-
cal irrigation canal water characteristics can alter th® Sigtake. Previous
sections suggested that main SRP uptake process was &fsoapid it was
addressed by TSS (SPIM + SPOM). If so, a significant chang&®imay re-
sultin SRP uptake alteration. In agreement with this, Takl@shows phys-
ical and chemical irrigation canal water parameters andatsparison with
previous experimentation (Tabte2, where TSS, SRP and TDS significantly
differ from previous values (Tabl.2). However, against expectations, TSS,
TDS and SRP were higher in this new experiments, and thekehipncen-
trations should induce an higher SRP uptake instead of aignifisant SRP
uptake.

Estimating nutrient uptake by means of nutrient additiommaduce lux-
ury uptake and overestimate the ambient system uptake (NMattd et al.
(133). If the nutrient is limiting, its addition can stimulatbe system, and
therefore its uptake. Mulholland et al.33) stated that this stimulation should
be related to the level of nutrient addition above ambientceatrations and
the degree of nutrient limitation. Phosphorus additioneexpents of Mul-
holland et al. {33), increased the ambient SRP concentratior 100 times.
In our own SRP addition experiments, the concentratioregsing was 2 3
times only. Hence, probably, there was an SRP uptake, budstumder our
detection limits.

Although non significant SRP uptake was found, the predictdormu-
lation should reproduce this situation. Each experimerst siaulated using
the new model. Then, in order to evaluate its accuracy, liregaessions were
carried out between the measured and calculated SRP coatcam (Table
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Table 5.13: Physical and chemical characteristics of the irrigatiomat¢auring
the experiments 13, 14 and 15.

Concentration (arithmetic meat SD) variables are expressedrry/| ex-
cept SRP and Chl-a, which arejig/l. Presented arp values oft-test com-
paring present values to previous experimentation. Valifeey significantly
at p<0.05 and are printed in bold.

Variable Arithmetic meant- SD p—value
Discharge(r#/s) 0.07+0.01 0.59
Temp.CC) 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 65.954+ 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 comeentr
tions using the unsteady 2D model for experiments 13, 14 &nd 1

Presented ane?, the slope, the intercept, apdvalues oft-test comparing the
slope with 1 and the intercept with zero. Slopes differ gigantly from 1
at p<0.05 and are printed in bold. Intercepts differ significantigni O at
p<0.05 and are printed in bold.

Experiment| df r>  SlopekSE Ppsiope  INtErcept=SE Pintercept
13 8 0.99 0.940.03 0.2 0.0%0.01 0.2
14 8 0.99 1.0%0.04 0.5 -0.08:0.02 0.5
15 9 0.97 0.94-0.05 0.2 0.0%0.02 0.5

5.195 as well as between measured and calculated ddncentration(Table

5.14) at the new irrigation canal experiments.

Table 5.15: Comparison of measured and calculated phosphorus coatient
using the new approach for experiments 13, 14 and 15.

Presented are, the degrees of freedbinr?, the slope, the intercept, am
values ott-test comparing the slope with 1 and the intercept with z8fopes
differ significantly from 1 a{p<0.05 and are printed in bold. Intercepts differ
significantly from 0 afp<0.05 and are printed in bold.

Experiment| df r’  SlopetSE Psiope  INtercept=SE  Pintercept
13 8 0.97 0.93-0.05 0.2 0.08:0.00 0.5
14 8 0.91 0.880.10 0.2 0.0%0.01 0.2
15 9 0.94 0.930.07 0.3 0.08-:0.01 0.5

As stated in previous sections, the two-dimensional sitimiamodel
represents with an excellent accuracy the transport obl¢isd solutes. Re-

sults from Tableb.14showed an excellent agreement between measured and
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calculated bromide concentration, where all the regraessigere significant
(p < 0.01) and the slopes and intercepts did not significantly difflem 1
and 0 respectively. In the same way, regressions with medsamd calcu-
lated SRP using the new predictive formulation were sigaifiqp < 0.01),
and the slopes and intercepts did not significantly differrfrthe unit and
zero respectively (see Taliel5. Hence, although SRP uptake was not sig-
nificant, the new formulation was capable of predict it itlwén excellent

accuracy.

5.9 Conclusions

We hypothesized that the canal bed would function as a misiek, and our
observations confirm this. However, this nutrient retanttapability holds
for SRP but not to the Nitrogen. A drainage canal would redBBd by
about 21%, or @ mg nT2 h~1 at concentrations ranging from 1 to 48

I =1, whilst there would be not significant change for Nitrogenaantration.
Indeed, the mean molar DIN:SRP ratio (206:1) indicates aqléibrate sys-
tem where probably Nitrogen is saturated and phosphorimiting nutrient.

Since SRP retention appears to be related to suspended &ddigl ad-
sorption is probably the primary process, followed by seditation in the
channels. This is probably enhanced by a developing sedibeehand veg-
etation. In agreement with this, the experimental analglsesvs as the most
influential SRP uptake parameters: pH, TSS and TDS.
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Comparison between the steady and steady state approduives that
the assumption of a uniform uptake coefficient makes thelsition tool less
accurate. An alternative calculation method was necedeargver the spa-

tial and temporal variability of system uptake.

The new SRP uptake predictive model, based on the water oofund
sediment SRP uptake, has been tested at two different Ispatldemporal
scales under different SRP concentrations. First 12 exgeris were devel-
oped at the drainage canal using 57 m length, during 0 min and increas-
ing SRP ambient concentration £A00 times. The last 3 experiments were
carried out in the same drainage canal but using 300 m ledgting 2— 4 hr
and increasing SRP ambient concentratien®times. Although SRP uptake
showed high variability among experimentsQ@09+ 0.0004s™1), our new
model could predict each case with an excellent accuratigealinear regres-
sions of measured and calculated SRP, being signifigaatQ;01). However,
four predictions showed a systematic discrepancy, butényssase, predicted
SRP output concentration was within the same order of madgmias empir-

ical observations.

Our new model formulation was able to predict the presebsefzce of
a noticeable SRP uptake process. Moreover, the model diatifuaystem
SRP uptake with a great accuracy. In short, we can affirm thatfarmula-
tion is well suited to predict SRP uptake in our experimeintajation canal

system.

170



5.10 Management proposal

5.10 Management proposal

Nutrient addition experiments showed the SRP uptake cgpafdhe drainage
canal. Hence, the development of natural sediment andategetn drainage
canals could be a good strategy to reduce some of the SRRlagat pollu-
tant load to the river. Nevertheless, for nitrogen redutmther approaches
must be considered, such as those enhancing denitrifiqadissibly in ripar-
ian wetlands (Verhoeven et aR{4)).

On the other hand, the unsteady two-dimensional model wébigtive
formulation as a decay expression, can be used as a tooldizipaed man-
age the canal SRP uptake process. Since most of the canal [B& ca-
pacity depends on: turbulence, SPIM, SPOM, SDT, SRP and vetgpera-
ture, with an easy physical and chemical water control,poissible to apply
the simulation model and predict the system SRP load remuatitime and

space.

Phosphorus is a common agricultural fertilizer, and it eausutrophi-
cation in many agricultural catchments (Carpenter etd); (Zalidis et al.
(220)). Possibility to determine the best drainage canal carditto apply
phosphorus as a fertilizer can reduce its load to the riverthis way, the
model can be useful to select the best moment to apply thiizent or to
modify the drainage canal conditions in order to increas&RP uptake ca-
pacity. However, since the main uptake process is adsaorptibosphorus

accumulates in the sediment. Accumulations of sedimentlogytbe chan-
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nel and necessitate a periodic removal. It may be possilikoadvantage
of this renewal and use it as a fertilizer.
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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 koigial or down-
stream transfer of sediment and associated pollutantagiotierbank flood-
ing (Steiger and Gurnelll@0). Sediment transported by flood water is de-
posited within riparian zones, allowing them to functionaasuffer between
upstream and downstream river reaches (Mitsch and DAa®@®;Hupp and
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Morris (90); Fennessy et al56); Kleiss (106)). This interaction between land
and river constitutes an essential process to the ripadasystems mainte-
nance, and affects fundamental ecological characteyistich as biodiversity,
water quality and viability of many riverine species (BurmdaArthington

(29)).

The hydrological interaction between land and river hasiieduced in
time and space because of human activities such as agresudtip traffic,
town planning and recreational water use. This reductitowal sediment,
associated nutrients and other pollutants to escape thringgriver system
without being captured in floodplains (e.g. Walling0@)). Degradation of
rivers and floodplains is increasingly being recognized agruaial political
issue with socio-economic repercussions, particularianth America and
Europe (Naiman et al.1¢0). In Europe, the target of a 'good ecological
status’ in all water bodies and aquatic ecosystems by 20E5aaeepted as
the main objective of the European Community Water Framkewirective
(WFD: EU, 2000). However, most of the riparian restoratifiorés are based
on empirical experience (Richards and Hugh&g0)) and applied using trial
and error procedure. In most cases, this approach formspamsixe, ineffi-
cient and difficult extrapolation.

During the 1980s and 1990s, increasing interest in suchaictien led
to direct measurements of sediment deposition during ichdial flood events
using a variety of sediment trap devices, initially emphiagi floodplain lo-
cations (e.g. Mansikkaniemil{7);Gretener and Strmquis66); Lambert
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and Walling (L12); Walling and Bradley £10); Asselman and Middelkoop
(6); Simm (186)), but more recently focusing on riparian zones and hard-
wood bottom-land forests (e.g. KleisE0b); Kleiss (L06); Brunet et al. 29);
Wardrop and BrooksZ16); Heimann and Roell715); 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 patéiquihospho-
rus through freshwater drainage systems because of sewesplacation ef-
fects in rivers, lakes, reservoirs and coastal waters gedethroughout the
world (e.g. Meybeck et al.16), Carignan and Vaithiyanathad(@), Bowes
and HouseZ3), Olde Venterink et al.149), Braskerud et al.A6)). Several
studies based on field measurements confirm the largely irtiéuef the sed-
imentation process on phosphorus uptake (Johnstof),(Alexander et al.
(4), Bowes and House?@), Olde Venterink et al.149)).

Direct measurements of riparian zone sedimentation andhsatl asso-
ciated pollutants within different geomorphological Bejs and climatic re-
gions are still rare (Steiger and Gurnelb())). Hence, the question of the de-
gree to which these zones may buffer the downstream trapis$ediment re-
mains largely unanswered (Steiger and Gurrigd), and other approaches
are necessaries. The hydraulic approach that analyzedéhadtion between
main channel and floodplain flow might be suitable in this pagellin (185
and Rajaratnam and Ahmadiq2) investigated this interaction through ex-
perimental flume studies, and revealed boundary sheass dlisibutions
and resulting flow structures in compound channel sectiagtisfleodplains.
Floodplains can be roughened so that the influence of diffederoughness
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on flow structures between floodplain and main channel anthtbeal and
vertical momentum transfer processes can be studied (asthP and Rou-
vee (L57)). The results of such studies have shown that the interatte-
tween the main channel and floodplain flows is extremely cerplith the
formation of various three-dimensional flow structureshsas large interre-
lated vortices (cf. Knight and Shiond{8)). Hence, floodplain topography
and flow patterns are the key controlling parameters for bathconveyance

loss and sedimentation patterns (Wallizg9)).

Numerical modeling might be a useful tool for the hydraulapeach.
Nicholas and Walling {43 combined numerical modeling with field obser-
vations and illustrated how both approaches indicate th&mkmnt role played
by small-scale topographic features in controlling suspensediment trans-
port and deposition processes on floodplain surfaces. Ipadisé decade,
several workers have developed 1D and 2D models to simuédterps of
sediment deposition on floodplains. Some of these modelbased on a
finite-element approach (e.g. Stewart et 483); Hardy et al. 69)) and other
models on a finite-difference approach (e.d.43), Nicholas and Walling
(144); Middelkoop and Van der Perk 80)). Particle-tracking method is also
a used methodology that avoids the numerical dispersiodugex by the
conventional Eulerian models Thonon et dl97). However, these simpli-
fied methods that in most cases uncouple the hydrodynamitsharsolute
transport, might be not enough when dealing with real cakgsoring un-
steady hydrodynamical effects means that only a quasiistpeocess over
very slowly varying bed level can be reasonably modeledhat the correct
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simulation of solute transport in rapidly varying flows caining shocks or
discontinuities remain excluded. When solving real protdene is likely to
encounter all sorts of situations, with a high probabilitatt naive methods
will compromise the quality and reliability of the solutioim that sense, com-
plex models, based on a finite volume method, that make udedfiavier-
Stokes equations seems to be the best option to represamgdrmdynamic

interaction between water and land.

In this context, the complete simulation model that inchidiéssolved
and suspended solute transport, flow erosive potentiahagtn and SRP
uptake, is proposed as a floodplain analysis tool, capabpreaficting the
hydrological and sediment interactions between land avet in different
spatial-temporal scales. These predictions will also kel s a basis in-
formation to choose the best restoration strategy. Forphgiose, the flow
simulation model calibrated and validated in Chapteand the predictive
SRP uptake model developed in Chagievill be applied in the Middle Ebro
River floodplain.

The present chapter will analyze the sedimentation pa#eththe SRP
uptake potential of the middle Ebro river floodplain by meahesxperimental
and numerical analysis. First, the field data are analybedSRP uptake and
sedimentation models validated using field data. Then,dhelts are used
to analyze the current sedimentation, dissolved phosghgstake and flood-
plain river nutrient contribution of the study site. FiaMlifferent scenarios,
based on changes in the hydraulic river-floodplain convigégtiare gener-
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ated in order to analyze their potentially beneficial effiacthe ecological
floodplain evolution.

6.2 Objectives

The aim of the study is to validate the predictive simulatioodel developed

in Chapter5, that integrates flow dynamics, sediment transport and-phos
phorus uptake on different spatial-temporal scales andldaifor floodplain
ecological restoration. The specific objectives of the wiae:

1. Validation of the predictive dissolved phosphorus ugtatodel in a
real riparian system.

2. Validation of the sedimentation model in a real riparigstem.

3. Analysis of the current sediment and dissolved nutriedplain dy-
namics through the simulation tool.

4. Generation of possible restoration scenarios usingitinglation tool.

6.3 Description of the study area

The study area is a reach in the Middle Ebro River in north&astin, in-
cluded in the Natural Reserve "Los Galachos” (see FiguBe The Ebro
River, 910kmlong, is the largest river in Spain. It has an annual disaharg
into the Mediterranean Sea o8E07 m*/y and is regulated by the presence
of 170 dams and reservoirs on the river basin. The study areasfa me-
ander (370 Kn?, river width: 110m with one island and an oxbow lake)
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located downstream Zaragoza city (NE Spain). The discharggaged over
the years 1927 to 2003, within this reach is 28%'s and the surface eleva-
tion ranges from 17&a.s.l. at the river channel to 18da.s.l. at the base of
the old river terrace. The flooded area by theyl®eturn period flood (3000
m3/s, 1927—2003) is 37 Km,whereas only about 40 % of the area is flooded
by a river discharge of 1000 /s (0.37 yr return period, 1927 2003), and
only 10 % is flooded by a river discharge of 688/s (0.14 yr return period,
1927—2003). The oxbow lake is connected with the river when thehdigge
reaches 1106n°/s, and this occurs 1-3 times per year.

The study site receives the effluent of a Waste Water Tredtikmt
(WWTP) located IKmupstream from the reach, with a maximum discharge
of 3m3 /s. This WWTP treats 1200000 inhabitant-equivalents, whénddbitant-
equivalent is the biodegradable organic matter load efprivao a BOD5
(i.e., biochemical oxygen demand) of §0dayof O,. The plant has activated
sludge biological treatment as well as the technology teelgtremove nitro-
gen (N) and phosphorus (P), where its legal effluent N and Berdrations
limit is 20 mgN/I and 1mg—P/I, respectively.

6.4 Methods

The predictive SRP uptake model (equatidn$6 and 5.17 in Chapter5)

was validated by comparing the numerical results obtairead the complete
model with the experimental field data by means of a linearessgjon anal-
ysis. Then, validation of the sedimentation model was paréal by com-
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paring the numerical results with the experimental fielchdattained from
Cabezas and Comir3%) and Cabezas et a3§).

After validation, the coupled models were applied in thelgtsite. An
analysis of the current floodplain sedimentation, SRP wp#aid river nutri-
ent contribution was carried out using the complete modekenT based on
this previous analysis, some restoration scenarios apopeal and simulated.

6.4.1 Field experimentation: experiments 21, 22 and 23

Three sampling campaigns were developed at the study diexevboth the
inlet and outlet river phosphorus concentration were attarzed during
24h. Two sampling stations, SS 1 and SS 2, were established avéneSS

1 was located 75@ downstream the beginning of the domain, and SS 2 was
located 1106 downstream SS 1 (see figusel). Samples were collected us-
ing two automatic samplers (Sigr@aSDQOO) and acid-washed (HCI 50 %)
PP bottles (1) located at SS 1 and SS 2 respectively. The sampling interval
was established in order to sample the same mass water at S63Sa2,
and was calculated by means of hydraulic simulation usiegntlodel cali-
brated and validated at ChapterSamples were collected every 2@5min,
depending on the river discharge, duringh2®River discharge values were
given by a gauging station belonging to the Ebro River Bagsimiistration
(www.chebro.es) located approximately ki upstream the study site.
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1000
) Meters

Figure 6.1: Location of the two sampling stations at the study site. Bldats
represents the sampling stations: SS 1 and SS 2 respectively

Experiment 23 showed the highest river discharge, and weslajeed
two days after a flooding event of 1554 /s peak discharge. The other ex-
periments, 21 and 22, were developed under low and steaclyalige.

Water samples were used to determine Soluble Reactive Rtias(SRP),
total nitrogen, alkalinity, pH, conductivity, anions andtions, Total Sus-
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pended Solids (TSS), Suspended Particulate InorganiceMEg&PIM), Sus-
pended Particulate Inorganic Matter (SPIM), Total Disedh\&olids (TDS)

and suspended chlorophyll.

6.4.1.1 Water samples analysis

Water samples were transported to the chemical laboratoryaik cool-
boxes and filtered through4b pum-pore size WhatmdB GF/F glass-fiber
filters. Soluble reactive phosphorus, total nitrogen ahkdlality were ana-
lyzed within 2. The remaining samples were preserved frozen2@° C.
SRP was analyzed using Murphy and RiléB9 molybdenum blue colori-
metric method. Total nitrogen was analyzed by catalytic lmostion at high
temperature (85C) using a Multi-N/C 3100 analyzer (AnalytikKje@).
Anions and cations were analyzed using ionic chromatog(ifgtirhom 861
Advanced compact IC) fitted with 10® sampling loop. Alkalinity of un-
filtered water was estimated within 4 h of collection by a ptitametric au-
tomatic titration with BSO, 0.04 N APHA (5). TSS were determined by
filtering samples through pre-combusted (3%, 2 h) Q45 um-pore size
Whatma®® GF/F glass-fiber filters, followed by drying filters at®0 until

a constant weight was reached. This filter was used then &ndiete the
SPIM by means of combustion (45C, 4 h) followed by weighing. SPOM
was calculated as the difference between TSS and SPIM. TDS& deter-
mined by weighing the residue after evaporatingn@isof filtered water at
100°C APHA (5). Suspended Chlorophyll (a, b, ¢ and d) was determined
by filtering samples through. 45 pm-pore size WhatmdR GF/F glass-fiber
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filters, followed by 23 h of filter digestion in acetone 90 %sarption mea-
surements in a spectrophotometer equiped witlta fjuartz cuvette and us-
ing the mixed phytoplankton extinction coefficients (Jeffand Humphrey

(97)).

6.4.2 Simulation model

The complete two-dimensional simulation model, calilotaéad validated
at Chapterd, with the sediment transport and dissolved phosphoruskepta
eqguations added at Chaptewas used in the present study.

6.4.2.1 Quantification of the groundwater contribution

Infiltration and exfiltration phenomena can be detected bgmaef the natu-
ral chemical tracers. Natural chemical tracers are wat@poands naturally
present in rivers, biologically and chemically stable andchdt undergo mi-
crobial transformations and gaseous losses. There areabaatural tracers,
such as stable isotopes, chloride, bromide, etc., whermts widely used
are chloride and bromide. Both of them are present in the Eieo wa-
ters, both surface and groundwater, but with very differ@ricentrations,
where chloride is much higher than bromide (mean molar ratisurface
water CI:Br 3151 : 1). To identify and quantify the grounderatontribu-
tion using a tracer present in both surface and groundwiaeenatural tracer
concentration should be higher in groundwater than in sarfaater, where
a significant impact in surface water concentration is fdssiAt the Ebro
river, chloride groundwater concentration is higher tHaamdurface chloride
water concentration (Cabezas et @b)j, while bromide concentration is very
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similar in both surface and groundwater (unpublished dat&erefore, the
chloride will be used as a natural tracer of the exfiltratiblmomenon, and
it can be calculated as follows:

Qin _ CIin
Qout  Clout
whereQi, and Qg are the water discharge at the inlet and the outlet of

= Qout = Qin + Qgw (6.1)

the domain respectivelgli, andClgy: are the chloride concentration at the
inlet and the outlet of the domain respectively, &g, is the groundwater
discharge contribution.

The accuracy of the groundwater contribution estimatievauated 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 companhiagamerical
results obtained from the complete model with the expertaidield data by
means of a linear regression analysis. This validatioryrases as validated
the dissolved solute transport model in previous Chapter

6.4.4 \Validation of the sedimentation model

Validation was performed using the field data obtained bye2ab and Comin.
(33) and Cabezas et al3§), where the sedimentation was registered in two
zones within the study area (see fig@@). The registered flooding events
whose peak discharge and duration were very different warelated. The
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first study, Cabezas and Comiiz3], was carried out under a single flood-
ing event of 8 days duration and 754.44/s of peak discharge. The sec-
ond study, Cabezas et aRg), reached 2250n°/s and lasted 27 days. Inlet
TSS was also registered during both flooding events, andftrerused as a

boundary condition.

0 250  500Meters et
| ___mem ) —

Figure 6.2: Location of the two sediment sampling areas at the study site
Circles point the sediment sampling areas SF and MP, esit&oliby Cabezas
and Comin. 83) and Cabezas et aB®) 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 analyzaedbans of the
nutrient addition technique. However, since the floodpigimcluded into a
natural reserve, it was not possible to add any nutrientdaitier. Hence, we
use the 2D numerical model to simulate the nutrient addiégperiments.
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The addition of four SRP concentration: 1, 3, 5 andplin was simulated
using an steady state injection ofi8/s. The river discharge was also under
steady state and the evaluated discharges were: 500, 1800,ahd 2000
m3/s.

The SRP addition impact into the different floodplain hakitaas also
analyzed. For that purpose, the floodplain was charactegzeording to the
different habitats of interest, which are: Crops/pastatgacent riparian for-
est, remote riparian forest, paleochannel, oxbow lakestcocied wetlands
distant riparian forest and main river channel (see Figu@e
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Figure 6.3: Habitats within the study site
1: Crops/pasture. 2: Adjacent riparian forest. 3: Remgtarian forest. 4:
Paleochannel. 5: Oxbow lake. 6: Constructed wetlands. 3tabi riparian
forest. 8: Main river channel.
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Table 6.1: Simulated hydrographs. The return period is calculatetiwithe
period: 1927-2010.

Hydrograph| Peak dischargenf/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 sedinent dy-
namics

The same four flooding events as simulated in Chapteere simulated. All
of them occurred in 2007, and peak discharges were: 800, ) and
2250m3/s, at the gauging station of Zaragoza city (see T&bly Discharge
data were provided by the Ebro River Basin Administratiom{wchebro.es).
The highest flooding event was greatly regulated by the EliverRBasin
Administration, and its duration reached 27 days. Due te thgulation,
three peak discharges could be differentiated within tineestiooding event:
1378, 1880 and 225613/5. To reduce the simulation time consuming, this
flooding event was considered as a three different floodiremntsy whose
peak discharges reached: 1378, 1880 and 265@.

Water samples from the four flooding events were collectécketa day in
each flooding event. Samples were collected using acideda@HCl 50 %)
PP bottles (B51) located at SS 1 and SS 2 respectively (see figute Water
samples were used to determine the inlet discharge of: SR ritrogen,
alkalinity, pH, conductivity, anions and cations, TSS, MPEPIM and TDS.
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To analyze the simulation results we used the floodplaintasbtlassifi-
cation shown in Fig6.3.

6.4.5.3 Restoration scenarios

Finally, the complete validated model was used to proposegtssible restora-
tion scenarios. To analyze the simulation results we usefiabdplain habi-

tats classification showed in Fig§.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, ineter-January
on 2009-2010. During our observations, the discharge thhgeveen 119
577m°/s (Table6.2).

Ambient SRP concentrations were steady among and withiexperi-
ments, ranging from.031 to 0050mg/I 1. The mean molar DIN:SRP ratio
was 206 : 1. Ambient nutrient concentrations were highen thanost of the
reported studies on streams (Hoellein et @B)( Melody et al. (25), New-
bold et al. (42, Mulholland (L34), (120), House et al. §4)), but nutrient
concentration in fresh water ecosystems with high agricaltactivity can be
orders of magnitude higher than in undisturbed systems dijedt al. (L25).
Moreover, the WWTP locatedKim upstream the domain could be increasing

the nutrient river concentrations.
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Table 6.2: Physical and chemical characteristics of the Ebro rivath(aretic
mean+ SD). Concentration variables are expressed in mg/l except &d
Chl-a, which are irug/l.

Variable Experiment 21 Experiment 22 Experiment 23
Discharge(/s) | 127.3+1.38 323.85-8.78  546.66+ 4.0
Temp.PC) 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+ 1.01 140.00t 3.14 116.33f 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 36.684+0.87 32.98+11.70  30.14+ 0.80
TDS 733.60+ 9.66 648.00t 7.03 477.14+4.77

6.5.2 Soluble Reactive Phosphorus retention

The general net mass balance of SRP, using the three expésinaiéd not
significantly differ from 0 (40E — 5+ 3.2E — 5 mg/|; sig.0.20), indicating
neither SRP uptake or release. However, Experiment 15 shewsignifi-
cant positive difference on the SRP mass balanet=(: 3+ 1.7E —3 mg/I;
p(t —test) < 0.001), while mass balances of Experiments 21 and 22 were non
significant (see Tabl6.3). It suggests the presence of an SRP uptake process
at Experiment 23.

Experiment 23 showed a significant releaseCof, Br— and T DS (see
Table6.3) into the flowing water. This could be due to a groundwateiticon

bution. In naturals fresh water systems, such as the Ebeg rivis 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 expatirRPresented are
Avariable:SD where negative values indicates consume, and positivesalu
indicates release. Values significantly different from @&0.05 resultant from
thet-test are printed in bold.

Variable Experiment 21 Experiment 22 Experiment 23

pH -5.6E-03t5.0E- | -0.03+0.04 -4.30E-03:2.10E-
02 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-03t2.0E- | 2.0E-03t9.0E- | -3.4E-03+5.0E-03
02 03

DIN 0.2+0.5 0.1+0.4 -0.2+0.5

TDN -1.6E-03t5.2E- | -5.1E-02+0.13 -0.14+0.1
02

SRP 1.5E-03t4.1E- | -0.6+3.1 -1.3+1.7
03

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 phemenons, where
surface water discharge and its chemical composition caftéed. Infiltra-
tion reduces the water discharge at the same rate as TD®saanid cations,
while TSS concentration increases. On the contrary, gneatet contribu-
tion decreases TSS and TDS concentrations, and increasesdischarge,
and concentration of the anions and cations whose grouedwahcentra-
tion are higher than at the surface water. Experiment 23siiswed a sig-
nificant decrease of suspended and dissolved solids coatient(see Table

6.3), suggesting groundwater exfiltration as well.

In experiments 21 and 22 we observed no change in chloriderancide
concentrations, but decreased and increased TSS, resbhectariation of
TSS concentration could be due to sedimentation/erosionegses. Dur-
ing Experiment 21, the water discharge decreased from 186.28.5m°/s.
This probably induced sediment deposition, and theretoreduction in TSS
concentration. During experiment 22 flow increased instrach 270 to 390
m?/s, which probably generated an erosive process that inatehsewater

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 i4-80.3 m3/s, and it
increases the surface water discharge from%5%2.0 to 55584 3.1 m?/s.

A new mass balance calculation correcting the outlet digeh#s required,
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although the proportional contribution of groundwatetinsited (0.6%).

The 2D simulation model was applied to simulate Experim@ptwhere
the groundwater contribution was included. To evaluatetiwairacy of equa-
tion 6.1, measured and calculat€&l~ concentrations were compared with
linear regression (Tab®5). Results showed an excellent agreement between
measured and predicted datd £ 0.9; p < 0.05), whose slope and intercept
did not significantly differ from the unit and zero, respeely (p > 0.5).

New SRP mass balance was calculated in Experiment 23 usngadhbnd-
water contribution to correct the outlet river discharghe iew mass balance
was still significant (E — 03; p < 0.01 mg/I), suggesting the occurrence of
SRP retention. The fact that we only observed significant &®éhtion in
experiment 23 is probably related to the size of the floodhdlating a long
area with a corresponding reduction in flow velocity. Indgb 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 cormgathe sim-
ulated and the experimental sedimentation rate registeyeGabezas and
Comin. 33) and Cabezas et aBg) (see Tablés.4 and figures.2 and6.4).
Table6.4 shows the comparison between simulated and observed sddime
tion rate. Simulation results did not significantly diffeoin the experimental
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data p < 0.09). A general linear regression between calculated and-reg
tered sedimentation rate shows the significant agreem&nebn both sedi-
mentation ratesr® = 0.97; p < 0.05 andslope= 1.20; p < 0.05), where the
slope was not significantly different from unity. Neveréed, the intercept
did significantly differ from zero, suggesting a systematdiment deposi-

tion underestimation.

Table 6.4: Comparison of measured and calculated deposited sedifnsarna
pling points g/mP). Presented are the— valuefrom thet — studentcompari-
son. SF and MP are the sampling locations.

Study Location Measured Calculated p — Calculate
value average

Cabezas SF 2330.4771.1 2970.1545 0.05 1282

and Comin.

(33

Cabezas MP 5987.4:776.7 4607.1:670.5 0.05 5853
and Comin.
(33

Cabezas SF 4180270 3202-599 0.09 3878
etal. 39)
Cabezas MP 134902190 115272750 0.05 8995
etal. 39)

Simulated sedimentation corresponds sufficiently witheolesd quanti-
ties, justifying further use of the model

6.6.2 SRP uptake model validation

Validation of the reactive SRP uptake model is performeddmgaring the
numerical results obtained from the complete model withedgerimental
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Measured =-187,44 + 1,20 * Simulated

160004 R-Square = 0,97

12000+

8000+

Measured

40004

T T T T
4000 6000 8000 10000
Simulated

Figure 6.4: Validation of the sedimentation model.
Linear regression between measured and simulated sediiegosition. Pre-
sented are the regression equation and the confidenceaihteteasured sed-
iment deposition data are from Cabezas and Conif3).dnd Cabezas et al.
(39).

field data. The 2D unsteady complete simulation model wakeapiw simu-
late the three field assessments in the (see Figubend6.5). Results were
compared with the observed data using the linear regression

Model predictions where quite acceptable, where the linegressions
between measured and calculated SRP concentration ofteedakperiments
were significanti? > 0.6; p < 0.05) (see Tabl&.5. Model predictions did
not introduce a systematic error, slopes and interceptialicsignificantly
differ from unity and zero respectivelyp (> 0.1).

195


5/figures/sedimentvalidation.eps

6. MODELING NUTRIENT AND SEDIMENT DYNAMICS IN THE
MIDDLE EBRO RIVER FLOODPLAIN (NE SPAIN): A
VALIDATION

10 hr 20 hr 24 hr

SRP concentration (Mg/l): 0,005 0.009 0.013 0.017 0.021 0.024 0.028 0.032 0.036 0.040

Figure 6.5: SRP model validation.
Simulated SRP time evolution at the study site during expent 21.

0hr 5hr

SRP concentration (mg/l): 0005 0.009 0013 0.017 0.021 0.024 0.028 0.032 0.036 0.040

Figure 6.6: SRP simulation.
Simulated SRP at the study site during the course of expatigg
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6.7 Model application

Table 6.5: Comparison of measured and calculated phosphorus coatien
in successive experiments using the new reactive fornamaltiast row presents
the comparison between measured and calculated Chlonaentration in ex-
periment 23.

Experiment| df | R? | SlopetSE | psiope | Intercept:SE | Pintercept
21 21| 0.62 | 0.84+0.14 0.2 0.0140.01 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
23Cl~ 20| 0.94 | 1.01£0.05 0.5 -0.94+-3.55 0.5

The 2D unsteady reactive simulation model was capable obdejging
the ambient SRP evolution at the middle Ebro river undertii#erent river
discharges. Hence, although river flow was unsteady, theehpoddicted the
SRP uptake with an acceptable accuracy.

6.7 Model application

The complete 2D unsteady simulation model includes passigdereactive
dissolved solute transport, suspended solute transpogive potential and
suspended solute sedimentation. Using the complete mioidgbdssible to
reproduce erosion/sedimentation processes, hydrologpoaectivity, nutri-
ent floodplain river contribution and SRP uptake, which & main pro-
cesses involved in floodplain evolution. Therefore, the eh@én interpret
and predict the floodplain development, and it can be a ugsblin ecolog-

ical restoration.

Proposing ecological restoration possibilities needegipus analysis of
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the current situation. Hence, in this section, the currexidplain SRP uptake
potential, erosion and sedimentation processes, hydoalogpnnectivity and

the river nutrient contribution to the floodplain are analgz Then, once the
ecological restoration need is known, two restoration ades are proposed.

6.7.1 Analysis of the current scenario

Four flooding events registered during 2007, with peak disgds of 800,
900, 1169, and 22501/s were simulated. All of them are ordinary flooding
events with a recurrence period of: 0.21, 0.25, 0.4 andyB#espectively.
The discharge of SPOM, SPIM, SRP and TDS registered at eaotliritp
event was included into the simulations.

Floodplain hydrological connectivity was studied in Claapt. Results
established that the study area is almost completely floedtda return
period of 3.4 yr, while 40 % of the study area is flooded evergrydlmost
all the yearly flooded area corresponds to the first @dom the river bank
to the floodplain, where the right riverside is flooded moternsively than
the left riverside.
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Figure 6.7: Comparison of simulated and observed River-oxbow lake eonn
tion.
Left: Oxbow lake at 1164n°/sriver discharge. Right: Simulated oxbow-lake
at 1164m?/sriver discharge.

The oxbow lake is superficially connected to the river attleaxe a
year, when river discharge raises to 118&'s (see Fig. 6.7). The yearly
river-oxbow lake surface connection is restricted to omplucated 2.Km
downstream from the inlet domain, whose connexion diseharg.05m°/s.
However, when the river discharge reaches 1bdgs, the whole oxbow lake

gets superficially connected to the river.

6.7.1.1 Sedimentation

Simulation results show a spatially variable sediment ditjom across the
flood plain, where the greater sediment quantities were sitggbon those
surfaces within close proximity to the river channel. Mobtle sediment
(80 %) is deposited in the 30 % of the yearly flooded area, wbickesponds
to the first 200m from the river to the floodplain (see Fig8.8, 6.9, 6.10and
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6.11). In contrast, only 6 % of the sediment is deposited in theatenparts
of the floodplain, which are flooded with 3y of recurrence period (1927-
2010). The estimated yearly sediment floodplain deposis@08K g/m?yr,
corresponding to 252.7E08g over the full floodplain area.

Hydrograph 11 Hydrograph Ill

Hydrograph V

Sedimentation [Kg/m2}

o -

w @
= o

0-01
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a8-10
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Figure 6.8: Current sediment deposition.
Simulated sedimentation at hydrographs I, 1lI, IV and V.
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Figure 6.9: Current sediment deposition profile 1.
Upper: profile location. The arrow indicates the profile diien. Lower:
sedimentation profile at hydrographs I, lll, IV and V. Browne indicates
the profile of the terrain. Bars represent the sediment acfation.
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The estimated floodplain deposition ranged from 0.02 to Bg/h? (see
Table 6.6). This amounted 48.8E03-818.3E6Q) of sediment and consti-
tutes 0.08-0.15 % of the total sediment input during the ickemed flooding
events. In general, the accumulation of sediment decreagteddistance
from the river channel. The adjacent riparian forest rezeiv almost all
cases more than 50 % of the deposited sediment whilst rernpaigan forest
areas, located in the old floodplain terrace, receive less 10 % of the total
rate (see Tablé.6and Tablell.1). Agricultural fields and pasture areas also
show an important sedimentation rate, and it increasesnwith discharge.
When the corridor is almost completely flooded (226%s), sedimentation
rate at crops and pasture is higher than at the ripariantf(ses Tablel1.1
in Appendix11).

Table 6.6: Total simulated sediment and SRP retention during eactolgydph.

Sediment deposition SRP uptake
Hydrograph| % Tn Kg/n?| % Tn Kg/m?
I 0.12 57.3 0.02 | 77 182.7 0.06
1 0.08 484 0.02 | 70 179.4 0.06
\Y 0.15 147.0 0.05 | 56 280.6 0.07
\Y 0.02 818.3 0.27 | 83 765.5 0.25

The estimated yearly sedimentation rate within the oxbdke lis 0.7
Tn/yr (see Tablell.1in Appendix11). This sedimentation occurs mainly
within the channel that connects the river and the oxbow, lalech is lo-
cated in the downstream part of the oxbow lake. However,driglooding
events increases the connection between the river and t@wbake, and
therefore, its sedimentation area.
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6.7.1.2 Ambient SRP uptake

Simulation results estimated a high SRP uptake capacitghwvanged from

0.06 to 0.25K g/n? (see Tablé.6and Figures.12). This amounts 179.4-76.5
Tn, and corresponds to 56-83 % of the total SRP input. Simil@ettiment

deposition, SRP uptake decreased with distance from teechannel. The
main SRP uptake is realised within the main river channeliemddjacent

areas whilst remote zones such as remote riparian foresvxtbow lake and

the constructed wetlands hardly received SRP load (see Tal).

A significant linear regression{ = 0.59; p < 0.05) between total sedi-
ment deposition and SRP load in the selected habitats (geeefd.d) after
the four flooding events show the positive correlation betweoth processes.
Hence, the main sedimentation areas correspond to theshi§R® concen-
tration zones, and therefore, to the highest SRP uptakeszdi@wvever, the
river channel is an exception, and its sedimentation and &REentration
show a different pattern. Since main channel register thedst flow veloc-
ity, its sediment deposition is restricted to the river bankas. Hence, if the
main channel habitat is removed from the linear regresslmn correlation
coefficient improves fromr? = 0.59 tor? = 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 floodplairghwisds car-
ried out under low river discharge and without an additicd@P input. How-
ever, to evaluate the SRP uptake potential it is necessaglddSRP to the
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system and study its buffer capability. Nutrient additioperiments may
increase the natural nutrient uptake potential of the sy$trilholland et al.
(133, but it also gives a valuable information about the maxinhwufier ca-
pability of the system. However, since the study site islided into a natural
reserve, the nutrient addition experiments to the rivenatgossible. There-
fore, four SRP addition experiments under four river disgha have been
simulated (see Tablg.7).

Table 6.7: Simulated floodplain SRP buffering potential.

The SRP uptake potential (%) is calculated as consumed SkiRediby

SRP input concentration and multiplied by 100. Last coluepresents the
correlation coefficient of the linear regression betweenrdsults obtained
in each discharge under the five SRP added concentratiorn.rdwass the

correlation coefficient of the linear regression betweenrésults obtained
from each SRP added concentration under the four river digels. Bold

values represents the non-significant linear regressiops<a.05.

Discharge if*/s) | 0 ppm 1ppm 3ppm 5ppm 10ppm| r?
500 94.2 95.3 95.9 85.2 84.70.78
1000 93.5 92.7 92.0 90.4 88.10.99
1500 94.6 95.1 95.0 92.6 91.10.91
2000 94.6 96.3 94.2 93.7 92.70.59
r2 -0.02 -0.22 -0.46 0.96 0.96

According to the results, the floodplain show a high SRP wptakential
that ranges from 85.2 to 96.3 % and variates negatively Ww&tSRP concen-

tration (see Tablé.7). The significant linear regressions between the results

obtained from each river discharge suggest that the SRReupganore af-
fected by the inlet SRP concentration than by the river diggpd (see Table
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6.7), and the effect is negative. Hence, for the same river diggh the SRP
uptake would be higher under a low SRP load. The highest SR&otra-
tions, 5 and 10 ppm, appears to be affected by the river digehas well,
where the highest discharge value correspond to the hi@rRBtuptake (see
Table6.7).

The SRP addition resulted in an increasing of the SRP coratemt
in almost all habitats, where the highest increasing is yeed in the river
and its adjacent riparian forest (see Fidsl.7 11.8 11.9and 11.10in ap-
pendix11). The river SRP concentration increases from 4.0ERBE-02 to
0.042+-0.032 ppmunder 500m3/sriver discharge, whilst the adjacent ripar-
ian forest changes from 0.089.005 to 0.02-0.009 ppmunder 2000m3/s
river discharge (see Fi§.13. Hence, the most affected habitats are the river
and its adjacent riparian forest.

The paleochannel appears to be an important SRP uptakatabiwvell,
where during the 15067/s river discharge and 1ppmof SRP simulation,
the SRP concentration changes from 0801003 to 0.006:0.005ppm(see
Figs.11.7 11.811.9and11.10in appendix11). On the contrary, the distant
and remote riparian forests showed the lowest SRP incigésae Figsll.7
11.8 11.9and11.10in appendix11). Both habitats are the furthest from
the main river channel, and the low SRP increasing suggastribst of the
SRP content have previously been uptaken before the wabelsfluoth areas.

The main concentration increasing as a result of the SRRi@mlds pro-
duced in the river and its adjacent riparian forest (see.Fidgs7 11.811.9
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and11.10in appendix11). The highest SRP increasing reaches 0.0B#h
occurred under 5000 /sriver discharge and 1ppmof added SRP and leads
t0 0.042:0.032 ppmof SRP into the river.

In general, the estimated buffering potential of the floadpls higher
than that reported in other studies based on nutrient addékperiments.
James and Larsord4) analyzed the SRP retention efficiency of the Min-
nesota River using the WWTP effluent as an external nutrimntce and ob-
tained a retention efficiency that ranged from 3-96.8 %. Maat al. {15
added SRP into an agricultural stream and found a maxium 8tRtion of
23 %. Triska et al.Z00) observed an SRP uptake of 2-68 % from an SRP ad-
dition experiment in Costa Rica. Jarvie et &l5)reported an SRP retention
of 72 % in a lowland eutrophic river in UK, downstream of a sgeaffluent.
Hence, our model is probably overestimating the floodplaifielbing SRP
potential. The simulation model does not include phosphomr sediment
resuspension, and since it is an important source of phospliReddy et al.
(167)), the net SRP uptake could be overestimated.

Despite the high SPR buffering potential of the floodplaimstnof the
SRP is just deposited into the sediment as particulate ploogp. The phos-
phorus accumulation into the soil could induce eutropiocgbrocesses once
it is resuspended. Furthermore, accumulating this phasghoainly in two
habitats, the adjacent riparian forest and the paleocharméd produce an
excess of this nutrient in both habitats and a lack of phogghim the rest of
habitats. Hence, despite the floodplain has a high SRP uptatkatial, the
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current morphology induces the phosphorus accumulati@nf@w habitats,
whilst the rest hardly receive phosphorus.

6.7.1.4 River dissolved nutrient contribution to the floodpain

Dissolved nutrient was included in the simulation model BSTwhere no re-
action term has been included. Therefore, floodplain dissbhutrient con-
tribution shows exactly the same pattern as hydrologicaheotivity. The
calculated yearly dissolved nutrient contribution to tkigaaent riparian for-
est is 37% of the total river load, while the remote ripariarest appears not
to receive any dissolved nutrient load during an ordinargding event.

The calculated yearly TDS river contribution to the oxbokelas Q7%
of the total river load, but it increases to 3% when the riviscldarge reaches
2250m?*/s. In the same way, TDS contribution to remote riparian forest
increases from 0 to 6% of the total load when the river diseppareaches
2000m*/s (see Figures.14).

6.7.2 Current scenario

Estimated sedimentation rate is comparable to the measead#hent deposi-
tion in other studies such as Thoms et 4B€), who reported a sedimentation
rate of 0.001-1.94&g/n? in the floodplain River-Murray. Steiger and Gur-
nell (190), observed a similar sedimentation rate in the ripariaregasf the
Garonne river that ranged from 0.1 to 16&#/n?. Kronvan et al. {10)
registered an average sedimentation rate of 3.6, 6.6, 8.3&Kg/n? for
the rivers Gjern, Brede, Odense and Skjern, respectivelyhd same way,
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the spatially variable estimated distribution of the déjealssediment is con-
sistent with those reported in other studies (Asselman armdidkoop ©);
Walling et al. ¢11); Middelkoop and Asselmarilp9); Thoms et al. 196);
Steiger and Gurnell1©0). Flood-plain topography, surface roughness, of-
ten related to vegetation, and the magnitude and frequeinfdyoaling event
are thought to have an important influence on flood-plainmsedtation pro-
cesses (Thoms et alLg6)).

Estimated SRP uptake is slightly higher than those repdmtether stud-
ies such as Bowes and Hou&s), who observed a dissolved inorganic phos-
phorus retention of 58-74 % during an overbank flooding, an ¥ar Lee
et al. 02, whose phosphorus adsortion observations ranged frora 30 t
% of the total phosphorus. Gelbrecht et éll)(reported an SRP net retention
during an overbank flooding that ranged from 64 to 76 %. ThéadigGRP
uptake estimation is probably due to an overestimationehtt SRP uptake.
Since the model does not consider the SRP remobilisatidnSRE uptake
could be overestimated.

The strong correlation between SRP uptake and sedimensitiepois
consistent with the results of Olde Venterink et dl49), who found that
phosphorus uptake is largely influenced by the process ahsadiation. In
the same way, Bowes and Houg) found that the highest dissolved inor-
ganic phosphorus retention occurred under the highesesdeg solids con-
centration. Alexander et al4) found that nutrient retention increased with
decreasing water depth streams and rivers of the Mississpghment.
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Hence, combining water flow, sediment, SRP and dissolvetentisim-
ulation results, there is a correlation between hydroligionnectivity and
the redistribution of organic matter, inorganic matter 8RIP. Frequently,
flooded habitats also receive more sediment and phosplasrdshe flooding
gradient also creates a gradient or mosaic in nutrientahititly, as in Gon-
zalez et al. §4). We found a lateral sediment and dissolved nutrient gradie
from the river to the floodplain (see Figs9, 6.10and6.11for sedimentation
lateral gradient). These results are consistent with tbbsgined by Kronvan
et al. (L10), who stated that approximately half of the total calcideaenount
of retained sediment was deposited in the near-channel laree 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) thathés away
from the river channel.

On the other hand, sedimentation process dominates thepfiondy-
dromorphological activity. Hydromorphological activity based on the cut-
avulsion phenomena governed by the flow regime, where afil&gun be-
tween both processes produces and maintains the floodplagystem (Bay-
ley (14)). However, simulation results show an important sedi@m rate
within the first 200 m of the floodplain, while results from @iter 4 showed
a lack of important erosive processes. Therefore, acogrdirthe simula-
tion results, there is non equilibrium between the erosiwh sedimentation
processes, and the floodplain is under accretion phenonibabproduces a
gradual loss in river-floodplain connectivity.
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The exchange of nutrients, organic matter, inorganic sedigs organ-
isms, seeds and vegetative material as well as the flow tieloaind scouring
during floods shapes the structure and functionality of aifdtenin (Junk et al.
(102), Asselman and Middelkoog®), Heiler et al. {3), Ward et al. 214)). In
that sense, the lateral gradient, restricted to the firstri2@® the floodplain,
and the lack of important erosive processes would lead tdait £cosys-
tem with most of the habitats disconnected from the riverplahriparian
forest and a limited renovation rate (Junk et &D%), Hughes and S.B8g)).
Hence, the floodplain will loose part of its functions suctflaeding events
mitigation, water quality improvement, wild live refugedarecreational use
(Junk et al. {02), Ward et al. 215), K. and Standford103)).

Under these results, it can be stated that the floodplainsrtegdstore the
shifting mosaic of habitats to guarantee its functionalitycan be restored
through an increase of the hydromorphological dynamismti@dhydrolog-
ical connectivity between the river and the floodplain (Ritls and Hughes.
(170)). The hydromorphological restoration should guaranteenaplete and
recurrent floodplain flooding that produces and maintaindyreamic equi-
librium between the new and old creation habitats. Hencéffereht topo-
graphic scenario that facilitate morphological changesmnvide a different
the nutrient and sediment distribution is needed. The nflisiemt scenarios
in erosive potential increasing from Chaptgrbut including sedimentation,

dissolved nutrient transport and SRP uptake were simulated
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6.8 Scenario 1: 2ndike height

A terrain modification based on a height reduction of therrdefenses may
increase flooding, its erosive potential and sediment giprgao the remote
riparian forest areas. As stated Chaptethe restoration scenario number 4,
based on the 2 height reduction of the river defense and abandoned crop,
increases the flow erosive capability in some of the ripatiaest zones. At
the same time, this restoration strategy increases theeftbarka, where the
remote riparian forest is flooded under lower river dischafg1200m?/s.
Hence, it might also change the sedimentation pattern ahceepart of the
vertical accretion.

Table 6.8: Total simulated sediment and SRP retention for each expeaitah
hydrograph under Scenario 1.

Sediment deposition SRP uptake
Hydrograph| % Tn Kg/n?| % Tn Kg/m?
Il 0.06 29.1 0.01 | 68 161.6 0.05
1] 0.09 52.0 0.02 | 79 202.3 0.07
\Y] 0.1 98.7 0.03 | 88 443.0 0.12
\Y, 0.03 910.0 0.3 89 820.9 0.27

6.8.1 Sedimentation

Simulation results show a decrease of the total sedimerdsitegn except
for hydrograph V, whose sedimentation increases compar#tktreference
situation (see Tabl&l.3and Figs.6.15 6.16 and6.17 6.18. Sediment dis-
tribution among the habitats is different from the refeesduation except
for Hydrograph V, whose main sedimentation area remainsahee although

211



6. MODELING NUTRIENT AND SEDIMENT DYNAMICS IN THE
MIDDLE EBRO RIVER FLOODPLAIN (NE SPAIN): A
VALIDATION

its sedimentation rate is considerably higher (see Tablg. Hydrograph Il
changes its main deposition area from the adjacent rip&oiast to the main
channel, whilst at hydrographs Il and 1V, this changes ftbecrops/pasture
to the adjacent riparian forest (see Table3d.

Although total sedimentation decreases compared to thalisituation,
the difference in spatial sedimentation pattern increasdgment deposition
in some of the habitats. Hydrograph Il increases its sediatien in the
crops/pasture and paleochannel, whilst hydrograph IHeiases sedimenta-
tion in the adjacent riparian forest and the paleochannelthé same way,
hydrograph IV increases the sediment deposition at theajaiparian for-
est, remote riparian forest and oxbow lake, whilst hydrpgr& increases
its sedimentation in all habitats except for the main chhand its adjacent
riparian forest (see TablEl.3.
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Figure 6.10: Current sediment deposition profile 2.
Upper: profile location. The arrow indicates the profile diien. Lower:
sedimentation profile at hydrographs Il, 1lI, IV and V. Browne indicates
the profile of the terrain. Bars represent the sediment ackxtion.
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Figure 6.11: Current sediment deposition profile 3.
Upper: profile location. The arrow indicates the profile diien. Lower
sedimentation profile at hydrographs I, lll, IV and V. Browne indicates
the profile of the terrain. Bars represent the sediment aclation.
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Hydrograph II Hydrograph IlI

Hydrograph VI
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Figure 6.12: Simulated SRP concentration
SRP concentration during the peaks discharges of hydrogragll, 1V
and V.
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Figure 6.13: Floodplain SRP uptake potential: 2008/s
Simulated SRP concentration under 1, 3, 5 andntpl SRP added
concentration
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Hydrograph II Hydrograph IlI
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Figure 6.14: Simulated TDS concentration
TDS concentration during the peak discharges of hydrogrdéiphil, IV and
V.
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Figure 6.15: Sediment deposition under scenario 1
Simulated sediment deposited during the hydrographsl JIiMland V.
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Figure 6.16: Sediment deposition profile 1 at scenario 1.
Upper: profile location. The arrow indicates the profile diien. Lower:
sedimentation profile at hydrographs I, lll, IV and V. Browne indicates
the profile of the terrain. Bars represent the sediment acfation.
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This strategy appears to be efficient to redistribute thévseat deposi-
tion and to decrease the vertical accretion. The terrainification alters the
water course and facilitates flooding and sediment depaositi the remote
riparian forest. At the same time, it induces an increases Vielocity for
hydrographs I, Il and 1V, which would lead to a reduced @lkesediment
deposition. Nevertheless, the sediment deposition isagrgaunder hydro-
graph V could increase the vertical accretion phenomenltingugh since
this sedimentation increasing is restricted to the cr@stipe habitat (see
Table11.3and Figures.15), there is no vertical accretion increasing into the
natural floodplain system. Indeed, sedimentation ratetmematural flood-
plain system changes from 338.1 to 17#.4/n? compared to the reference

situation.

6.8.2 SRP uptake

The water course alteration increases the total SRP uptakeyéirographs
I, IV and V, but not for hydrograph II, whose total SRP uptais reduced

respect to the reference situation (see Tddl&and Figures.19).

SRP concentration is higher compared to the referencetisitun al-
most all habitats except for the main channel, whose SRPectration de-
creases for hydrographs Il, lll and V (see Table4). Since the terrain mod-
ification deviates part of the flow into the floodplain, the tlptain SRP in-
put increases, and therefore, the main channel SRP coatientdecreases.

Moreover, providing that the floodplain suspended solidsceatration is
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also higher, the water column SRP uptake process increasdsrobably,
there is an increase of the floodplain SRP sediment attadrdhution.

Hydrograph V show an SRP concentration increasing intogheote ri-
parian forest, whose SRP concentration increases one tadgmif order (see
11.3in appendix1l). Hence, simulation results shows this restoration strat-
egy as an efficient scenario that increases the floodplainupRiRe potential,
the sediment and SRP contribution into the remote ripaoeest, reduces the
floodplain vertical accretion, and restore in some way thedipddain morpho-
logical dynamism (see Chaptéy.

6.9 Scenario 2: hydrological connectivity increase

A terrain modification based on hydrological connectiviégtoration of the
paleochannel, the secondary channel and the oxbow lakeheandst effi-
cient solution for the hydromorphological restorationpmse (see Chapter
4). This restoration strategy does not increase the floodsallaut it does in-
crease the flow erosive potential, inducing significant rholpgical changes
(see Chapted).

6.9.1 Sedimentation

Simulation results show a sediment deposition increasaglinydrographs
I, lll and IV, and a sedimentation decrease during hydrpgre (see Table
6.9). Sediment deposition increases mainly into the adjadpatian forest
and the paleochannel, whilst agricultural crops and pastoluces its sedi-
mentation in almost all the cases (see Tddle).
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Table 6.9: Total simulated sediment and SRP retention during eaclolgydph
at Scenario 2.

Sediment deposition SRP uptake
Hydrograph| % Tn Kg/m?| % Tn Kg/m?
Il 0.26 128 0.03 | 88.7 2109 0.06
1] 0.23 133.3 0.04 | 80.4 206.1 0.05
\Y] 0.15 153.3 0.04 | 88.5 446.3 0.12
Vv 0.01 517.1 0.14 | 74.2 684.6 0.18

Sedimentation pattern reduces its heterogeneity comparéuk refer-
ence situation. Main sedimentation areas are those whesgraphy has
been modified, whilst the rest of the floodplain hardly reesigediment (see
Tablell.5and Figs.6.21, 6.22and6.23. Left riverside show the lowest sed-
iment deposition, and only under hydrograph V sedimentate@xtended to
the whole floodplain (see Fig6.21, and6.22 6.23.

Sediment deposition increasing under low river dischaffjedl yr) could
increase the floodplain vertical accretion. Neverthelgssin sedimentation
areas are also those with the highest probability of beindesd under a flood-
ing event of 2000 or 3006n°/s peak discharge (see Chaptgr Hence, al-
though sediment could be accumulated in these areas evefy4yr, the
sediment accumulation could also be eroded everyBahd decelerate the
floodplain vertical accretion.

Hydrological connectivity between the river and the oxbake increases,

and the threshold river discharge changes from 1100 ton808. Hence, it
is possible to find sediment deposition within the oxbow lakder river dis-
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charges close to the new threshold value, increasing frOno00.2T n (see
Table11.5in appendix11). The higher sediment accumulation in the oxbow
lake under low river discharge could increase the nutrientimulation and
probably generate eutrophication. However, the terraidifivation favors
the flow velocity increasing under high river discharge sasi100, 2250 or
3000m3/s (see Chaptes). The higher flow velocity reduces the oxbow lake
sediment deposition and probably erodes part of the debsé@diment (see
Table11.5in appendix11). Hence, although certain sediment accumulation
is produced under low river discharge, it could also be atadieen the river
discharge rises 110®°/s, reducing the possible eutrophication problems.

On the contrary, sediment contribution to the remote rgpaforest de-
creases from 0.2 to 0.007/yr. Thus, the nutrient availability for the remote
riparian forest will be even lower than in the referenceatitan, being possi-
ble to accelerate its aging process. Nevertheless, siigedénario induces
geomorphological activity, there would be a large numben@# creation
habitats to compensate the system aging process.
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Figure 6.17: Sediment deposition profile 2 at scenario 1.

the profile of the terrain. Bars represent the sediment acxtion.
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Figure 6.18: Sediment deposition profile 3 at scenario 1.

the profile of the terrain. Bars represent the sediment acfation.
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Figure 6.19: Simulated SRP concentration at scenario 3 during the pdaks d
charges of hydrographs I, lll, IV and V.
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Figure 6.20: Sediment deposition at scenario 2
Simulated sediment deposition during the hydrographdl}IM and V.
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Figure 6.21: Sediment deposition profile 1 at scenario 2.
Upper: profile location. The arrow indicates the profile diien. Lower:
sedimentation profile at hydrographs I, lll, IV and V. Browne indicates
the profile of the terrain. Bars represent the sediment acfation.
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Under this results, we can affirm that this strategy estaldéestain equi-
librium between erosion and sedimentation processes toaides an im-
proved relationship between the new creation and old habitrosion and
sedimentation may, occur at particular locations in défgerevents (Hughes
(87)). Scenario 2 provides to certain habitats erosion or sediation de-
pending on the river discharge. Low river discharge indwesimentation at
the modified habitats, and high river discharge generatsi@rat the same

Zones.

6.9.2 SRP uptake

Estimated SRP uptake increases and ranges from 74 to 87 % tiftt in-

let SRP (see Tablé.9). Furthermore, this terrain modification induces an
increasing of the phosphorus load whithin the modified laébi{see Table
11.6in appendix11), where the paleochannel, adjacent riparian forest and
the oxbow lake increases its phosphorus load, whilst itesess in the rest of

the floodplain.

The paleochannel and the adjacent riparian forest appeaesthe main
floodplain SRP uptake habitats. Since these areas also shigh aedimen-
tation rate, probably, most of the SRP is just depositedersthil attached to
the sediment. Hence, the rest of the habitats, such as timilagnal crops
or the remote riparian forest, do not receive neither SRRdingent, 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 ampbtiwatially
eroded area (see Figs5.24 and 6.25, improving the morphological dy-
namism of the floodplain respect to the current situationwéier, scenario
2 generates morphological activity with a lower recurrepeeod, acceler-
ating the morphological restoration. There is often a ciaserdependence
between the channel dynamics that renew habitat and simtgs®cesses
(Richards and Hughes170), hence, the application of scenario 2 would
generate new set of habitats whose extension increaseshittiver dis-
charge. The paleochannel, oxbow lake and constructed mvastlaould be
eroded and partially substituted by gravel and sedimenbgigpn. It would
generate a new substrate available for the riparian vegetagcruitment and
a new set of channels and gravel bars that would increasecibdpthin hy-
drological connectivity. As a result, the floodplain sturet would provide a
better equilibrium between the new creation and old hahitd therefore,
biodiversity, water quality and recreation use would inyero

On the other hand, scenario 1 appears to be more efficiendimeat
and SRP load retention (see Figg24and6.25. Thus, scenario 1 would
induce the river nutrient contribution into the floodplaimdgorobably would
reduce the nutrient plant availability problems into theote riparian forest
area (see Tablel.3in appendixl1)). Hence, if the restoration objective were
to increase the floodplain nutrient plant availability, rseéo 1 would be an
efficient alternative. However, since the restoration cibje is to increase
the morphological dynamism and restore the floodplain dyoaguilibrium,
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 simulatiomiehthat inte-
grates flow dynamics, sediment transport and phosphoragkept different
spatial-temporal scales and suitable for floodplain edotdgestoration. In
this point, SRP uptake predictions were always significant (0.05) with
anr? that ranges from @ to 0.8. In the same way, sedimentation predictions
were also significant < 0.05) and with arr? = 0.99. Hence, the validation
shows the model as an excellent tool capable of predictirglity, sedimen-
tation and SRP uptake.

The analysis of the current floodplain sedimentation and Sp#ke
shows a positive correlation between both processes, anthies the SRP
sediment adsorption as the main SRP uptake process duradirtpevents.
The model estimates a high floodplain ambient SRP uptakiesghged from
85.2 t0 96.3 %.

The simulation estimates a sediment deposition rate thgesafrom 0.02
to 0.27Kg/n?. Most of this sediment is deposited within the river adjacen
areas, whilst the remote floodplain zones hardly receivdsrsat. The es-
timated SRP uptake ranges from 0.06 to OKX§/n?, where most of it is
uptaken within the river adjacent areas as well as withirritrez itself.

According to the simulation results, the remote floodplaiaa shows a

lack of river nutrient contribution that could affect to thetrient plant avail-
ability. On the other hand, the concentration of sedimeérawithin the river
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adjacent areas, might accelerate the vertical accretiengshenon in those
areas. Therefore, to guarantee the floodplain functignaitestoration that
increases the hydromorphological activity and recoveessthifting mosaic
of habitats is necessary.

Restoring the natural superficial water pathways appeaos the most
efficient restoration strategy to increase the floodplairrphological dy-
namism. It would produce a new floodplain structure with advegquilib-
rium between the new creation and old habitats.
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Figure 6.22: Sediment deposition profile 2 at scenario 2.
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Figure 6.23: Sediment deposition profile 3 at scenario 2.
Upper: profile location. The arrow indicates the profile diien. Lower:
sedimentation profile at hydrographs I, Ill, IV and V. Browne indicates
the profile of the terrain. Bars represent the sediment acfation.
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Figure 6.24: Comparison of current situation, scenario 1 and 2 at hycagr
V.

Comparison of flooded area, eroded area, retained SRP |@hdetained
sediment load.
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Figure 6.25: Comparison of current situation, scenario 1 and 2 at hyaagr
V.

Comparison of flooded area, eroded area, retained SRP lahdetained
sediment load.
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General Discussion

7.1 The hydraulic model

The hydraulic 2D model SFS2D has been validated using agecdeda such
as a differential GPS information for the flooding area meaments and
pressure and temperature sensors for the water depth dagaacturacy of
flooded area extension predictiorisith) ranged from 66 to 90 %, and the
average and Standart Deviation wast7/B3%. In the same way, the accuracy
of the water depht predictions ranged from 0.19 to @ith an average
and Standart Deviation of 82+ 0.10 m. Part of this disagreement between
measured and calculated water surface level is due to tfezetgroundwater
interaction, which despite of it is significant at the stuitg $§Cabezas et al.
(39)), it was not considered in the hydraulic model. The disagrent is al-
most restricted to the initial and final stages of the floodingnt (see Figures
4.15 4.17and4.19, and excluding both stages from the accuracy analysis,
the average of the difference between measured and preédveter level de-
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creases from.32+0.10 to Q254+ 0.06 m, making the model predictions even

more accurate.

The validation results are comparable to those reported dnyitHand
Bates 82), who registered &ita = 0.84% using the TELEMAC-2D hy-
draulic model and satellite imaginary data for the valiolatstep. The com-
parison should be carefully interpreted because the satgtaginary data
has not the same accuracy as our validation data, and HaondtBates?2)
concluded that the model requires a more accurate validaflayefi et al.
(194) reported &ita that ranged from 51 to 65 % uging a 2D diffusion wave
hydraulic model and surveyed wrack lines measured on thaftierythe flood
event as a validation data.

The water depth validation results are also similar to ogtedies such
as Connell et al.§1), who reportedt0.26 m Standard Error in water depth
using HYDRO-2D model and resident-supplied informatiod photographs
for the validation purpose. Erpicum et @4 obtained a difference between
measured and calculated water depth that ranged from 0.02%on using
a 2D hydraulic model based on the shallow water equationslaodetized
in space with a finite volume scheme. The simulations wereices] to the
steady-state peak flows considered instead of the wholeifigaent sim-
ulation that we carried out. In the same way, Buttner et3d) §imulated a
steady-state flow peak discharge using the hydraulic moleAR and re-
ported a difference between measured and calculated wegitr that ranged
from 0.1 to 0.40m. The validation data were obtained from the shoreline of
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7.1 The hydraulic model

the flooded area using a differential GPS.

Comparing the validation results to other floodplain mouglstudies,
SFS2D accuracy does not stand out from the other 2D modelsvevs,
simulating the whole flooding event instead of steady-stiate peaks dis-
charge such as Horritt and Bate®?), Buttner et al. $2) or Erpicum et al.
(54), introduces more uncertainty in the the model predictiéhgthermore,
the validation data used in the present work are more aectirah these used
in most of the floodplain flooding studies (i.e. Connell ef{al); Horritt and
Bates 82); Wagner R08); Tayefi et al. {94)). A floodplain hydraulic model
validation using real and accurate field spatial-temporalution data makes
the validation step more precise.

Even though assuming that the accuracy of the SFS2D modet sigt
nificantly different from other models, since it is based ba full shallow
water equations (Murillo et al138)), it provides a more reliable information.
Most of the 2D models used in eco-hydraulics problems sudWllk&-21,
RMA-2, TELEMAC-2D, TUFLOW or Tayefi et al.194) model, are simpli-
fied models that neglect the inertial terms and assume igposimplifica-
tions of the dynamics. Thus, in terms of the physical-chainfloodplain
processes, the simplifications reduces significantly thammg of the calcu-
lated velocity. For instance, simplified models based orkthematic wave
assumption are limited by the impossibility to hold baclevagffects, of great
importance in floodplain processd$g). Hence, the SFS2D hydraulic model
provides an accurate information of the spatial and temgwaution of the
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flooded area, water depth and flow velocity, which are of patarhimpor-

tance when dealing with eco-hydraulic problems.

Furthermore, the SFS2D hydraulic model couples the sohatgsport
to the hydrodynamics, where a more realistic solute tramsgam be repre-
sented. The conventional methods for performing envirantedesimulations
in rivers such as the used in HYDRO-2D, MIKE-21 or IBER hydiamod-
els, decouple the hydrodynamics and the transport of claragents. I1g-
noring unsteady hydrodynamical effects means that onlyaagiegteady pro-
cess over very slowly varying bed level can be reasonablyetedd so that,
the correct simulation of solute transport in rapidly vagyflows containing
shocks or discontinuities remain excluded. When solviraj peoblems one
is likely to encounter all sorts of situations, with a higlolpability that naive

methods will compromise the quality and reliability of thagion.

Nevertheless, the SFS2D model has a non negligible distayamcom-
pared to the simplified models, which is the computationait.carhe hy-
draulic simulations of a real flooding events show the sanmepctational
time as the real flooding event does. Furthermore, if the lsitiom includes
solute transport/reaction, the simulation time increasessiderably. In the
same way, the need of accurate information could also beidaresl as a
disadvantage, although it is a subjective question. Wherpthblem solu-
tion needs to be accurate, the input information has to be@agae as the

desirable solution, independently of the selected sirmiahodel.
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7.1.1 Flow erosive potential

A simple formulation to estimate the flow erosive potentiaséd on the bot-
tom shear stress, has been included in the SFS2D model. drhisiiation
allows to estimate the floodplain hydromorphological agtjiwvhich is usu-
ally based on the equilibrium between concave bank erogidrttae convex
bank sedimentation.

The model predicts that the main erosive processes aréctedtto the
river adjacent areas, where the point gravel bar locatedeimight river mar-
gin receives most of the flow erosive potential. These resuk consistent
to those obtained by Gonzalez-Sanchis et &f),(Cabezas et al.3() and
Gonzalez et al.q3). Gonzalez-Sanchis et alb%) pointed out as the only
significant geomorphic change occurred after flooding ewéat2250m?/s
peak discharge, a gravel deposition at one of the predicteding points.
In the same way, Gonzalez et @3] and Cabezas et al37) stated that the
cut-avulsion phenomenon is almost restricted to the ridgacent floodplain,
whilst at the rest of the floodplain prevail sedimentationggss over erosion.

Although the model predictions are consistent to previdudiss, there
are not available real data to validate i or to compare tordtrenulations.
Therefore, a real model validation would be desirable.

7.1.2 Solute transport

The solutes considered in the present work are dissolvecchssvparticu-
late, and their calculation need two different formulagion
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7.1.2.1 Dissolved solute transport

In surface water, the dissolved solute transport can belledér] using the
full shallow water equations (Murillo et al188)), simplifying it or using an
alternative formulation such as the transient storage i@&M) (see Chap-
ter5). Most of the water quality models uses a simplification & ghallow
water model, decoupling the dissolved solute transporhftbe hydrody-
namics (i.e. QUAL-W2, MIKE11, MIKE21, WASP6, IWA River Qua}
Model No. 1, QUASAR). Since most of these water quality medek 1D,
quasi-2D or simplified 2D, its use to simulate the floodplaissdived so-
lute transport during a real flooding event is not correct. t@nother hand,
most the streams nutrient uptake studies use the transieagge model (i.e.
House et al.§4), Marti and Sabatetl@0), Scott et al. {84), Payn et al.158),
Melody et al. (25, Michael N. Gooseff et al.128), OConnor et al. 146)),
which is implemented in common simplified 1D models such asUSGS
One-dimensional Transport with Inflow and Storage (OTIShatical model
OTIS-P.

SFS2D model uses the full shallow water model to calculaelissolved
solute transport, without decoupling it from the hydrodymes. It has also
been validated in the present by means of 20 nutrient additiqperiments
using the bromide as a conservative tracer. As a result, 16f@0 compar-
isons between measured and calculated data resulted imificsigt linear
regression [ > 0.5) whoser? > 0.91, and the slope and intercept did not
significantly differ from the unit and zero, respectivefy% 0.5). Hence, the
SFS2D model is capable of reproducing the dissolved solatesport with
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an excellent accuracy.

The validation results are comparable to those obtainetyubke TSM,
such as House et al34), Marti and Sabaterl@0), Scott et al. {84), Payn
et al. (L58), Melody et al. (25, Michael N. Gooseff et al.128 or OConnor
et al. (146) obtained similar or even better results. However, it isantgnt
to mention that the TSM has non predictive character, wherdihal tracer
results are obtained by using the inverse method. The maijiedtaa curve
that represents the tracer load in one point using the erpetal tracer data
in the same point. Hence, despite the model always obtairtreenuload
curve with the minimum error, it can not be applied without\pous experi-
mentation. Furthermore, this model assumes steady statedluditions and
uniform velocity and cross sectional area, being incoritscapplication in
a floodplain under transient flow regime such as the producedgia real
flooding event.

7.1.2.2 Particulate solute transport: sedimentation mode

The particulate solute transport and decay (sedimentaiimfel) is also cou-
pled to the model hydrodynamics using formulation to repnéthe sediment
deposition. It has been validated using field data collebie@€abezas and
Comin. 83) and Cabezas et aB®) during 2 real flooding events (see Chap-
ter6). The comparison between calculated and measured sediewogition
showed a significantp(< 0.05) linear regression, whosé = 0.97 with an
slope not significantly different from the unip € 0.05).
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The sediment deposition calculation is more accurate tharohe re-
ported by Buttner et al.3Q) using RMA-2 model with a decoupled sedi-
mentation model, SED2D-WES. Buttner et él2 measured the floodplain
sedimentation in 10 points, and the model predictions digrdone magni-
tude of order in 8 out the 10 points. In the same way, companimgesults to
those obtained by R.W.H. Carroll et al. 16), the SFS2D model also appears
to be best sediment deposition predictor. R.W.H. CarrofilefL76) used a
decoupled 1D model where the hydraulics where attendedebRtiMOD
model, and the sediment transport was calculated using h&R& model
modified by Heim and Warwick74) and Carroll and Warwick43). The
simulated sediment deposition was drastically overeséichin 5 out of 10
sampling points.

The validation results are also more accurate than thosenelok from
Thonon et al. {97) using the 2D suspended sediment transport, MOCSED.
Thonon et al. {97) obtained a significant linear regression between measured
and calculated sediment deposition whose- 0.52.

Hence, looking at the validation results and its compaggorother mod-
els, coupling the solute transport to the hydrodynamicssamdng them us-
ing the full shallow water equations appears to be an aceanathodology to
calculate them. However, the sedimentation model doeswhtde erosion,
and it could be an inconvenient to calculate the yearly fltaidsediment ac-
cumulation. At the beginning of the flooding event, until theak discharge
is reached, the flow has its highest erosive potential, aodagily, it erodes
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more than sediment deposits. Subsequently, as water digctlecreases, the
sedimentation process increases, and most of the floodemg sediment is
deposited. Therefore, if this first erosive process is nosittered, the yearly

sediment accumulation might be overestimated.

7.1.3 Nutrient uptake

Nutrient uptake in streams or rivers is usually calculatganeans of a sim-
plified 1D model such as the OTIS model (i.e.Marti and Sak@te0)), the
kinetic approach (e.g. Bowie et ak4), Mcintire and Colby {24), Mulhol-
land et al. {33, Payn et al. 158)) and the TSM model (House et aB4),
Marti and Sabaterl@Q), Scott et al. {84), 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 tmattisome co-
efficients. Furthermore, the 1D simplified and the TSM assusteady-state
flow conditions, uniform velocity and cross sectional ar@ae kinetic ap-

proach is independent to the hydraulics.

A comparison between the steady and unsteady state appsoslbws
that both formulations produced a satisfying simulatiohsSSBP retention
(Table5.10, but the unsteady approach was more accurate than they stead
model, mainly with variable flow. The agreement between lbatmulations
under steady flow conditions is probably due to the uniforbotatory chan-
nel and irrigation canal characteristics, where the unifoross sectional area

assumption was also accomplished. However, full steaatg-stssumptions
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may well be unrealistic in natural floodplain systems, wheis very dif-

ficult to find a river or stream with a uniform cross sectionsdaaor flow
velocity. The unsteady approach, in contrast, accommedatgable flow
velocity, cross sectional area and discharge. Therefoientodel would re-
produce the nutrient transport and uptake processes malistilly than
the steady-state simplification, but it still requires argbestimate for the
uptake coefficient.

In order to avoid the need of a previous experimentation aressume
uniform velocity and cross sectional area, a new SRP uptakeulation, for
both the water column and the sediment, was developed. [favamilated
as a function of the main SRP uptake agents, which were digtednthor-
ough field and laboratory experimentation. Both experimmgmis pointed
out the adsorption as the main SRP uptake process, wherefhstSRP is
attached to the water column suspended matter and subsiggdeposited
on to the bed. These results are in agreement with many stiidieindicates
the SRP adsorption as the main uptake process in rivers withsuspended
solids concentration (i.e. M. Stone et dll1¢), Reddy et al. 167), House
et al. 85), Bowes and House2@), Olde Venterink et al.{49), Schulz and
Herzog (82), Jarvie et al. $6), James and Larso®4), etc.). As a result,
no constants or inlet-outlet SRP concentration are neaxpredict the SRP
river uptake, where the only required model input data amtendischarge,
inlet of the suspended organic matter, suspended inorgaatter and the
total dissolved solids, ambient SRP concentration, waemperature, and
sediment density and porosity.
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7.1 The hydraulic model

The new formulation was included in the SFS2D hydraulic nhoaled
resulted to be an excellent predictor of the SRP uptake i, hlbé sediment
and the water column. The comparison between measuredranthted data
provided always a significant linear regressipr<(0.05) whosa? > 0.83 in
19 out of 20 experiments, where 3 of them were carried ougusidifferent
spatial-temporal scale. The linear regression slopesididficantly differ
from the unit atp<0.05 in 6 out of 20 experiments.

Some of the predictive nutrient uptake formulation are aaplicable
within the system where it was developed (Schulz etE#3)). The same
inconvenient is produced when using the simplified 1D mothe, TSM or
the kinetic approach, where the experimental parametersray valid for
the systems where they have been estimated. On the corttrarynodel
presented in this work was formulated to make possible ipicgiion in a
floodplain-river system. The model validation in the riveowed the model
applicability in a real riparian system. The model prediet showed a great
accuracy, where the linear regressions between measulerhlznlated SRP
concentration of the three experiments were significent(0.62; p < 0.05)
(see Tablé.5). Model predictions did not introduce a systematic erdopeas
and intercepts did not significantly differ from the unit areto respectively
(p>0.1).

The validation results are more accurate than those obtdipeSchulz
et al. (L83), who developed an empirical predictive SRP uptake formula

247



7. GENERAL DISCUSSION

tion for small pristine streams. Schulz et al8g) obtained a significant
(p < 0.05) linear regression between measured and calculated SRP d
whoser? = 0.43 is noticeably lower than our approximation. In the same
way, Rajendra Paudel et al.g3) simulated a wetland phosphorus uptake us-
ing the volumetric first order reaction rate, and the modetjmtions where

not always of the same order of magnitude as them measurad dat

The model has proved to be a good predictor of the SRP uptakéain
oratory channel, irrigation canal and in the river, but sitice formulation
considers the adsorption as the main SRP uptake process)ld tye not ap-
plicable to systems where the biotic SRP uptake is significdmgher than
the abiotic. In this way, probably the model is not appliegibl small pristine
streams or general river basin headwaters, where the siespesolid con-
centration is very low, and the SRP uptake is more biotic #izatic (Reddy
etal. (L67)). Therefore, this model appears to be a good SRP uptakemmed

for middle and low river basin reaches.

Furthermore, since the model does not include the SRP rdigadiain
process, the net SRP uptake results must be carefully ieteth 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 erosiverpiate the solute
transport and SRP uptake are included, it is possible tolateand analyze
the main process that produces and maintains the floodptasystem such
as hydrodynamics, sediment deposition, river nutrientrgmrtion and SRP

uptake.

The simulation results showed that the study area is alnmoapletely
flooded with a return period of 3.4 yr (from 1927-2010), whi@ % of the
study area is flooded every year. Almost all the yearly floodezh corre-
sponds to the first 20én from the river bank to the floodplain, where the
right riverside is flooded more intensively than the leferside. The simula-
tion results showed a disequilibrium between the erosighsgimentation
processes where despite the sedimentation rate estimatigithin the lit-
erature values, (e.g Thoms et &@l9¢) and Steiger and Gurnelll§0), the
flow erosive potential is almost restricted to the river afgrnadjacent ar-
eas. Hence, as Cabezas et al) (tated, sedimentation process prevails over
erosion, where the vertical accretion process gains neteva

The simulation of different topographic scenarios basedhenhydro-
morphological activity recovering showed that the disilguum is probably
due to the river constructed defenses, which decrease tapflin eroding
capability and the hydraulic connectivity between theried its floodplain
(Ollero (152 and Gonzéalez et al6@)). These results are consistent with
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those obtained by Ollerdl§2), Cabezas et al3¢) and Cabezas et al3?),
who stated that the study site is notably affected by embankisiructures,
where limited morphodynamic activity has been observedestihe last half
of the twentieth century.

On the other hand, the sediment deposition showed an iaegaltern,
similar to those reported in other studies (e.g. AsselmahMitdelkoop
(6); Walling et al. 11); Middelkoop and AsselmanlR9; Thoms et al.
(196); Steiger and Gurnell1©0)). Flood-plain topography, surface rough-
ness, often related to vegetation, and the magnitudeérexyuof the flood
event are thought to have an important influence on floodvadimenta-
tion processes Thoms et al9g). Furthermore, the simulation suggest the
presence of a lateral sedimentation gradient that in gedecaeases as dis-
tance to the river increases. According to this gradiertrémote floodplain
zones would receive a very low or null river sediment conuitiitn, whilst the
adjacent riparian forest would receive the highest sedir@mcentration.

The same lateral gradient is observed at the river dissaotuirdent con-
tribution, and it is more significant in the case of SRP. Sithmemain SRP
uptake process is the solute adsorption, most of the inledifil@in SRP con-
centration is uptaken within the first 200 m and subsequetdlyosited as
a particulate phosphorus. Hence, there are zones wher@&eddsgy are
flooded under an ordinary flooding event, the river sedimeanit dissolved
nutrient contribution is low. In the same way, the remote djgdain zones
that are only flooded from 200@°/s river discharge, receive a very low or
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null sediment and dissolved nutrient concentration, angigiht be affecting
negatively the riparian vegetation. In agreement withehesults, Gonzalez
et al. 64) found at a remote floodplain zone, a lower nutrient plantialvé:
ity where phosphorus seems to be more limiting than nitrogen

On the other hand, the simulation estimates a high flood@RR uptake
capability, and highlights its SRP buffer capability undermal or altered
conditions. Under normal conditions, the mean molar DIN?S&io (206:1)
indicates that probably the phosphorus is a floodplain iingihutrient Un-
der altered conditions, such as a high SRP effluent contiemiyahe model
enhance the high floodplain buffering potential and its intgoat role for the
water quality improvement.

7.2.1 Floodplain restoration need

River regulation (by channelization or flood control) résuh terrestriali-
sation of the vegetation, associated with a reduced ratarnbver of the
fluvial landscape, reduced rates of ecosystem change, tir@ouiof chan-
nel and ecosystem dynamics and of mosaic detail, reduced fitequency,
and loss of habitat and age diversity (Richards and Hughi€§))( Hence,
floodplain regulation lead to a degradation of the floodplairctionality that
affects biodiversity, water quality improvement and rati@nal use (Ward
and Standford412), Ward et al. 214), K. and Standford(03)).

Results from the analysis of the floodplain current dynaraiesconsis-
tent with this statement. The current erosion-sedimentatiisequilibrium
and the lateral gradient in the river nutrient contributieraccelerating the
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floodplain vertical accretion and the general ecosystemgagiocess. The
lack of geomorphological activity is decreasing the shiftmosaic of habi-
tats and its change capability. The vertical accretionetes® the hydrological
connectivity between the river and its floodplain, and irefuthe terrestriali-

sation of the vegetation.

Under these results, we can affirm that the floodplain needesdtore
the shifting mosaic of habitats to guarantee its functibyallt can be re-
stored through an increasing of the hydromorphologicaladyism and the
hydrological connectivity between the river and the floadlplRichards and
Hughes. {70).

Critically, the channel dynamics lead to new surfaces fdordaation
and regeneration, and modeling tools are required to eehamterstanding
of the ecological consequences of reach-scale channefrdgsaand of their
alteration by river management practices (Richards ancheligl70)). In
this context, five restoration scenarios based on dischaxgsagement or
terrain modification were generated in order to increasdltiuelplain geo-
morphological dynamism. However, only two of them, redorctof the dike
height and restoration of the old superficial water pathywegmonstrated to
be effective inducing morphological changes into the fldaitp

In general both scenarios increases flooded and potertiatjed areas,

improving the morphological dynamism of the floodplain mspto the cur-
rent situation. However, the second scenario, restorafitime old superficial
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water pathways, generates the morphological activity eithwer recurrence
period, inducing a higher morphodynamism into the floodpl&luvial dis-
turbance processes create a mosaic of alluvial surfachs/egetation stands
in different successional stages (Richards and Hugh&g))( Hence, the ap-
plication of the second scenario would generate new setiifdia whose ex-
tension would increase with the river discharge. The coatimn of erosion
and sedimentation at certain habitats would generate aditiment patches
on gravel bar surfaces important for the recruitment ofviiallials and the
renewal of plant succession, as seeds germinate and ggesdlirvive in the
patches of finer sediment that retain moisture and provideaassible nutri-
ent store (Richards and Hughe$7()). As a result, the floodplain structure
would provide a better equilibrium between the new creadio old habitats,
and therefore, biodiversity, water quality and recreatisa would improve.
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General Conclusions

The final aim of the study was the development of a simulatah to ana-
lyze the main process that produces and maintains floodptaisystem. For
this purpose, a complete simulation model based on a rosghaad topo-
graphic model, a main channel characterization and a finiteawe hydraulic
model that couples dissolved and particulate solute t@hsgedimentation
and SRP uptake has been calibrated and validated usingireep¢sl and
field data. Then, an analysis of the current floodplain staassbeen carried
out using the new simulation tool. Finally, some restoracenarios based

on the floodplain analysis results have been proposed andaged.
The specific conclusions of the present work are describkvbe
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8.1 The hydraulic model

The validation of a finite volume hydraulic model of the sogfavater flow
has demonstrated to be an suitable tool to predict the hygical connec-
tivity between river and floodplain, provided that the cotreopographical
information is supplied. At the same time, the model sugptdietailed infor-
mation on the flow characteristics over the irregular floadpl These flow
characteristics determine important ecological propsersiuch as the ecosys-
tem morphodynamism, the particulate organic matter daution, the dis-
solved oxygen content or the type of macroinvertebrate conityat certain
habitats.

e The full model is based on a finite volume hydraulic model a th
surface water flow, a roughness model and a topographic niiaatel
the available DTM obtained by means of the LIDAR technologle
method provides information of the time and space variatidhe wa-
ter depth, the depth-averaged velocities and the frictimtton stress,

indicative of the erosive capacity of the flow.

e The calibration of the model has been based on availableififeldna-
tion on water level elevations for two discharges. The catibn phase
has revealed the extreme sensitivity of the hydraulic mamitie river
bed shape. As standard LIDAR techniques do not supply irdton
on the part of the river covered by water, this can be consilan

important issue.
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e The interpolation methods based on statistical treatmetiteoover-
all information, such as the GIS tools, provide incorrecuits when
reconstructing the river bed and are therefore unable tezavith ac-
curacy the measured field data. In consequence, the nuhrescets
for flood modeling based on the GIS model reconstruction eakane
inaccurate. In this work, a simple procedure to recover iver bed
shape from both geometric and hydraulic information hashe-
posed leading to a correct model performance in almost alhtka-
sured situations.

e There is a systematic discrepancy during the rising limkhefftood
at one of the measured probes. The explanation for thisegiaocy
comes from the groundwater-surface flow interaction, dtgheticular
location, that is not considered in our model. The field olms#yns
concerning water temperature indicate important mixing/ater from
different sources near that point. The extension of the frtodeclude
this flow interaction is part of the immediate future work mibut of
the scope of the present work.

e The hydraulic model has also an important weakness rel#tithe
computational cost, which can be not assumable when dewliting
certain eco-hydraulics problems.

e The need of accurate input information such as the DTM, baynd
conditions or the roughness map could also be considereddis a

advantage. However, it is a subjective question, an aceymatblem
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solution requires also an accurate terrain, roughnessaunttiary con-
ditions characterization.

8.2 Nutrient uptake modeling

A predictive unsteady SRP uptake model has been develogkdatidated,
for both the sediment and the water column. The model haswasifiormu-
lated as a function of the main SRP uptake agents, which weterrdined
through field and laboratory experimentation. As a resudt,canstant or
inlet-outlet SRP concentrations are needed to predict Rié B/er uptake,
where the only required model input data are: water dis&hdrdet of the
suspended organic matter, suspended inorganic mattehamnaotal dissolved
solids, ambient SRP concentration, water temperaturesedidnent density
and porosity.

8.2.1 Laboratory and irrigation canal experimentations

e The channel bed functions as a nutrient sink, but only in #ee of
phosphorus. A drainage channel would reduce SRP by about @1%
0.7 mg nr2 h~! at concentrations ranging 1 to 4@ |1, whilst there
would be not significant change for nitrogen concentratiodeed, the
mean molar DIN:SRP ratio (206:1) indicates a desequikbsistem
whereas probably nitrogen is saturated and the phospheragimit
nutrient.

e The development of natural sediment and vegetation in agairchan-
nels could be a good strategy to reduce some of the SRP agraiul
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pollutant load to the river.

Other approaches must be considered for nitrogen redudiorh as
those enhancing denitrification possibly in riparian weadks (Verho-
even et al. 204)).

Comparison between the steady and steady nutrient uptakeasghes
shows that the assumption of a uniform uptake coefficientandke
simulation tool less accurate. An alternative calculatiethod is nec-
essary in order to provide the spatial and temporal vaiiglof system
uptake.

It was not possible to apply the kinetic formulation and tHevieh
equation because of the high SRP concentration.

The experimental analysis pointed out the SRP suspendate sad-
sorption as the main SRP uptake process. In agreement wsttthb
experimental analysis show as the most influential SRP apgtakam-
eters: pH, TSS, TDS, and SRP concentrations.

The new SRP uptake predictive model, based on the water colum
and sediment SRP uptake, has been tested in two differetialspad
temporal scales under different SRP concentrations. ERsgxperi-
ments were developed at the drainage canal using 60 m lethgiing
60— 80 min and increasing SRP ambient concentration 100 times.
The Last 3 experiments were carried out at the same draireags c
but using 300 m length, during-24 hr and increasing SRP ambient
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concentration 2- 3 times. Although SRP uptake showed high vari-
ability among experiments @009+ 0.0004s™1), the new model was
able to predict each case with an excellent accuracy, bégmifisant

(p < 0.01) for all the linear regressions between measured and-calc
lated SRP. However, four predictions showed a systematarepancy,
but at every case, predicted SRP output concentration wiainvhe
same order of magnitude as empirical observations.

e The new formulation was able to predict the presence/akseia no-
ticeable SRP uptake process under both, unsteady and $taadyn-
ditions. Furthermore, the model did quantify system SRRkgtvith
a great accuracy. Under these results, we can affirm that oremufa-
tion is an excellent tool to predict SRP uptake, at leastairtigation

canal system.

8.2.2 The river model validation

e The new predictive formulation has been validated in thertoy means
of three experimentations. The validation of the new SRBkgimodel
has proved to be an excellent simulation tool to predict tRe 8ptake
in a river under both, steady and unsteady flow conditiong mbdel
predictions were always significanp € 0.05) with anr? that ranges
from 0.6 to 08.

e Since the formulation assumes that the SRP adsorption maieSRP
uptake process, the model might not be applicable to thoserag
where the biotic SRP uptake prevails over abiotic. Henég pitobably
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not applicable to pristine streams and headwaters in gen@rathe
contrary, the model might predict accurately the SRP uptékeiddle

and low river basin reaches.

e The SRP uptake model does not considers phosphorus repadibifi,

so it could overestimate the predicted SRP uptake rate.

e The validation process highlighted again the need to irecthd groundwater-

surface flow interaction, which is considered as a futurekwor

8.3 Sediment deposition modeling

A sediment deposition model has been coupled to the hydesdiinmodel.
The sediment deposition velocity is based on Jimenez ands&meag8) for-
mulation. The model has been validated using the field dataired by
Cabezas and Comin33) and Cabezas et al3§), and it resulted to be an

excellent sedimentation predictor.

e Comparison between measured and predicted sediment tiepas
sulted in a significant linear regressiop € 0.05) with anr? = 0.97.
Hence, the validation shows the model as a suitable toolbbe

predict flooding, sedimentation and SRP uptake.

e Since the sedimentation model does not include the erosioregs,
the yearly sedimentation rate could be overestimated. ¢jenheould

be desirable to include the erosive process in the hydrendidel.
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8.4 The floodplain analysis through numerical simu-
lation

The application of the complete simulation model has prdueedtk very use-
ful in the floodplain eco-hydraulic analysis. It is capabfeeproducing and
predict with an excellent accuracy the main process thater@nd maintain
the floodplain ecosystems. The final application highlightee need of a
floodplain restoration and conservation efforts.

e There is a disequilibrium between erosion and sedimemtatibere
sedimentation prevails noticeably over erosion. As a aqunsece, the
floodplain has lost most of its hydromorphological activibeing it
restricted to the main river channel adjacent areas.

e The river defenses play a key role in the current lack of hyangpho-
logical activity. Increasing the flow regime without a pi@vs river
defense modification does not improves the hydromorphcébgictiv-
ity. The simulation model is an efficient tool to design thestoration
strategy.

e The floodplain SRP uptake process takes place mainly by tee su
pended solute adsorption. Therefore, most of the phospbhaiger
contribution would be particulate phosphorus.

e The floodplain shows a high SRP uptake potential under battmal
and altered conditions. The high suspended solute comtiemtrin-
creases the floodplain SRP buffering capability, reduciR§ oncen-
tration downstream. However, as the SRP is uptaken, it ceagdy be
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8.5

deposited into the floodplain, being an important sourceasfiqulate
phosphorus.

There is lateral gradient that dominates the river nutroemitribution.
According to this gradient, adjacent riparian zones rexeimost of
the dissolved and particulate nutrient whilst, remote fjah areas
hardly receive nutrients. This nutrient distribution ablle affecting
negatively the riparian vegetation and accelerating itlsgagrocess.

Floodplain restoration proposal through numeri-
cal simulation

Five restoration scenarios based on discharge managemesrtrain
modification were generated in order to increase the floaugao-
morphological dynamism. Only two of them, reduction of thked
height and restoration of the old superficial water pathwagsnon-
strated to be effective inducing morphological changes the flood-
plain.

The restoration scenario based on increasing the watdradige indi-
cates that probably, the lack of geomorphic activity is altyuinflu-
enced more by the constructed river defenses and the flandptad
use than by the Ebro river basin discharge regulation.

The reduction of the dike height increases the river nutreemtribu-
tion into the floodplain but the morphodynamism is restdcte the

river adjacent areas.
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e The restoration of the old superficial water pathways hasotstnated
to be the most efficient alternative to restore the shiftirggaic of habi-
tats of the floodplain and increasing its morphologicahgtsti It would
produce a new floodplain structure with a better equilibrioetween
the new creation and old habitats.
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Conclusiones generales

El objetivo final del estudio era el desarrollo de una heresutai de simu-
lacibn para analizar los principales procesos respoesat# la creacion y
mantenimiento de los ecosistemas de llanuras de inunda&ara ello, se
ha calibrado y validado un modelo de simulaciobn completsatla en los
modelos de rozamiento y topografia, la caracterizacémalice y el modelo
hidraulico de volimenes finitos que acopla el transpoetealidos disueltos
y en suspension, la sedimentacion y la retencion derféshorganico dis-
uelto (SRP). A continuacion, se ha analizado el estad@abdtula llanura de
inundacion a través de la herramienta de simulacionalfiiente, en base a
dicho analisis, se han propuesto, simulado y analizadimidis escenarios de
restauracion. Las conclusiones especificas del presabggo se describen a

continuacion.

265



9. CONCLUSIONES GENERALES

9.1 El modelo hidraulico

La validacion del modelo hidraulico de flujo superficial demostrado que
éste puede ser una herramienta de gran utilidad en la pi@dide la conec-
tividad hidrologica entre el rio y la llanura de inundagi siempre y cuando
se disponga de una correcta informacion topografica. Eehegoroporciona

una informacion detallada de las caracteristicas hiias del flujo a través
de una topografia irregular. Dichas caracteristicadaoque determinan im-
portantes propiedades ecolbgicas del sistema, tales elomarfodinamismo,

el aporte de materia organica del rio a la llanura, el codtede oxigeno dis-

uelto o el tipo de comunidad de macroinvertebrados en calblibai

e El modelo completo se basa en el modelo hidraulico, calcusegin
el método de los volumenes finitos, el de rozamiento y eddafico,
derivado del modelo digital disponible a partir de un vuelDAR. El
método proporciona informacion de la variacion espaeimporal del
calado, velocidades promediadas en la vertical, y de leibricestrés

del fondo como indicativo de la capacidad erosiva del flujo.

e La calibracion del modelo se basa en la informacion didperdel
nivel de agua bajo dos caudales diferentes. La fase deasbinrrev-
ela la extrema sensibilidad del modelo hidraulico a la fbdel cauce.
Dado que las técnicas estandares de LIDAR no proporcianfan
macion del terreno cubierto por el agua, éste ha sido deraio como

un punto clave en la fase de calibracion del modelo.
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e Los métodos de interpolacion basados en el tratamietaolisico de
la informacibn, tales como las herramientas GIS, propoam resul-
tados incorrectos en la reconstruccion del cauce. En coaseia, los
resultados numéricos de la simulacion empleando la staarcion del
cauce mediante los GIS son muy poco precisos. En el presahtgd,
se propone un método sencillo de reconstruccion del cdelago que
emplea la informacion tanto de la forma del cauce como decans
acteristicas hidraulicas. Las simulaciones numédeasarrolladas con
dicha reconstruccion del cauce dieron como resultado wa@npre-
cision en la prediccion tanto del calado como en el areadada de la

llanura de inundacion.

e Existe un error sistematico en la prediccion del nivel daaaen una
de las sondas. Ello puede ser debido a la interaccion dragria sub-
terranea y superficial que se produce que se produce en @&gpaB
ticular y que no es considerada en el modelo. Las medidastnadgps
de temperatura del agua indican la presencia de una imp®maez-
cla de aguas procedentes de dos fuentes diferentes. Laiéxtatel
modelo para incluir la interaccion del agua subterransaperficial se
abordara con la mayor celeridad posible en el futuro.

e El gran inconveniente de este modelo es el elevado costeutamp
cional, el cual puede resultar inasumible a la hora de etafires con
ciertos problemas en el campo de la eco-hidraulica

e Lanecesidad de proporcionar una informacion precisa gtgrafia,
el rozamiento y las condiciones de contorno puede ser cnasid
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también como un inconveniente. Sin embargo, esto es urdi@ue
subjetiva ya que el modelo tan sbélo necesita como mininmisma
resolucion de datos de entrada que se va a demandar en dasdgat
salida.

9.2 Modelizacbn de la retencdn de nutrientes

Se ha desarrollado y validado un modelo predictivo de réare SRP tanto
para el sedimento como para la columna de agua. El modelabdosmu-
lado en funcion de los principales agentes relacionadndacoaptacion de
SRP, los cuales han sido determinados mediante experici@nin campo
y en laboratorio. Como resultado, un modelo transitorioetencion de SRP
en el que no es necesaria la concentracion de salida del SRidddesar-
rollado. Los datos de entrada del modelo son por tanto: taeimada de
materia organica en suspension, materia inorganicasgession, los solidos
disueltos totales, la concentracion de entrada y ambidat&8RP, la temper-
atura del agua y la densidad y porosidad del sedimento.

9.2.1 Experimentacodn en laboratorio y canal de riego

e Ellecho del canal de riego funciona como sumidero de nu&sgpero
tan sb6lo en el caso del fésforo. La acequia es capaz deirdawon-
centracion de fosforo alrededor de un 21%, drdig m2 h~! cuando
la concentracion de entrada se encuentra entre 1yg461. Sin em-
bargo, no se detectd cambio significativo alguno entretaeatracion
de entrada y salida del nitrbgeno. De hecho, el ratio mokdionde
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DIN:SRP ratio (206:1) indica la presencia de un deseqidlien el
sistema donde probablemente el nitrdgeno se encuentnadaty el

fosforo en condiciones limitantes.

La sedimentacion y el desarrollo natural de la vegetaeibla acequia
podria ser una buena estrategia para reducir parte detagmfosforo
al rio por parte de la agricultura.

Se deben de considerar otras metodologias relativas duaaién del
nitrbgeno agricola en los canales de riego y drenaje, quon@jem-
plo que incrementen la desnitrificacibn en humedales (érbn et al.
(209)).

La comparacion entre los planteamientos estacionariangitiorio ene
| calculo de laretencion de SRP muestra que la asunciéeldeidad y
coeficientes de captacion uniformes da como resultadoemarhienta
mucho menos precisa que la transitoria. Por tanto, se requita
metodologia alternativa que contemple la variacion @apg temporal
tanto de la velocidad como del coeficiente de captacion d& SR

No se ha podido aplicar ni la ecuacién de Elovich ni la forwidin
cinética debido a la elevada concentracion final de.

El analisis experimental ha puesto de manifiesto que etipih pro-
ceso implicado en la retencion de SRP es la adsorcion téepes
parte de los sbélidos en suspension. De acuerdo con esamabsis
estadistico mostr6 como principales agentes relacamadn la re-
tenciobn de SRP a: pH, TSS, TDSy la concentracion exiseam@&RP.
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e El nuevo modelo predictivo de retencion de SRP tanto dellanoma
de agua como del sedimento ha sido desarrollado y validadibgn
escalas espacio-temporales diferentes asi como bajotakstoncen-
traciones de SRP. Los primeros 12 experimentos fueronradéados
en el canal de riego utilizando para ello 60 m de longitud dshro,
durante 60- 80 min e incrementando la concentraciobn ambiental de
SRP 10-100 veces. Los tltimos 3 experimentos (13-15) se llevaron a
cabo dentro del mismo canal de riego pero empleando 300 ree lo
gitud, durante 2-4 hr e incrementando la concentracion de base de
SRP 2- 3 veces. A pesar de que la retencion de SRP mostro una ele-
vada variabilidad entre experimentosQ@09+ 0.0004s™ 1), el nuevo
modelo de retencion de SRP fue capaz de reproducir dictiaraagon
una excelente precision, resultando significatiyas: (0.01) todas las
regresiones lineales entre la concentracion de SRP adkyl la. Sin
embargo, cuatro de las predicciones mostraron un err@nsisico,
aungue en en cualquier caso, la concentracion calculadgRéefue

siempre del mismo orden de magnitud que la observada.

e La nueva formulacion fue capaz de reproducir la presesuighcia
de retencion apreciable de SRP tanto bajo condiciones peditia-
cionario como transitorio. Bajo estos resutados, poderfiomaaa que
la nueva formulacion es una herramienta excelente padegirda re-

tencion de SROP al menos en el sistema del canal de riego.
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9.2.2 Lavalidacbn del modelo completo en elio

e La nueva formulacion predictiva de retencion de SRP havwididada
en el rio mediante tres experimentos de campo. Dicha itideha
demostrado la elevada capacidad predictiva del modelw, lbajo flujo
transitorio como estacionario. Las predicciones del modesultaron
siempre significativasp(< 0.05) y cuyos coeficientes de regresitn
varian entre ® y 0.8.

e Dado que la formulacibn asume como principal proceso dmcéin
de SRP su adsorcion, éste no sera aplicable a quellesnsisten los
gue la retencion bibtica prevalezca sobre la abittica.téhto, el mod-
elo probablemente no sera aplicable a tramos de cabeaaral ¢n-
trario, el modelo presenta una gran capacidad predictiieaemos de
rios medios y bajos.

e Elmodelo de retencion de SRP no contempla la resuspedsi@nismo,
pudiendo por tanto sobreestimar la retencion real delraist

e El proceso de validacion del modelo puso de manifiesto deonlze
necesidad de incluir la interaccion entre el agua sulrtea’y la super-
ficial en el modelo hidraulico.

9.3 Modelo de sedimentadn

Se ha acoplado un modelo de sedimentacion al modelo hizhaua veloci-
dad de sedimentaicon se basa en la formulacion de Jimadddadsen{8).
Tel modelo se ha validado utilizando los datos experimestdé Cabezas and
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Comin. 33) y Cabezas et al3@), y ha resultado ser una buena herramienta

de calculo de la seimentacion.

e La comparacion entre la sedimentacion calculada y larehda dio
como resultado una regresion lineal significatipa<(0.05) cuyar? =
0.97. Por tanto, la validacion constata la capacidad prigdidel mod-
elo completo de flujo, sedimentacion y retencion de SRP.

e Dado que el modelo de sedimentacion no incluye erosionalello
de la tasa anual de sedimentacion podria resultar seionees. Por
tanto, seria deseable incluir dicho proceso en el moddtétlico.

9.4 Analisis de la llanura de inundacbn a traves de la
simulacion numeérica

La aplicacion del modelo completo de simulacion ha deradstser una her-
ramienta Util en el campo de la eco-hidraulica. Dichadraienta es capaz
de reproducir y predecir con una excelente precision liogipales procesos
gue generan y mantienen los ecosistemas de llanura de tiandaa apli-

cacion final de la misma ha puesto de manifiesto la necesielagsthurar y

conservar dicho ecosistema.

e Existe un desequilibrio entre erosion y sedimentacioavarfde este
tltimo. Como consecuencia, la llanura de inundacion heige gran
parte de su actividad geomorfologica viendose resttangasi por com-

pleto a las zonas adyacentes al cauce principal.
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numerica

e Las defensas construidas del rio juegan un papel claveastual falta
de actividad geomorfologica. De esta forma, ni siquieia@emento
del régimen de caudales ni del caudal en si aumentari#fisaiiva-
mente la actividad geomorfolégica si ho se realiza una fivadion
previa de las defensas del rio existentes.

e El proceso de retencion de SRP en la llanura de inundaeponde
principalmente a la adsorcion de SRP por parte de losasOkah sus-
pension. Por tanto, la mayor parte del fosforo que el porta a la
llanura de inundacién es en su forma particulada.

e La llanura de inundaciébn muestra una elevada capacidaeteiecion
de SRP tanto bajo condiciones alteradas como naturaleslevada
concentracion de sélidos en suspension del rio inangarla capacidad
de retencion de SRP de la llanura de inundacion, redusisnccon-
centracion aguas abajo del mismo. Sin embargo, a medidal @RP
es retenido, es también facilmente sedimentado en larBarsiendo
por tanto el rio una importante fuente de fosforo pargéidol

e Existe un gradiente lateral que domina el aporte de nuésedél rio a
la llanura de inundacion. Segln dicho gradiente, lasgdparias ady-
acentes al rio, reciben la mayor parte de s6lidos tanteeticss como
particulados, mientras que las zonas remotas a penasnetibv@ntes.
Esta distribucion de los nutrientes podria estar afelctaie forma neg-
ativa a la vegetacion riparia de dichas zonas remotaseracelo su

proceso de envejecimiento.
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9.5 Propuesta de restaura@n de la llanura de inun-
dacibn a través de la simulagdn numérica

e Se han propuesto, simulado y analizado cinco escenariosstieuf
racion con el objetivo de incrementar el morfodinamismagduos en
el manejo del caudal o de la modificacion del terreno. Sinaggty
sOlo dos de ellos, el basado en la reduccion de la alturasddeffensas
del rio y el basado en la recuperacion de la conectividdebliigica
de ciertos habitats, han demostrado ser efectivos en lecéitth de
cambios geomorfologicos en la llanura de inundacion.

e Laalternativa de restauracion basada en el incrementaddhl indica
gue probablemente, la falta de actividad geomorfologé&carcuentra
actualmente mas influida por las defensas del rio y el usd@orio
gue por el regimen de caudales del Ebro.

e El recrecimiento de las defensas del rio incrementa eltete nu-
trientes del rio a la llanura de inundacion. Sin embargmafodi-
namismo que genera dicha estrategia de restauraciontseges las
zonas adyacentes al cauce principal.

e Larestauracion de los antiguos canales de agua supenfaiimostrado
ser la alternativa mas eficaz en la restauracion del nosaimbiante
de habitats y el incremento del morfodinamismo de la llarde inun-
dacion. Dicha estrategia generaria una nueva estruetuta llanura
con un mejor equilibrio entre los habitats de nueva fordmagi los
viejos.
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Further Research

e Reducing the model computational cost would be desirablerdier
to improve the model applicability. To reduce the simulatione, an
optimization of the method could be the implementation oheafel

strategy reaching acceptable computational cost.

e Groundwater-surface flow interaction constitutes an irtgodgrpart of
nutrient cycling. Hence, including the exfiltration and lim&tion phe-
nomenon is the next step to increase the model represétytalinen,

a development of a complete 3D model would be desirable.

e Erosion process is fundamental to establish the real équih be-
tween erosion and sedimentation. In the same way, to céictha
yearly sediment deposition, it is necessary to consideetbsive phe-
nomenon. In that sense, we consider as a further work, tadedhe

erosion process in the model.
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10. FURTHER RESEARCH

e The SRP resuspension could constitute an important SRIeesolip
include it in the SRP uptake model more experimentation Ishbe
carried out.

e In order to develop a complete floodplain modeling, more ieatr
species should be considered. Considering the relevanite afitro-
gen in agricultural catchments, it would be the next nutrierinclude
in the model.
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Table 11.1: Simulated sediment deposition at the current situation

Calculated sediment depositiomrf) at each considered habitat during hydrographs (Hydr)IlJI|V
and V. RF: Riparian Forest
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Hydr. Crop/pasture Adjacent RF Distant Paleochannel Oxbow Constructed River Remote
RF lake wetlands channel RF

Il 3.1 33.2 0.0 0.7 0.0 0.0 20.3 0.0

1l 4.4 294 0.0 1.3 0.0 0.0 13.2 0.0

\ 39.9 76.9 0.0 5.6 0.7 0.0 23.8 0.2

\Y, 480.2 206.1 11.8 24.8 18.7 0.3 60.7 15.6
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Calculated average SRP concentratibrstandard deviation at each considered habitat during tak pe

Table 11.2: Simulated SRP at the current situation

discharge of hydrographs (Hydr.) Il, lll, IV and V. SRP is expsed in%. RF: Riparian Forest
Hydr. Crop/ Adjacent RF Distant Paleochannel Oxbow Constructed River Remote
pasture RF lake wetlands channel RF
I 5.0E- 1.0+£3.0 0.0:0.0 0.2:1.2 0.0£0.0 0.6:0.0 5.0:3.0 0.0t0.0
02+0.1
i 1.0E- 1.0+£3.0 0.0£0.0 0.2+t1.0 0.0£0.0 0.6:0.0 4.0:3.0 0.0t0.0
02+0.2
v 0.2+1.0 2.HA4.0 0.0t0.0 0.A24 1.0E- 0.0+£0.0 5.15.0 0.6t0.0
02+2.0E-
02
\% 4.1+5.0 1.0E-025.0 1.4t1.0 9.0t5.0 0.2:2.0E-6.0E-02£0.2 1.2E- 0.9+0.7
04 02+5.1
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Table 11.3: Simulated sediment deposition at scenario 1

Calculated sediment depositiohrf) at each considered habitat during the hydrographs (HijdH), IV
and V. Bold: higher sedimentation respect to the refereitgat®on. Italics: lower sedimentation respect
to the reference situation. RF: Riparian Forest

Hydr. Crop/pasture Adjacent RF Distant Paleochannel Oxbow Constructed River Remote
RF lake wetlands channel RF

Il 3.7 3.5 0.0 25 0.0 0.0 19.4 0.0

1l 4.6 3.2 0.0 2.6 0.0 0.0 12.5 0.0

\ 28.6 52.6 0.0 2.8 1.2 0.0 12.9 0.6

\Y, 735.6 25.1 15.8 25.7 335 0.345 5.1 23.0
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Table 11.4: Simulated SRP at scenario 1

Calculated average SRP concentratibrstandard deviation at each considered habitat during tak pe
discharge of hydrographs (Hydr.) Il, lll, IV and V. SRP is exgsed in‘l’—sg. Bold: averages that significant
differ with a p > 0.95 from the current situation as a result of a paifedtest RF: Riparian Forest

Hydr. Crop/ Adjacent RF Distant Paleochannel Oxbow Constructed River Remote
pasture RF lake wetlands channel RF

Il 5.9E- 1.3+3.0 0.0+0.0 1.9+2.8 0.0+0.0 0.6t0.0 4.9+3.3 0.0+£0.0
02+0.5

1] 3.4E- 1.0+2.8 0.0£0.0 1.3£2.2 0.0+0.0 0.6t0.0 3.4+3.4 0.0+0.0
02+0.3

v 9.0E- 2.3+6.1 0.0+0.0 2.4+4.2 0.0+0.0 0.6t0.0 5.6+7.5 0.0+0.0
02+0.8

\Y, 4.4+51 8.8t5.5 1.6t1.0 1.0E-025.0 0.2£0.2 5.1E-02:0.1 1.1E- 1.6+0.9

02+5.1
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Table 11.5: Simulated sediment deposition at scenario 2

Calculated sediment depositiohrf) at each considered habitat during the hydrographs (HijdH), IV
and V. Bold: higher sedimentation respect to the refereitgat®on. Italics: lower sedimentation respect
to the reference situation. RF: Riparian Forest.
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Hydr. Crop/pasture Adjacent RF Distant Paleochannel Oxbow Constructed River Remote
riparian lake wetlands channel RF
forest

Il 21.2 72 0.0 12.9 0.21 0.0 21.7 0.0

1l 26.1 75.2 0.0 16.6 0.20 0.0 15.1 0.0

v 35.3 81.1 0.0 21.2 0.7 0.0 15.1 0.01

\Y, 149.8 246.8 2.0 59.5 4.1 0.02 53.6 2.7
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Table 11.6: Simulated SRP at scenario 2

Calculated average SRP concentratibistandard deviation at each considered habitat during thk pe
discharge of hydrographs (Hydr.) II, lll, IV and V. SRP is expsed irf%. Bold: averages that significant
differ with a p > 0.95 from the current situation as a result of a paifed test RF: Riparian Forest

Hydr. Crop/ Adjacent RF Distant Paleochannel Oxbow Constructed River Remote
pasture RF lake wetlands channel RF
Il 6.0+0.1 1.9+2.9 0.0+0.0 1.3+2.3 4.0E- 0.0+0.0 5.3+3.5 0.0+0.0
03+2.8E-
02
1 3.0E- 1.3+2.7 0.0+0.0 7.7E-04t1.7 0.0+0.0 0.6+0.0 3.8+3.6 0.0+0.0
03+6.6E-
02
v 0.1+0.7 4.8t6.2 0.0+0.0 3.1+4.6 2.2E- 0.0+0.0 1.0E- 0.0+0.0
02+8.0E- 02+6.8
02
\% 3.5+5.0 9.0t5.4 1.5t1.1 8.A#b5.2 5.8E- 8.7E-02£7.8E- 11.5+5.4 0.5-0.3
02+0.1 02




11. APPENDIX A: TABLES

Calculated average SRP concentratiostandard deviation at each considered habitat, under fies-di
ent SRP added concentrations. Calculated SRP is expres#@dBold: averages that significant differ
from the Oug/l SRP with ap > 0.95. RF: Riparian Forest

Table 11.7:Simulated SRP addition experiment: river discharge B0s

SRP Crop/ pasture AdjacentDistant  Paleochannel Oxbow Constructed Main Remote

(mg/1) RF RF lake wetlands channel RF

0 4.0E-03t5.0E- 1.6+4.0 0.0:t0.0 8.0E-02-1.2 0.0:t0.0 0.0t0.0 10.4:5.0 0.0t0.0
02

1 5.0E-03+0.2 1.7+4.0 0.0+0.0 8.0E-0z1.2 0.6:t0.0 0.06t0.0 10.3+5.0 0.0+0.0

3 4.0E-03:1.6E- 1.6+4.0 0.0+£0.0 8.0E-02-1.2 0.6t0.0 0.0t0.0 10.3+5.0 0.0+0.0
02

5 7.0E-03:3.0E- 2.2+4.6 0.0+0.0 8.0E-0Z1.2 0.6:t0.0 0.06t0.0 26.0+17.60.0+0.0
02

10 1.0E-02+0.4 2.#5.6 0.0+0.0 8.0E-021.2 0.6:t0.0 0.6t0.0 42.0+£32.00.0+0.0
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Table 11.8:Simulated SRP addition experiment: river discharge 199G

Calculated average SRP concentratiostandard deviation at each considered habitat, under fies-di
ent SRP added concentrations. Calculated SRP is expres$§dEBoId: averages that significant differ
from the Oug/l SRP with ap > 0.95. RF: Riparian Forest

SRP Crop/ pasture AdjacentDistant  Paleochannel Oxbow Constructed Main Remote
(mg/1) RF RF lake wetlands channel RF
0 6.0E-02+0.5 17439 0.0:0.0 0.4:1.6 0.0:t0.0 0.Gt0.0 4.9+4.9 0.0:0.0
1 2.8+1.5 4.9-5.7 0.0+£0.0 1.6t3.1 4.0E- 0.0+0.0 13.5+5.8 0.0+0.0
03+0.3
3 0.3+0.2 5.%#6.0 0.0+£0.0 1.0+3.2 0.0+0.0 0.6+0.0 17.0+9.0 0.0+0.0
5 0.3+1.7 5#46.2 0.0+£0.0 1.1+3.1 3.0E- 0.0+0.0 21.0+12.00.0+0.0
03+3.0E-
02
10 0.4+1.9 6.9:6.9 0.0+0.0 1.1+3.2 4.0E- 0.0+0.0 31.0+21.00.0+0.0
03+3.0E-
02
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Table 11.9:Simulated SRP addition experiment: river discharge 168G

Calculated average SRP concentratiostandard deviation at each considered habitat, under fies-di
ent SRP added concentrations. Calculated SRP is expres#@dBold: averages that significant differ
from the Oug/l SRP with ap > 0.95. RF: Riparian Forest

SRP Crop/ pasture AdjacentDistant  Paleochannel Oxbow Constructed Main Remote
(mg/1) RF RF lake wetlands channel RF
0 0.5t1.9 3.0:4.5 0.0:0.0 1.4£3.0 0.6:t0.0 0.0t0.0 5.0:t5.0 0.0t0.0
1 3.8£5.0 9.5:t5.6 1.2+1.0 9.0t4.7 0.1%#0. 7.0E-03:2.4E- 13+5.8 0.A#0.7
02
3 1.7+3.9 8.9+6.2 0.4-05 5.3:t4.8 1.0E- 0.0+0.0 16+8.2 4.4E-
02+0.01 024-0.9E+
02
5 1.7+4.1 9.9t6.7 0.2£0.4 5.3t5.0 1.0E- 0.0+0.0 18.0+11.0 4.4E-
02+0.01 02+1.9E}
02
10 1.9+4.5 12t8.4 0.4-0.6 5.8:5.0 1.0E- 0.0+0.0 25.0+18.0 4.4E-
02+0.01 024-0.9E+
02
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Table 11.10:Simulated SRP addition experiment: river discharge 268G

Calculated average SRP concentratiostandard deviation at each considered habitat, under fies-di
ent SRP added concentrations. Calculated SRP is expresﬁgdliold: averages that significant differ
with from the Oug/l SRP ap > 0.95. RF: Riparian Forest

SRP Crop/ pasture AdjacentDistant  Paleochannel Oxbow Constructed Main Remote

(mg/1) RF RF lake wetlands channel RF

0 3.7t4.9 8. 7455 1.2:t1.0 8.8t4.7 0.5#0.2 7.0E-032.3E- 12+5.1 0.7#0.7
02

1 3.8£5.0 9.5:5.6 1.2+1.0 9.0+4.7 0.2-0.2 7.0E-03t2.4E- 13+5.8 0.7#0.7
02

3 3.9+5.1 1%6.1 1.2+£1.0 9.3+4.7 0.2-0.2 7.0E-03:t2.6E- 15+7.7 0.8:0.7
02

5 4.0+£5.3 12+6.9 1.2+£1.0 9.6+4.8 0.H0.2 8.0E-03t2.7E- 17+10 0.8t0.8
02

10 4.2E+5.7 16+9.3 1.3t1.1 10t5.2 0.2:0.2 2.0E-03-0.5 22+16  0.9-0.9
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