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RESUMEN

Introduccién general

Los humedales contribuyen de forma muy significativa a lalibeysidad y a la provision
de importantes servicios ecosistémicos, incluyendo alimeagua, proteccién frente a
avenidas y erosion costera y reduccion de la contamina@ededfuentes difusas, entre otros
(Okruszko et al, 2011; Jenkins et al, 2010; Zorrilla-Mirdsag 2013). Pese a ello, los
humedales permanecen todavia insuficientemente valoemdesuchos lugares del mundo,
sobre todo en areas en las que no proporcionan bienes dirdetonercado (Maltby and
Acreman, 2011; Barbier, 2011), como ocurre en el caso de losetlales de ambientes
mediterraneos semiaridos. Esta insuficiente valoraciphoaxque los humedales se encuentren
entre los ecosistemas mas amenazados por conversion a gréoslasds, contaminacion y
sobreexplotacion.

En el &mbito mediterrdneo una de las tendencias de cambicaalel territorio mas
generales es la intensificacion agricola a través de un dandeh regadio (Antrop, 1993;
Aranzabal et al, 2008). EIl incremento del regadio tiene mambes efectos sobre el
funcionamiento hidroldgico de las cuencas, en particulareslos flujos de agua y de nutrientes,
gue a su vez se traducen en cambios sobre distintos subassteraluyendo los humedales.
Estos efectos son particularmente importantes en los haleede ambientes semiaridos, que
cuentan con flujos hidricos escasos, elevada salinidad yrdades biol6gicas adaptadas a
tales condiciones. Las relaciones entre el humedal y suceuss siguen ignorando en la
gestion de la mayoria de estos ecosistemas (Houlahan adidyi2004), lo que supone un
serio problema para su conservacion.

Es evidente que para avanzar en el uso sostenible y congervae los humedales
necesitamos herramientas fiables y sencillas de aplicapeumritan evaluar el estado de la
cuenca y la manera especifica en que afecta a la evoluciéruchedal de que se trate. Los
desarrollos recientes en el ambito de la teledeteccion yddefizacion hidrologica (Serra
et al, 2008; Alexandridis et al, 2008; Ji, 2008) estan sugmhd un enorme avance en el
analisis de las cuencas y de las relaciones cuenca-hum8oakembargo, las metodologias
disponibles hasta la fecha pueden ser menos aplicablesles @t algunas situaciones,
particularmente en los humedales menos representatiosade general, como los de
ambientes mediterraneos semiaridos. Por ello se necéstaamientas que atiendan o sean
especificas del contexto ambiental y socioeconémico dekblahde interés. De forma méas
concreta, se necesitan herramientas capaces de evalfiectelde la intensificacion agricola,
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y de las alteraciones hidrolégicas asociadas sobre losdalesemediterraneos, especialmente
en ambientes semiaridos como el sureste de Espafa.

Los indicadores ecoldgicos deberian capturar la compléjidle los ecosistemas
manteniendo un nivel de simplicidad que permita una apbcasencilla y rutinaria, aunque
en la practica se suelen definir y desarrollar orientadosllgmas y ecosistemas especificos.
En las ultimas décadas ha tenido lugar un enorme desarrokd &nbito de los indicadores
ecologicos para multiples situaciones, problemas y olggti proceso favorecido por la
progresiva incorporacién de los indicadores al ambitoslagjvo y de la planificacion y
gestibn ambiental. Sin embargo, un uso generalizado denttisaidores en tales ambitos
requiere que los mismos se mantengan en nimero limitadseguefacilmente comprensibles
y que sean relevantes para la gestion y la toma de decisiolgs.el caso del estado
ecologico de los humedales de ambientes semiaridos, esnévidue indicadores basados en
las caracteristicas fisico-quimicas o bibticas de la lardmagua no serian de gran utilidad
de manera generalizada. Por el contrario, la vegetaciédeptefiejar bien las condiciones
ambientales de estos sistemas (Garcia et al, 2009; Cacaalo26.3) asi como el efecto de
posibles perturbaciones (Cronk and Fennessy, 2001; MitstiGasselink, 2007), razon por la
gue se han desarrollado algunos indicadores de este tipsg(yg®r ejemplo Miller et al 2006;
Johnston et al 2009). No obstante, no se cuenta con indesdemejantes para el caso de
humedales salinos de ambientes mediterraneos.

Un reto afadido a los ya sefialados es la necesidad de disdrestamientas que faciliten
el analisis prospectivo al servicio de la conservacion denlamedales y la gestion sostenible
de sus cuencas. Los indicadores del estado ecoldgico danosdales deben permitir no sélo
entender la evolucion historica de estos ecosistemasigaedlagndsticos acerca de su estado
actual y su relacion con los usos y alteraciones de la cusmzatambién analizar los cambios
esperables en los humedales bajo distintos escenariagesonbmicos (como un cambio de
uso), ambientales (como el cambio climatico) o de medidagedddén (como manejo de los
flujos hidricos) utilizando herramientas de enorme pot#mebspectivo como los modelos de
simulacién. Los avances de las ultimas décadas en este danmenerado diversos entornos
de modelado. No obstante, permanecen algunos retos ptglieomo la transparencia de
tales entornos, la compatibilidad entre modelos y su fleddd para adaptarse a distintos
contextos (Moinov et al, 2004; Jakeman et al, 2006), de fajugaconstituyan una herramienta
util para la gestiéon de humedales y sus cuencas. Aunque s&aaten algunas aplicaciones
de modelizacion de cuencas basadas en soluciones de estdtware libre y abierto (Zhou
et al, 2008), se requiere avanzar mas en enfoques integradados en este tipo de soluciones
(Turner et al, 1995; Argent, 2004; Voinov et al, 2010).

Objetivos

La finalidad ultima de la presente tesis doctoral es la derd#ksa, aplicar y validar un enfoque
metodoldgico integrado, basado en entornos libres y alsieeispecificamente adaptado para
evaluar el estado ecoldgico de los humedales de ambienti&em&neos semiaridos, relacionar
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dicho estado con las alteraciones hidrologicas de la cugiizando técnicas de teledeteccion

y elaborar un modelo dinamico espacial de los humedales uedapser utilizado en analisis
prospectivos.

De forma mas concreta, los objetivos de esta tesis doctmmdbs siguientes:

1. Mejorar las técnicas actualmente disponibles de deloidih de cuencas y de andlisis de
imagenes obtenidas por teledeteccion y optimizarlas paephkcacion en el estudio y
seguimiento de humedales en ambientes mediterraneosskrsia

2. Determinar la relacion a largo plazo entre la composid@rspecies vegetales de cada
humedal y el grado de intensificacion agricola de su cuemgagkfin de formular un
indice de estado ecologico del humedal en relacién con tesaealones hidrologicas
generadas por dicha intensificacién agricola.

3. Determinar la viabilidad de formular un indice de estadwld@ico basado en
comunidades vegetales en lugar de especies individuales gponsonancia con ello,
evaluar la potencialidad de las herramientas de teledéteqmara la cuantificacion

y seguimiento del estado ecoldgico de los humedales en atebienediterraneos
semiéridos.

4. Elaborar un modelo de simulacién espacio-temporal @ lplazo del humedal de Marina
del Carmoli utilizando entornos libres y abiertos y verificarresultados del modelo con
informacion procedente de trabajo de campo y de teledétecci

Area de estudio

La Region de Murcia tiene un clima mediterraneo semiaridowntemperatura media anual
de 16 °C y una precipitacion media anual de 339 mm (Esteve 20@6). Los once humedales
objeto de estudio, 7 de ellos costeros y 4 de interior, esttalagados como criptohumedales
en el Inventario Regional de Zonas Humedas de la Region de dyicial-Abarca et al, 2003)
y son: Boquera de Tabala (CR19), Playa de la Hita (CR20), Marin&Cdeholi (CR10),
Rasall (H1), Alcanara (CR5), Matalentisco (CR4), Cafiada Brusca (GNH&8Juque (CR14),
Derramadores (CR15), Sombrerico (CR21) y Lo Poyo (CR13). Los haleede la Marina
del Carmoli, Lo Poyo y Playa de la Hita se encuentran en lag&adel Campo de Cartagena
a orillas de la laguna del Mar Menor, que es la mayor lagungemPpresente en el Mar
Mediterraneo occidental (Conesa, 1990; Conesa and Jimémeel€s 2007). La laguna y
sus humedales asociados, incluyendo el humedal de laaSakh Rasall, estan incluidos en
el catalogo de proteccion internacional de humedales RAM$\Rumedal de las salinas del
Rasall y su cuenca de drenaje se encuentran, a su vez, ddigengiee regional de Calblanque.
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Capitulo 2. Metodologias avanzadas de
modelizacién y teledeteccion de codigo abierto
para la delimitaciobn y monitoreo de las

cuencas hidrolégicas de humedales

Para el establecimiento de indicadores de estado ecol@gcbumedales mediterraneos
semiaridos son necesarios estudios a escala de cuenc#giciiogue se centren en las
presiones antropicas que influyen en la dinamica de estadsemmas. Nuevos métodos
avanzados y reproducibles para el modelado de cuencas gllaaeidn de las coberturas del
suelo son por tanto herramientas esenciales para el memiyomanejo de estos humedales.
Sin embargo, pocos estudios integrados proponen metddslaganzadas de codigo abierto
para el modelado y la evaluacién de las cuencas hidrolodehasimedales. En este estudio, se
aplicé un conjunto de herramientas de sistemas de infodmagografica (SIG), desarrolladas
con el fin de delimitar fielmente las cuencas de los humedadesstudio, asi como los
cambios historicos en sus cobertura de uso del suelo. Lasasierenantes a once humedales
semiaridas salinos mediterraneos se delimitaron aplcaperaciones de algebra de mapas
sobre el modelo digital de elevaciones en la llanura costefaCampo de Cartagena para
mejorar la delimitacion de cuencas. Se obtuvieron mapasotertra de usos del suelo
correspondientes a las cuencas de los humedales en los @by 2008 por medio de la
clasificacion supervisada de imagenes Landsat. Un conpmtouatro indices espectrales
fueron incluidos en el analisis de clasificacion usando wmabinacion de bandas con el fin
de mejorar la discriminacion de la vegetacion, los cuermpaglia, las infraestructuras y el
suelo desnudo. A su vez, se aplicd un procedimiento de clasidin iterativo basado en el
algoritmo de maxima verosimilitud y en la seleccidén aldgatole areas de entrenamiento, y
se incluy6 también como capa auxiliar la informacién contakbasada en la segmentacion
automatica de imagenes de las escenas Landsat. Las cuairossgicas obtenidas oscilaron
entre 70 y 17.000 hectareas y su delimitacion se mejoro leotegmte en la llanura costera del
Campo de Cartagena. La metodologia de clasificacion de imageopguesta mostro una alta
precision, mejorando las técnicas de clasificacion estahdametodologia propuesta se basa
en herramientas de cédigo abierto y gratuito, que haceneguarapliamente aplicable.

Este capitulo ha sido publicado émternational Journal of Geographical Information
SciencgMartinez-Lépez et al, 2013).



Capitulo 3. Indices a escala de humedal y
paisaje para evaluar el estado ecoldgico de
humedales mediterraneos semiaridos salinos
sometidos a presiones hidricas derivadas de la

agricultura

Durante los dltimos decenios los humedales salinos setogninediterraneos han sufrido
fuertes cambios hidrolégicos y biolégicos, como conseciaedel aumento de la entrada
de agua proveniente de zonas agricolas adyacentes. Satarededicadores especificos
para evaluar el estado de estos ecosistemas Unicos erometatas principales alteraciones
hidrol6gicas a nivel de cuenca. A través del estudio a lalgaopde taxones vegetales
seleccionados en un conjunto de humedales representdeviasRegion de Murcia (sureste
de Espafa), junto con la caracterizacion de las cobertwassd del suelo de sus cuencas
hidroldgicas, se buscaron indicadores vegetales de laaiondie dichos humedales, que luego
se combinaron en un indice de estado ecoldgico de humetlakeporcentajes de las coberturas
de interés se ponderaron teniendo en cuenta su cercanianaldall asi como el tamafio
de los humedales. Taxones vegetales perennes caractaridd dichos ecosistemas fueron
muestreados en 1989 y 2008, y se determinaron los cambio$icatjvos en su frecuencia
en cada humedal. Se utilizé6 un analisis de regresion linaed pelacionar la frecuencia
de dichos taxones vegetales en los humedales con la camdi@iéolégica de sus cuencas
de drenaje durante el periodo de estudio. La frecuenciairdenium spp Arthrocnemum
glaucum Phragmites australis Tamarix canariensisy Atriplex halimusmostré relaciones
significativas con la condicion hidrolégica de la cuencaodenumedales. Asi, diversos taxones
indicadores fueron seleccionados y sus frecuencias fuenminadas en un indice integrado
del estado ecoldgico de los humedales, que a su vez mostfaertarelacion con la condicion
hidrologica de la cuenca.

Este capitulo ha sido publicado Eoological Indicator{Martinez-Lopez et al, 2014a).

Capitulo 4. Teledeteccibn de comunidades
vegetales como herramienta para evaluar el
estado ecoldégico de humedales mediterraneos

semiaridos salinos en cuencas agricolas

Los humedales semiaridos salinos mediterraneos son econasunicos que albergan una gran
biodiversidad. En las dltimas décadas, la expansion dadasg de regadio ha provocado
un agudo desequilibrio hidrico en las cuencas meditersanesusando la degradacion de
estos ecosistemas. La evaluacion de la composicion de letagdn se considera una
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herramienta importante para la evaluacion del estado gicol@le humedales y puede ser
estudiada mediante teledeteccion. Este estudio tiene aijativo desarrollar un indice
de estado ecolégico de humedales basado en la composicgEusdmmunidades vegetales,
adecuado para humedales semiaridos salinos mediterrasa®mo probar la aplicabilidad
de los sensores remotos multiespectrales para cartoglaiatomunidades de plantas de
dichos humedales. Las comunidades vegetales caractsisiie 12 humedales fueron
identificadas por medio de trabajo de campo y analisis nawitinte en base a los porcentajes
de cobertura de los taxones mas caracteristicos. Un indieegvaluar el estado ecoldgico
de los humedales fue desarrollado sobre la base de la mledtie la composicion de
la comunidades vegetales de los humedales y la condiciGolbdgica de sus cuencas de
drenaje. Las comunidades vegetales de los humedalesisabmbas fueron cartografiadas por
medio de técnicas de teledeteccion utilizando el algoritamudomforest’ para la clasificacion
supervisada de imagenes espectrales. Siguiendo estaaiogiiad la teledeteccion sirvié como
una herramienta para la evaluacion del estado ecologicstds leumedales a escala regional.

Este capitulo ha sido publicado briernational Journal of Applied Earth Observation and
Geoinformation(Martinez-Lépez et al, 2014Db).

Capitulo 5. Libreria y modelo espacio-temporal
con R de la respuesta de las comunidades
vegetales a las presiones hidricas en un

humedal mediterraneo semiarido

Los humedales semiaridos salinos mediterraneos son &oas semi terrestres sometidos
anualmente a periodos prolongados de sequia, y que albengabiota rica, endémica y
vulnerable. En las uUltimas décadas, la expansion de las agmecolas de regadio en las cuencas
mediterrdneas semiaridas ha provocado alteraciones ereddsenes de agua y nutrientes
en los humedales. Dichas alteraciones han afectado a susctades vegetales, resultando
en la sustitucion de la vegetacion haldfita caracteristicasios humedales por taxones mas
generalistas y oportunistas como los carrizales. Con ekiebjde explicar la distribucion
espacial de las tres comunidades vegetales mas représentai el humedal de la Marina
del Carmoli en respuesta a las presiones hidricas de su cdertranaje, se ha desarrollado
una libreria de modelizacion dinamico-espacial utilizaiRd Las comunidades vegetales del
humedal, asi como las zonas agricolas de regadio en la cluemoa cartografiadas mediante
teledeteccion en varias fechas entre 1984 y 2008. Un modefomico fue desarrollado
inicialmente usando el software 'Stella’ y luego se con¥ig codigo de R por medio del
software 'StellaR’. La dimension espacial se afiadio inahalgealgoritmos de vecindad y flujos
espaciales que representan la dispersion de comunidagetalss. La conversion entre las
comunidades vegetales fue inducida por el aumento del iegadla cuenca, y mediada por
parametros espaciales como la distancia a las ramblas gamancel humedal y los valores
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potenciales de acumulacion de flujo dentro del humedal. ésidtados del modelo se asemejan
a los datos obtenidos mediante teledeteccidn, que muegieaan 2008 la comunidad vegetal
compuesta por estepa salina habia perdido la mitad de stfisigperiginal, mientras que las
comunidades de saladar y carrizal experimentaron un pratgesxpansion importante durante
el periodo de estudio. El modelo desarrollado en este esesta disponible en internet
como una libreria de R, que incluye todos los datos de entradasarios para ejecutarlo,
asi como documentacion asociada. Tales repositorios tl@aseflibre en linea se proponen
como herramientas de modelizacion para investigacionesafl La libreria del modelo
desarrollada en este estudio es una herramienta flexibleegaapta tanto a las necesidades de
modelizadores avanzados, como a las de los usuarios mepersnegntados.

Este capitulo se encuentra en revision en la retistdogical Modelling

Conclusiones generales

1. Los resultados de esta tesis han mostrado como el estamlégieo de estos
humedales mediterraneos semiaridos salinos se ha vistericfhdo negativamente por
el incremento de la superficie agricola de regadio en suscaseaturante las ultimas
décadas, lo cual pone de manifiesto la importancia de m@@tsus cuencas de drenaje
para su conservacion.

2. Se ha desarrollado una metodologia mejorada gratuita godgo abierto para la
modelizacion de cuencas de drenaje de humedales en llarogtesas, que ha permitido
delimitar las cuencas de los humedales con gran fiabilidgeatalmente para humedales
extensos.

3. Se ha usado y mejorado una metodologia gratuita y de cédligoto de clasificacion
supervisada de imagen que optimiza el procedimiento daaeda de mapas histéricos
de usos y coberturas del suelo con gran fiabilidad, permditiersi el monitoreo a largo
plazo de las presiones que se dan en las cuencas de los hesnedal

4. Los resultados indicaron que la frecuencia de taxonestaleg caracteristicos de los
humedales estudiados se relaciond significativamenteléocremento en la agricultura
de regadio en la cuenca durante el periodo de estudio de 20 afio

5. El indice basado en la composicion y frecuencia de taxesgstales en estos humedales
desarrollado, relacionando las areas agricolas de regedla cuenca con el estado
ecologico de los humedales, se propone como una herrantighpara la evaluacion
y monitoreo de los humedales mediante trabajo de campo.

6. El indice de condicion hidrolégica de cuenca desarrollatependiente del area del
humedal (WARP), permitidé relacionar con éxito el porcentdgeareas agricolas de
regadio y naturales a escala de cuenca con el estado ecobfgitos humedales de
estudio, con independencia de su tamafio, y se propone samstupuros estudios.
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7.

10.

El establecimiento de comunidades vegetales en los ralesede estudio por medio de
trabajo de campo y analisis de ordenacion y clasificaciombaoado con su cartografia
mediante el uso de sensores remotos aerotransportadositifpda caracterizacion
espacial remota de los humedales de estudio a dos metrastiecién con alta fiabilidad.

Un indice de estado ecoldgico de humedales basado enndaatmia de comunidades
vegetales fue desarrollado y propuesto como herramiergapgumite su monitoreo

y evaluacion mediante técnicas de teledeteccion. De estermae demuestra que
la teledeteccidn puede servir para el monitoreo y evalnadi&l estado ecologico de
humedales mediterrdneos semiaridos salinos en relaciola @ondicion hidrolégica de

Sus cuencas.

El modelo dinamico-espacial desarrollado y testado lgakéarina del Carmoli explico
con éxito la expansion de las comunidades de carrizal y a&alkd respuesta a las
crecientes presiones hidricas provenientes de la cueneatdiel periodo de estudio,
y cOmo la abundancia y zonacion de las comunidades vegetsiesnden a parametros
tales como la distancia a las ramblas y la acumulacién piatiete flujo en el humedal,
gue influencian la disponibilidad de agua de las plantas.

Los entornos de software libre y gratuitos, tales comoaR,germitido el desarrollo de
un modelo dinAmico-espacial aplicado al estudio de huraeaaéditerraneos semiaridos
salinos. En este sentido, la libreria 'spdynmod’ se encaendisposicion publicay puede
ser usada y mejorada por la comunidad.



1 INTRODUCCION GENERAL

1.1. Justificacion y antecedentes

Los humedales contribuyen de forma muy significativa a laib@rsidad y a la provisién de
importantes servicios ecosistémicos, incluyendo alimeagua, proteccion frente a avenidas y
erosion costera y reduccion de la contaminacion desdedsielifiusas, entre otros (Okruszko
et al, 2011; Jenkins et al, 2010; Zorrilla-Miras et al, 2018)nivel global, estudios recientes
muestran el papel de los humedales como sumideros netoshmoacuya contribucion es
superior a la de otro tipo de ecosistemas (Mitsch, 2013k e#lo, los humedales permanecen
todavia insuficientemente valorados en muchos lugares deto) sobre todo en areas en
las que no proporcionan bienes directos de mercado (MahldyAereman, 2011; Barbier,
2011), como ocurre en el caso de los humedales de ambientditem@eos semiaridos.
Esta insuficiente valoracién explica que los humedales saestren entre los ecosistemas
mas amenazados por conversion a usos agricolas, contadniryasobreexplotacion. Como
ejemplo, se estima que se han perdido ya mas de la mitad deihosdales mediterraneos
(Weber et al, 2010; Ornat and Morales, 2002).

La necesidad de invertir estas tendencias a la desapayiciégradacion de los humedales
ha sido reconocida en distintas iniciativas internaciesialncluyendo el Convenio Ramsar
(Ramsar Convention Secretariat, 2004) y mas recientememtega Directiva Marco del Agua
(European Commission, 2000), que sefiala la necesidad @égerdds humedales que dependen
directamente de las masas de agua, si bien no estableceasiedipecificas para ello. Sin
embargo, se da la circunstancia afiadida de que estos eomssto solo dependen directamente
de las masas de agua, sino también, y mas especificamente;ulEnga hidroldgica.

En el @mbito mediterrdneo una de las tendencias de cambicaalel territorio mas
generales es la intensificacion agricola a través de un dandenla superficie de regadio
(Antrop, 1993; Aranzabal et al, 2008). El incremento dehdig tiene importantes efectos sobre
el funcionamiento hidrolégico de las cuencas, en particdhre los flujos de agua y nutrientes,
gue a su vez se traducen en cambios sobre distintos subessteraluyendo los humedales.
Estos efectos son particularmente importantes en los halegede ambientes semiaridos, que
cuentan con flujos hidricos superficiales escasos, elewidédad y comunidades bioldgicas
adaptadas a tales condiciones. La estrecha relacion émwenedal y su cuenca implica que
los factores que gobiernan la dinamica del objeto de coasinv o0 proteccion — el humedal
— dependen de un territorio situado fuera del mismo, a unalaesspacial diferente y donde
en general no operan las estrategias y acciones de conséearapticables en el humedal. Las
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relaciones entre el humedal y su cuenca contindan siendoeidas en la gestion de la mayoria
de estos ecosistemas (Houlahan and Findlay, 2004), lo qumswn serio problema para su
conservacion.

¢, Como se puede abordar esta dificultad desde el &mbito defigacion para la gestion?
Es evidente que para avanzar en el uso sostenible y congerdedos humedales necesitamos
herramientas fiables y sencillas de aplicar que permitaluaval estado de la cuenca y la
manera especifica en que afecta a la evolucion del humedaledsegtrate. Los desarrollos
recientes en el ambito de la teledeteccion y la modelizabidrolégica (Serra et al, 2008;
Alexandridis et al, 2008; Ji, 2008) estan suponiendo unreaavance en el analisis de las
cuencas y de las relaciones cuenca-humedal. Sin embasgoetadologias disponibles hasta
la fecha pueden ser menos aplicables o utiles en algunagisites, particularmente en los
humedales menos representativos del caso general, contossda ambientes mediterraneos
semiaridos. Es por ello que se necesitan herramientas prelamn o sean especificas del
contexto ambiental y socioeconémico del tipo de humedahtirés. Por ejemplo, aunque
normalmente se sefiale que la intensificacion agricola eddadlujos hidricos que sustentan los
humedales (véase por ejemplo las revisiones de Zedler aictié&te2005; Maltby and Acreman
2011; Maltby et al 2013), en ambientes semiaridos la intieasion agricola de regadio puede
actuar en direccién opuesta, aumentando los flujos de aguttignites que llegan al humedal
y alterando las condiciones oligotréficas y salinas de lasmos. El hecho de que un mismo
proceso (intensificacion agricola) pueda generar efegtosstos en los humedales subraya la
necesidad de enfoques que tengan en cuenta los contexéasfiess. De forma mas concreta,
se necesitan herramientas capaces de evaluar el efectoimteraificacion agricola, y de
las alteraciones hidroldgicas asociadas sobre los huesedatditerrdneos, especialmente en
ambientes semiaridos como el sureste de Espafia.

La conservacion de los humedales se enfrenta a otra dificaftadida debido a su caracter
de sistema de transicion, lo que implica una relacion n@trantre su estructura (composicion
de especies, comunidades, diversidad, etc.) y su gradorderm@acion. Por tanto, evaluar la
calidad del estado ecoldgico de los humedales constituy¢anea en ocasiones complejay que
dista de estar resuelta. Los humedales constituyen sistéentiansicion entre los terrestres y
los acuaticos. En este sentido, muchos humedales son ecathdd como aguas de transicion
en el contexto de la Directiva Marco de Agua (European Comams2003; Ferreira et al,
2007) y para los que en consecuencia seria necesario esaleatado ecolégico y establecer
rangos para determinadas variables y parametros que exdigs niveles de calidad ecoldgica
en estos ecosistemas.

Aungue con significativo retraso respecto al caso de ot dg masas de agua (Basset
et al, 2006), la Directiva Marco del Agua ha impulsado el de$la de indicadores especificos
para aguas de transicion (Véase por ejemplo Boix et al 2005toAuet al 2007; Muxika
et al 2007, 2012; Giordani et al 2009; Lucena-Moya and Pafii?2Basset et al 2012),
cuyo funcionamiento ecoldgico invalida la aplicacion de indicadores desarrollados para
otros ecosistemas acuaticos, como los rios o las aguasaogtéuxika et al, 2005; Dauvin,
2007). No obstante, tales indicadores de aguas de tramsici@ueden ser utilizados en el
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caso de humedales de ambientes mediterraneos semiandos,idles pueden considerarse
como sistemas semiterrestres situados en un gradientelastcomunidades estépicas y los
ecosistemas plenamente acuaticos (Vidal-Abarca et aB; Z08stafieda and Herrero, 2008b).
Estos humedales presentan un avanzado grado de terizstiéat y una alta estacionalidad, y
en el caso de los criptohumedales la lamina de agua puede dego ser visible (Williams,
1999; Innis et al, 2000; Carrefio et al, 2008). Asi pues, essaeicedesarrollar y aplicar
indicadores de estado ecoldgico especificamente adapaest®s humedales de ambientes
semaridos para un efectivo cumplimiento de la Directivaddatel Agua y como herramientas
de alerta temprana (Fancy et al, 2009) para un adecuadarsegto y conservacion de los
mismos.

¢, Qué indicadores de estado ecoldgico serian adecuadoks maauacion y seguimiento
de los humedales de ambientes mediterraneos semiaridos® intlicadores ecoldgicos
deberian capturar la complejidad de los ecosistemas nmeantEnun nivel de simplicidad
gue permita una aplicacion sencilla y rutinaria, aunque aeprhctica se suelen definir y
desarrollar orientados a problemas y ecosistemas espscificos indicadores ecolégicos
deberian cumplir criterios como los siguientes (O’Connat Bxewling, 1986): (1) facilidad
de medicién y aplicacion; (1) sensibilidad a los procesesayadores de estrés; (Ill) presentar
un comportamiento predecible y conocido frente a procesqsedurbacion antrépica y (1V)
presentar una baja variabilidad en la respuesta. En lanadtdécadas ha tenido lugar un
enorme desarrollo en el ambito de los indicadores ecolégpara mdultiples situaciones,
problemas y objetivos, proceso favorecido por la progeesigorporacion de los indicadores al
ambito legislativo y de la planificacion y gestion ambieng&ih embargo, un uso generalizado
de los indicadores en tales ambitos requiere que los misen@setengan en nimero limitado,
gue sean facilmente comprensibles y que sean relevanteggastion y la toma de decisiones.
En el caso del estado ecologico de los humedales de ambasttedridos, es evidente que
indicadores basados en las caracteristicas fisico-qudmidadticas de la lamina de agua no
serian de gran utilidad de manera generalizada. Por elacmmtta vegetacion puede reflejar
bien las condiciones ambientales de estos sistemas (&hadic2009; Cacador et al, 2013) asi
como el efecto de posibles perturbaciones (Cronk and Fenrg&l; Mitsch and Gosselink,
2007), raz6n por la que se han desarrollado algunos indieadie este tipo (véase por ejemplo
Miller et al 2006; Johnston et al 2009). No obstante, no sateueon indicadores semejantes
para el caso de humedales salinos de ambientes meditesraneo

En muchos humedales el seguimiento con trabajo de campe erig dedicacion muy
intensiva y realizada por expertos, lo que inevitablementarece mucho dicho seguimiento
y con frecuenca en la practica impide que el mismo se reatioela intensidad, extension
o calidad necesarias. Como alternativa, las metodologiasedeimiento basadas en la
teledeteccion y el andlisis espacial representan unajaardasiderable, eliminando de forma
significativa las restricciones para el seguimiento fratelg extensivo de los humedales y sus
cuencas. Por ejemplo, se ha utilizado la cartografia basat#eclasificacion europea CORINE
de usos y coberturas del suelo para desarrollar y aplicaraddres de estado ecoldgico de los
humedales a distintas escalas espaciales (Weber et a), B @mbargo, permanecen algunas



dificultades metodologicas para optimizar la aplicaciériades herramientas al seguimiento
de humedales. Por ejemplo, muchos humedales se localizapegrafias muy llanas, lo que
dificulta una delimitacién precisa de la cuenca con las ha@eatas estandar de los médulos
hidrolégicos SIG (Baker et al, 2006a; Callow et al, 2007). Ademes necesario abordar
otros problemas, como las insuficiencias de la clasificag@imagen pixel a pixel (Stuckens
et al, 2000; Smith and Fuller, 2001) y de forma mas generalptoblemas de aplicacion de
las técnicas de teledeteccién y clasificaciéon de imagenualiest histéricos de la evolucion
a largo plazo de los humedales y sus cuencas, dada la metuciés y calidad de las
imagenes mas antiguas a la hora de buscar areas de entmatoayrwalidacion. A lo anterior
se une la dificultad de discriminar la vegetacion de los hatesda nivel de especie, dado que
su identificacién puede ser complicada o conllevar muchoge® lo que puede conducir a
errores taxondmicos o0 a costes desproporcionados. Enessiecs las comunidades vegetales
contienen mas informacién ecoldgica que las especieslasiason mas faciles de cartografiar
utilizando sensores remotos (O’Connell, 2003; Johnstor, &089), lo cual puede ser una
via para solventar esta dificultad y asi definir el estadodgomd de los humedales utilizando
indicadores basados en las comunidades vegetales en kugarahes individuales.

Un reto afadido a los ya sefialados es la necesidad de desdrestamientas que faciliten
el andlisis prospectivo al servicio de la conservacion dehlamedales y la gestion sostenible
de sus cuencas. Los indicadores del estado ecoldgico deresdales deben permitir no sélo
entender la evolucion historica de estos ecosistemasiyaedlagnésticos acerca de su estado
actual y su relacion con los usos y alteraciones de la cusimmtambién analizar los cambios
esperables en los humedales bajo distintos escenariagsonbmicos (como un cambio de
uso del territorio), ambientales (como el cambio climgtioade medidas de gestion (como
manejo de los flujos hidricos) utilizando herramientas d®rae potencial prospectivo como
los modelos de simulacion. Pese a que la modelizacion dazaesipacial sigue constituyendo
un reto bastante dificil de abordar (Chen et al, 2011), se haartbllado algunos modelos de
simulacién espacio-temporales que permiten analizardosb®s de uso del territorio (Wang
et al, 2012) y sus efectos sobre los humedales (Jgrgens@eaddricchio, 2001; Hattermann
et al, 2006), lo que ha permitido precisar mejor las medigasedtauracion y conservacion
requeridas por tales humedales. En este sentido, los avalecéas Ultimas décadas en
este campo han generado diversos entornos de modelado ¢@MEe(Spatial Modelling
Environment; Maxwell and Costanza 1997; Costanza and Voifd®42Fitz et al 2011), el
SSD (Spatial System Dynamics; Ahmad and Simonovic 2004)HMIO(Braunschweig et al,
2004) o Simile (Muetzelfeldt and Massheder, 2003). No atistgpermanecen algunos retos
pendientes como la transparencia de tales entornos y laatinfidad entre modelos (Voinov
et al, 2004; Jakeman et al, 2006).

Finalmente, existe un reto transversal en la aplicaciénugwas desarrollos cientificos al
ambito de la gestion: la necesidad de aportar herramieatidsnente accesibles, gratuitas y
suficientemente flexibles como para poder ser adaptadascambextos especificos de cada
caso. Esta necesidad no esta plenamente cubierta con nueles soluciones actualmente
disponibles, basadas en entornos comerciales y habitntdrbajo licencia, lo que impide su



plena accesibilidad. Aunque se cuenta con algunas agita€ide modelizacion de cuencas
y humedales basadas en soluciones de entorno libre y abidrool et al, 2008), se requiere
avanzar mas en enfoques integrados basados en este tiptuciersss (Turner et al, 1995;
Argent, 2004; Voinov et al, 2010).

En relacion a las publicaciones cientifico-técnicas emxiste respecto a las lineas de
investigacion que han estudiado humedales en la Region deidlualgunos ejemplos
de trabajos pioneros son los de Barbera et al (1990) en cuarsio ienportancia para
las aves, asi como diversos estudios de tipificacion e iaviedb de humedales costeros
(Robledano-Aymerich et al, 1991a,b, 1992; Ramirez-Diaz, di9%8l2). Posteriormente y hasta
afos recientes se encuentra una gran abundancia de trapajeserencia a su gestion y
conservacion (Esteve et al, 1995; Esteve, 2003; Ramirezddial, 1995; Gomez et al, 1995;
Suérez et al, 1996; Caballero et al, 1996; Vidal-Abarca eR@D0a,b, 2003; Moreno et al,
2001; Calvo et al, 2003), la dinanimca de nutrientes y su usel élatamiento de drenajes y
en fitoremediacion (Gémez, 1995; Gomez et al, 1997; Vidadah et al, 1998; Alvarez Rogel
et al, 2007b; Garcia-Garcia et al, 2009, 2013; Garcia-@af€fi13; Gonzalez-Alcaraz et al,
2013b), la estructura, dinamica y zonacion de la vegeta@@itiz et al, 1995; Caballero,
1999; Alvarez Rogel et al, 2000, 2001, 2006, 2007a,c; Par862:2Calvo et al, 2002;
Gonzalez-Alcaraz et al, 2013a), los factores ambientalesinfluyen en la germinacion de
especies vegetales (Pujol Fructuoso, 2002; Vicente et08l7)2 el efecto de las alteraciones
hidrologicas provenientes de sus cuencas de drenaje (Caeteft, 2007, 2008; Esteve et al,
2008, 2012; Pardo et al, 2008; Robledano-Aymerich et al, ROEOdiversidad faunistica
asociada (Millan et al, 2009; Garcia Peird et al, 2009), asha material didactico de
divulgacion (Aguila Guillén et al, 2007).

Esta amplia y continuada investigacién sobre los humeadtdes Regién de Murcia ha
permitido conocer multiples aspectos de su estructuragidnamiento. Sin embargo, quedan
abiertas diversas cuestiones, como las planteadas entektmle esta tesis, relativas a la
busqueda de métodos de evaluacién de su estado ecolégicala egjional, mediante el uso
de herramientas de teledeteccion y modelizacion.

1.2. Objetivos y estructura de la tesis

La finalidad ultima de la presente tesis doctoral es la derd#ksa, aplicar y validar un enfoque
metodolodgico integrado, basado en entornos libres y alsieeispecificamente adaptado para
evaluar el estado ecoldgico de los humedales de ambientiéem&neos semiaridos, relacionar
dicho estado con las alteraciones hidrologicas de la cugiizando técnicas de teledeteccion
y elaborar un modelo dindmico espacial de los humedales updapser utilizado en analisis
prospectivos.

De forma mas concreta, los objetivos de esta tesis doctamdbs siguientes:

— 13—



1. Mejorar las técnicas actualmente disponibles de deloidh de cuencas y de analisis de
imagenes obtenidas por teledeteccion y optimizarlas paepkcacion en el estudio y
seguimiento de humedales en ambientes mediterraneosskrsia

2. Determinar el efecto a largo plazo del grado de intensificeagricola de la cuenca en la
composicion de especies vegetales de cada humedal, cordelffanmular un indice de
estado ecoldgico del humedal en relacion con las alterasibigrologicas generadas por
dicha intensificacion agricola.

3. Determinar la viabilidad de formular un indice de estadwml@ico basado en
comunidades vegetales en lugar de especies individuales gpnsonancia con ello,
evaluar la potencialidad de las herramientas de teledéteqmara la cuantificacion
y seguimiento del estado ecoldgico de los humedales en atabienediterraneos
semiaridos.

4. Elaborar un modelo de simulacion dinamica espacio-teahpdargo plazo del humedal
de Marina del Carmoli utilizando entornos libres y abiertagsficar los resultados del
modelo con informacién procedente de trabajo de campo yeldeteccion.

La presente memoria de tesis se compone de una introducan@mad, en la que se incluye
la descripcion del area de estudio, cuatro capitulos qu®nelen a cada uno de los objetivos
expuestos, las conclusiones generales y la bibliografaminuacion se presenta brevemente
el contenido de cada capitulo.

El capitulo 2 tiene por titulo'Free advanced modeling and remote sensing tecniques for
wetland watersheds delineation and monitoringh este capitulo se aborda el primer objetivo
y se plantean las siguientes cuestiones: (1) ¢ Co6mo mejararétodos actualmente disponibles
para delimitar de forma mas precisa la cuenca de los hunsedalel caso de topografias
especialmente llanas?; (Il) ¢como mejorar los procedimgede clasificacion de imagen,
aumentando la fiabilidad de los resultados y permitiendopdiceeion en el seguimiento a
largo plazo, incluyendo estudios historicos? Este capftal sido publicado emternational
Journal of Geographical Information Scien@dartinez-Lopez et al, 2013).

El capitulo 3, titulado: "Wetland and landscape indices for assessing the condiion
semiarid Mediterranean saline wetlands under agricultungdrological pressures"aborda
el segundo objetivo de la tesis a través de las siguientesicnes: (1) ¢ Existe relacion entre la
composicién de especies de cada humedal y los cambios apllazym (20 afios) en los usos y
coberturas del suelo de su cuenca?; (ll) ¢, cémo definir, teaiizar y cuantificar dicha relacion?;
(1) ¢.es posible definir un indicador de estado ecoldgictodéhumedales en relacion con las
alteraciones hidrolégicas derivadas de los cambios de @i$a clenca? Este capitulo ha sido
publicado erEcological IndicatorgMartinez-Lopez et al, 2014a).

El capitulo 4 se titula'Remote sensing of plant communities as a tool for asses$seng
condition of semiarid Mediterranean saline wetlands in agliural catchments"Este capitulo
aborda el tercer objetivo, en torno a las siguientes cuesdio(l) ¢ Es posible identificar las
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comunidades vegetales de humedales a lo largo de un geadeatteraciones hidricas a escala
de cuenca?; (ll) ¢es posible aplicar un indicador de estealogico de los humedales basado
en comunidades en lugar de especies individuales? Y ligéalarmterior, (lll) ¢constituye la
teledeteccion una solucion eficaz, ademas de coste-efeptiva evaluar el estado ecoldgico
de los humedales? Este capitulo ha sido publicadmtennational Journal of Applied Earth
Observation and GeoinformatiqMartinez-Lopez et al, 2014b).

El capitulo 5 tiene por titulo'A spatio-dynamic R model and library of plant communities
responses to hydrological pressures in a semiarid Mediteean wetland" En este capitulo
se aborda el cuarto y dltimo objetivo de la tesis, a travésadesiguientes cuestiones: (l)
¢, Constituyen los entornos de software libre y abierto uraraltiva viable para desarrollar
e implementar modelos dindmicos espacio-temporale$ €8 posible aplicar dichos entornos
para elaborar un modelo dinamico espacial del humedal denMdel Carmoli y verificar los
resultados a largo plazo de dicho modelo con la informaci§potiible procedente de trabajo
de campo y del seguimiento historico por teledeteccién@ ézgitulo se encuentra en revision
en la revist&Ecological Modelling

1.3. Area de estudio

Se ha utilizado como caso de estudio un conjunto de once lalesesituados en la Region
de Murcia, en el sureste de Espafia (38°45' - 37°23" Norte W'02°21’ Oeste). El clima
es mediterraneo semiarido con una temperatura media asubb dC y una precipitacion
media anual de 339 mm (Esteve et al, 2006). La mayoria de lowthales poseen un
estatus de proteccion regional y en algunos casos intermagcipor su importancia ecologica
y naturalistica, ya que incluyen especies y habitats pisddsgasi como especies con distintos
estatus de amenaza, y por su funcionalidad ecoldgica endmitia de los flujos de nutrientes.
Entre sus valores ambientales se encuentran sus comusidiaglegetacion haldfila (saladares,
juncales y estepa salina), la presencia de aves acuaticeshamtes y nidificantes, aves
esteparias, invertebrados acuaticos y terrestres, asd denfauna piscicola endémica. Su
interés paisajistico y los diversos usos tradicionales equellos se han ido realizando son
también valores que justifican su conservacion.

Los once humedales objeto de estudio, 7 de ellos costerog ydatior, estan catalogados
como criptohumedales en el Inventario Regional de Zonas ldamde la Regién de Murcia
(Vidal-Abarca et al, 2003). Son humedales carentes de Ederagua libre en la mayor parte
de su superficie, que se desarrollan sobre zonas llanas cakagsendiente y drenaje difuso,
receptoras de escorrentias y descargas laterales y sulgi@sr y son concretamente: Boquera
de Tabala (CR19), Playa de la Hita (CR20), Marina del Carmoli (CRR#@3all (H1), Alcanara
(CR5), Matalentisco (CR4), Cafada Brusca (CR3), Ajauque (CR14), iDadares (CR15),
Sombrerico (CR21) y Lo Poyo (CR13) (figura 1.1). Los humedales dédrina del Carmoli,
Lo Poyo y Playa de la Hita se encuentran en la planicie del Catepdartagena a orillas de
la laguna del Mar Menor, que es la mayor laguna costera pgeesenel Mar Mediterraneo
occidental (Conesa, 1990; Conesa and Jiménez-Carceles, 200Tgguna y sus humedales
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asociados, incluyendo el humedal de las Salinas del Ras#dn encluidos en el catalogo
de proteccion internacional de humedales RAMSAR (Ramsar @tioveSecretariat, 2004).

El humedal de las salinas del Rasall y su cuenca de drenajecgergran, a su vez, dentro
del parque regional de Calblanque. La mayoria de sus cuera@®daje han experimentado
en las ultimas décadas diversos grados de alteracion dgiical derivada de la intensificacion
agricola, especificamente debido al incremento del regadio

Las comunidades vegetales caracteristicas de estoshcnipénlales son la estepa salina
y el saladar. La estepa salina estd compuesta mayoritarianper el habitat de interés
prioritario 1510 — Estepas salinas mediterraneas (Limonietakaggun la Directiva Habitats.
Las principales especies de la estepa salinalygeum spartumSuaeda veraFrankenia
corymbosay Limonium caesium El saladar estda dominado por los habitd#$20 —
Matorrales halofilos mediterraneos y termoatlanticos (®aornetea fruticosj) 1430 —
Matorrales halonitréfilos (Pegano-Salsoletey) 1410 — Pastizales salinos mediterraneos
(Juncetalia maritimi) siendo sus principales espectgarcocornia fruticosaArthrocnemum
macrostachyumHalimione portulacoidesy Halocnemum strobilaceum El hébitat 92D0
— Galerias y matorrales riberefios termomediterraneos (@emaricetea y Flueggeion
tinctoriae) también se da en estos humedales compuestdguarix canariensiy Tamarix
boveana En la mayoria de estos criptohumedales aparece, a su @#whacion vegetal, el
carrizal dominado por la espedidiragmites australisLa distribucion espacial de las unidades
de vegetacion depende de la disponibilidad del agua, debpsustrato y de las condiciones
de salinidad. Todos los habitats, a excepcidn del carspal de interés comunitario, siendo la
estepa salina ademas prioritario.
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Figura 1.1: Localizacién de los humedales de estudio en la Regiéon de Murcia (SE
Espafia). Leyendal: Rasall;CR3: Cafiada BruscaZCR10: Carmoli;
CRS5: Alcanara;CR14: Ajauque;CR13: Lopoyo; CR15: Derramadores;
CR19: Boquera de Tabal&LR20: Playa de la HitaCR4: Matalentisco;
CR21: Sombrerico.
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FREE ADVANCED MODELING AND

REMOTE SENSING TECHNIQUES FOR
WETLAND WATERSHEDS DELINEATION

AND MONITORING

Abstract

Watershed scale studies focusing on hydrological pressofieiencing freshwater ecosystem
dynamics are necessary for the establishment of suitabltarvde ecological indicators.
Enhanced and reproducible methods for watershed modetiddaamd cover assessment are
thus essential tools for wetland monitoring and managentdoivever, few integrated studies
propose advanced open source methodologies for watershddling and assessment. In
this study, a set of GIS methodological tools was applied fantther developed in order to
delineate wetland watersheds and map their land cover eBangr time. Watersheds draining
to eleven semiarid Mediterranean saline wetlands wereniteli and map algebra operations
were applied on the digital elevation model in the Campo deaQarta coastal plain to enhance
watershed delimitation. Land use/land cover maps of wdtlaatersheds were obtained for
years 1987 and 2008 by means of supervised classificatiommddat images. A set of four
spectral indices were included in the classification amglysing a combination of bands in
order to improve the discrimination of vegetation, watedibs, infrastructure and bare soill.
An iterative classification procedure based on maximumliliked and random selection of
training areas was applied. Contextual information baseduwiomatic image segmentation
of Landsat scenes was also included as ancillary layers.eréfed areas obtained ranged
from 70 to 17,000 ha and delineation was improved in the CangpGaltagena coastal plain.
The proposed image classification methodology showed lighracies and improved standard
classification techniques. The proposed methodology isthas free and open source tools,
which makes it broadly applicable.

2.1. Introduction

Wetlands naturally act as a sink of upland occurring dragn@dg 2008). Land use changes lead
to hydrological alterations at the watershed level, whickdly influence biotic communities
in freshwater and terrestrial ecosystems (Tong and Cher; ZD@rrefo et al, 2008). The
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expansion of agricultural irrigated areas and urban andsicilevelopment in the Mediterranean
Region, and more specifically in Murcia province (SE Spain)irdy recent decades has led to
relevant hydrological changes that affect watersheds lagid 4ssociated wetland ecosystems
(Esteve et al, 2008). Long term monitoring of land uses/catavatershed scale is therefore
highly important for the proper establishment of indicatof wetland condition (Roth et al,
1996; McHugh et al, 2007). However, few integrated studieppse advanced free open source
methodologies for wetland watershed modeling and assesgiepinall and Pearson, 2000;
Hollenhorst et al, 2007; Zhou et al, 2008).

Delineating specific watershed areas draining to each mgetlath high accuracy is essential
for the establishment of landscape-wetland relationshegpecially in relation to landscape
hydrological processes (Felicisimo, 1994; Hollis and Thean, 1998; Turner et al, 2003).
However, standard GIS hydrological modeling modules areahways suitable for proper
watershed delineation (Baker et al, 2006b; Callow et al, 200Watersheds are usually
delineated by the area upstream from a given outlet pointeréifbre, when several stream
network channels drain into a wetland, their respectivéedyioints within the wetland area
must be accurately located in proper relationship to steeamd the flow direction map.
Especially in flat areas, identifying relevant outlet psimiside the wetland area can be a
very time-consuming process, particularly for large wadl Enhanced watershed delineation
methods must be applied in coastal plain areas, where theadenetwork might not be clearly
defined in a DEM, in order to obtain accurate results.

Several methodological issues arise when performing lasedland cover mapping by
means of supervised classification methods (Lu and Weng7;280@rning et al, 2010).
Distinctiveness of spectral signatures for each land aisétover class depends on the available
remote sensor bands. However, available bands can be atdoired into several indices,
which enhance the discrimination of land cover classes @la, 2003). Standard available
classification methods do not account for neighboring pixélowever, landscapes consist of
several land cover class patches, often bigger than image gze. Pixel based classification
methods are highly dependent on pixel size and usually leaa large amount of isolated
pixels of different land cover classes in the resulting m8puc¢kens et al, 2000; Smith and
Fuller, 2001). Landscape patches of the same land covey telad to have similar shapesg.
urban and agricultural areas tend to be geometric wherdasahareas are irregular. Recent
studies have applied image segmentation for similar agpdios, such as forest cover mapping
(Magnussen et al, 2004; Hay et al, 2005; Hirata and Takah&61il). Thus, contextual
information is needed to enhance pixel based classificatethods when generating landscape
maps (Yan et al, 2006; Blaschke, 2010; Vieira et al, 2012). 3délection of reliable and
representative training site sets is also crucial for tluper elaboration of spectral signatures,
thus determining classification accuracy. This is esplgam@lportant for land cover time series
maps, for which training sites must be extracted from déffieisources, often of unequal quality.
Since older aerial photographs have lower resolutioralbéditraining sites are more difficult to
obtain.
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Free and open source software (FOSS) GIS provides advaneedrenental modeling and
management tools and is becoming widely used in terms of euwiiprojects, end users and
financial support (Steiniger and Bocher, 2009). This studgrsefan enhanced procedure for
the monitoring of watershed pressures on wetlands by mdambetter delineation of specific
watershed areas and the accurate assessment of their &aodausgges by means of FOSS.

The objective of this study was to develop and apply a setlofeced methods to delineate
eleven semiarid Mediterranean saline wetland watersimelfircia province and to map their
land uses in 1987 and 2008 by combining hydrological modelimd remote sensing techniques
using free and open source software. Our specific objectwegs: (1) to accurately establish
wetland watersheds, improving delineation methods impd@eas and for large wetlands; (2)
to map land uses in wetland watersheds in years 1987 and 300&hns of an improved
procedure of supervised image classification that (a) usesral spectral indices to enhance
discrimination of land cover classes, (b) includes patethesoformation in image classification
and (c) minimizes the effect of training site intraclasehegeneity.

2.2. Materials and methods

2.2.1. Study area

Murcia province (SE Spain: 37°N, 1°W) has a semiarid Mediteean climate with a mean
annual temperature of 16 °C and a mean annual precipitati8B83%mm (Esteve et al, 2006).
Eleven semiarid saline wetlands were selected,7 coastal and 4 inland wetlands (Fig. 2.1).
Selected sites are included in the regional inventory oflamels (Vidal-Abarca et al, 2003)
and their protection status ranges from regional, natietmahternational level due to their
high ecological values (Ramsar Site, Special ProtectioraAoe Birds, Site of Community
Importance and Special Protection Area for the Meditermaheexcept for Matalentisco and
Boquera de Tabala wetlands, which do not benefit from any gtiote status. Marina del
Carmoli, Lo Poyo and Playa de la Hita wetlands are in a lowlasd@l plain, called Campo de
Cartagena, associated with the internal shore of the Mar Mayastal lagoon which comprises
12,700 ha (Conesa and Jiménez-Carceles, 2007). The lagodts asgociated wetlands are all
RAMSAR sites, containing eighteen Habitats of Communityreséaccording to the European
Habitat Directive (Council of Europe, 1992). Salinas del Rasa coastal wetland associated
with a salt extraction pond embedded in the Calblanque NaRag, and also included in
the Mar Menor RAMSAR protected area. Matalentisco, Somboeaind Cafiada Brusca are
coastal wetlands located in the southern part of the regidh@Mediterranean Sea. Boquera de
Tabala, Ajaugue, Derramadores and Alcanara are inlan@maglassociated with an ephemeral
river and with a saline alluvial plain, respectively.
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Figure 2.1: Wetlands location map in Murcia province (SE Spain). Wetland kighls:
Rasall;CR3: Cafiada BruscaCR10: Carmoli; CR5: Alcanara;CR14:
Ajauque; CR13: Lopoyo; CR15 DerramadoresCR19: Boquera de
Tabala;,CR20: Playa de la HitaCR4: MatalentiscoCR21: Sombrerico.



2.2.2. Digital
elevation model preprocessing and delimitation of

wetland watersheds

A 10 m resolution digital elevation model (DEM) of Murcia pioce created by the Instituto
Geografico Nacional was used for hydrological modeling. Msers and GIS analyses have
been processed WitARASS GI18.4 software (GRASS Development Team, 2008; Neteler et al,
2012). Map algebra operations were applied on the DEM in threg@ade Cartagena coastal
plain to reinforce the existing drainage network and toédtow accumulation from all draining
areas around wetland perimeter to converge into a singte pathin the wetland area. A pixel

in an arbitrary coordinate within each wetland area wasdekdcted, which ultimately served as
a sink or outlet point, from which to delineate the wetlandexshed. Then, a wetland map was
created in which remaining pixels inside wetland area wesigaed a distance value related
to the selected pixel. From this map, a new map was createdlatihg the inverse distances,
showing the highest value in the pixel selected as a sinks iif@p was then subtracted from
the raw 10 m resolution DEM of the Campo de Cartagena. Thereéosengle point was
obtained within the wetland area from which to perform wstted delineation in order to collect
all drainage fluxes reaching the wetland perimeter. Outsideetland areas the DEM was
also modified by lowering the elevation values coincidinghvihe existing ephemeral stream
network to force flow-direction models to match existingeatn lines (Fig. 2.2; Olaya Ferrero
2004; King et al 2005). This is a so-called 'stream burningé@tion. The drainage network
in the Campo de Cartagena coastal plain was thus forced to nhet@xisting stream network.
For the delineation of the remaining wetland watershedsideithe Campo de Cartagena area
the raw DEM was used.

Maps of flow accumulation and drainage direction based onDE& were generated
using the single flow direction (D8 algorithm). For wetlandsthe Campo de Cartagena
area two main inflows coming from the watersheds were oldaiwhich converged into the
previously selected sink point (Fig. 2.3). Watersheds viiealy delimited from the selected
sink coordinates within the wetlands using the drainagection maps.

2.2.3. Remote sensing of watershed land use/land cover

The Landsat sensor was selected as a suitable image datz stue to its medium spatial
resolution and high spectral and temporal resolution pledithat: (1) medium spatial
resolution is appropriate for regional scale studies; (@hrspectral resolution enhances
the discrimination of land cover types; and (3) high tempoeaolution allowed us to add
phenological information to the classification analysisider to better discriminate some land
cover classes by using two images for each study year. Magdaand GIS and statistical
analyses in this study have been processed GRASS GI$.4 software andR (R Core Team,
2013).
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Figure 2.2: Wetlands maps in relation to the ephemeral river network. Wetland
keys: H1l: Rasall; CR3: Cafiada Brusca,CR10. Carmoli; CR5:
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Boquera de Tabal&CR20: Playa de la HitaCR4: Matalentisco,CR21:
Sombrerico.
14.5
104 9
78
3.6
0.0

Figure 2.3: Detail of resulting maps of flow accumulation (log scaled) at the Campo
the Cartagena wetlands. Left: Marina del Carmoli wetland (CR10);
center: Lopoyo wetland (CR13); right: Playa de la Hita wetland (CR20).
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Landsat 4 images were used for the classification in 1987esponding to the TM sensor,
while the ETM+ sensor was used (Landsat 7) for the 2008 ¢leaton. Spectral bands used
were: blue (B), green (G), red (R), near infrared (NIR) and shante infrared (MIR). Pixel size
was set to 25 m. Two Landsat images corresponding to diffelaes, winter and late spring,
were used for each classification in order to account for trenging seasonal phenology of
vegetation during the dry and wet periods (Bradley and Mds2005). Landsat images from
1987 and 2008 were obtained from the Instituto Universitdel Agua y del Medio Ambiente
and from the Instituto Geogréafico Nacional, respectivelyméspheric correction of images
was performed using the Dark object subtraction techniflaé$ Chavez, 1988; Chavez, 1996;
Chander et al, 2009). Eleven land cover classes were mappgediis 1987 and 2008: (1) dense
(DNW) and (2) open (ONW) natural woodland, (3) dense (DNS) adpen (ONS) natural
shrubland, (5) dry arboreal (DAC) and (6) herbaceous (DHCplaral, (7) irrigated arboreal
(IAC) and (8) herbaceous (IHC) cropland, (9) greenhouses JG#®8) unproductive land and
infrastructure (INF) and (11) water bodies (WBS).

2.2.3.1 Spectral indices

Four spectral indices for each Landsat image were calculatel were included in the
classification analysis as ancillary layers. These indieeBance the discrimination of
vegetation, urban areas, bare soil and water bodies. The&lised Differential Vegetation
Index (NDVI) was calculated (Rouse et al, 1973). NDVI is wideked in remote sensing
studies for the identification of vegetation since it highlis photosynthetic activity (Bannari
et al, 1995). Dense vegetation shows NDVI values closed & soil values are positive but
lower, and water values are negative due to its strong atisorat NIR (Glenn et al, 2008).
The MNDWI (Modified Normalized Difference Water Index; Hui @&t 2008) was calculated
to delineate water bodies and enhance its presence. Ths gaoh also remove shadow effects
on water, which are otherwise difficult to detect. The NDBI (Malized Difference Built-up
Index; Zha et al, 2003) was calculated to enhance the dis@tmon of built-up areas. Finally,
we calculated the NDBal (Normalized Difference Barenessin@éen et al, 2006). This index
retrieves bare soil from the Landsat images. Bare soil (thoybeaches, bare soil, and land
under development) could be distinguished by NDBal valueatgr than zero.

2.2.3.2 Contextual information

Landscape patches in the study area were extracted by méamgomatic segmentation
performed on a single Landsat scene for each year @#RING 5.1.5oftware (@mara et al,
1996; see figure 2.4)Region Growingdata segmentation technique was performed on image
bands number 1 to 7 (excluding the thermal infrared banail&iity threshold (ranging from

0 to 100%) and minimum patch size (in image pixels units) petars were set to 20 and 100
respectively, following experimentation. Two shape imgdidor each obtained patch were then
calculated and scores were assigned to pixels belongingdio patch. The new maps with
each corresponding shape index values were included inldssiftcation as ancillary layers,
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Figure 2.4: Automated landscape patches map obtained WERING software.
Different colors represent different landscape patches.

hence including patch information at pixel scale. Patchas fthe resulting map were scored
according to the shape indices. Two new maps were obtairsstitlwan Fractal Dimension (FD)
and Shape Index (SI) of patches sensu Chust and Ducrot (20b0i4) were used as ancillary
input layers for classification.

2.2.3.3 Supervised classification: the 'randomclasiter’ mthod

Land use/land cover maps were obtained by supervised fatasisin using the maximum
likelihood algorithm (Michelson et al, 2000; Richards and, 22006). Input data for the
classification analysis were the resulting shape and sjenttices maps, together with the
single bands of the two Landsat scenes except for the theninaied band, which was not
included in the analysis. Training and validation sitesenvantained through aerial photograph
interpretation. Classification was enhanced with an itezagirocedure that minimizes the
effect of uncertainty and heterogeneity in the selectiomashing sites, called randomclasiter’.
This procedure was developed by Carrefio et al (2011) and te i0available on-line
(https://github.com/Paquicf/frandomclasiter). The pahae combinesSRASSR and bash
scripts to automatically perform several supervised diaations, randomly selecting a
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different subset of training areas each time. For the 2088sdication, a total of 521 training
areas were selected from an aerial image of Murcia Region frean 2008 (DGPNB, 2008)
using QGIS software (Development Team, 2009). For the 1%&&ification, a total of 407
training areas were selected from an aerial image of MurcgidRefrom year 1987 from the
Confederacion Hidrogréfica del Segura. One hundred iterati@re performed and for each of
them 25-50% of the training areas were randomly selected. pEicentage was the same across
iterations but different for each land cover class, depandn the total number of training sites
available.

In each classification a pixel might be assigned to diffetentl cover classes, depending
on the set of training areas selected. One hundred maps thenefdre generated and later
summarized into eleven maps — one for each land cover clash, & them representing the
total frequency of assignment of each pixel to a specific Bnekr class, ranging from 0 to 100
(i.e. the number of iterations). The final land cover class assigma pixel in the resulting map
was ultimately the class which was most often assigned sopilxel.

The methodology was verified by aerial image validation dratified random sampling by
land cover class. The number of pixels used to validate eawhdover class was proportional
to the number of training sites. A total of 696 pixels wereduss validation areas for year
2008 and 636 pixels for year 1987. Classification results watielated by means of the
Overall Accuracyparameter and thiiappacoefficient (Chuvieco, 2002; Foody, 2002). User’s
and producer’s accuracy parameters were also calculateshéd land cover class of interest
(Congalton, 1991).

2.3. Results

2.3.1. Wetland watershed delimitation enhancements

Watershed areas obtained ranged from 70 to 17,000 ha (ske2d). In the Campo de
Cartagena coastal plain area derived watersheds were onsigth previous hydrological
studies and were larger than the ones obtained without DEdrpcessing (Fig. 2.5; Conesa,
1990). Results showed that in Caflada Brusca wetland two differetland areas were drained
by distinct watersheds, thus presenting different hydyickl influences at watershed scale.
Therefore, the wetland was divided into two different sit€afiada Brusca North (CR3N) and
South (CR3S).

2.3.2. Image classification enhancements

Overall accuracy percentages and kappa values for the 188 2@08 classifications were
higher using the randomclasiter’ methodology in relatiorthe standard method (table 2.2),
showing higher values in 2008 than in 1987. The inclusion eetof spectral indices as
ancillary layers clearly improved the proper classificatad pixels (Fig. 2.6B) in relation to

using only the NDVI (Fig. 2.6A), and the inclusion of shapdiaes (Fig. 2.6C) resulted in less



Table 2.1: Wetland and resulting watershed areas (ha).

Wetland Wetland area Watershed area
Humedal de las Salinas del Rasall 26.3 236
Saladar de Cafada Brusca South 3.8 69.5
Saladar de Cafada Brusca North 17.4 360
La Alcanara 199 6,508
Marina del Carmoli 314 16,923
Playa de la Hita 34.4 2,052.8
Saladar de Matalentisco 104 907.6
Saladar de la Boquera de Tabala 36.9 5,819.2
Lopoyo 80 2,783
Ajauque 100 7,792
Derramadores 50 1,963
Sombrerico 3 141

Figure 2.5: Resulting wetland watersheds in the Campo de Cartagena coastal plain.
Wetland areas are represented in black. Resulting watershed areas
obtained without DEM preprocessing are represented with dashed lines
and final watershed areas (using DEM preprocessing) are in differe
colors. Left: Marina del Carmoli wetland (CR10); center: Lopoyo wetlan
(CR13); right: Playa de la Hita wetland (CR20).
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Table 2.2: Comparison of Overall Accuracy and Kappa coefficients of classificatio
in 1987 and 2008 after the standard and enhanced classification
methodology.

1987 2008

Overall accuracy Kappa Overall accuracy Kappa

Standard methodology 64.87% 0.61 77.19% 0.75
Enhanced methodology 72.51% 0.69 83.01% 0.81

and more compact landscape patches. The 'randomclasitghianh enhanced classification
(Fig. 2.6D) and the best results were obtained combiningnatthodologies (Fig. 2.6E) in
terms of overall accuracy and landscape patch identificatidpplication of the combined
enhanced classification method resulted in a 40% redugtitireinumber of landscape patches
in comparison with the standard methodology and maximurchpaize increased by three
times. Results from the accuracy analysis by land cover dhswed that high user’s and
producer’s accuracies were generally obtained in the 18872808 classifications (table 2.3).
As a whole, natural land cover classes (DNW, ONW, DNS and OMS§ accurately assessed
in both years, as well as water bodies (WBs). Dry farmed areA€ @hd DHC) were partially
overrepresented in the 2008 classification, as well asatew) crops (IAC and IHC) in 1987.
Conversely, greenhouses (GHs) and infrastructure (INFgskghtly underrepresented in the
1987 classification.

2.3.3. Watershed land cover changes

Land-cover maps in 1987 and 2008 were obtained for all weteatersheds, except for those
which were only studied in 2008¢. Lopoyo (CR13), Derramadores (CR15), Ajauque (CR14)
and Sombrerico (CR21) wetlands. Land cover classes of wethatdrsheds mapped both
years showed an increase in irrigated areas, except for @&8radca South and Rasall wetland
watersheds which did not show irrigated areas during theygperiod (Fig. 2.7). In 1987 dry
farmed areas were predominant in the watersheds of Marli@edmoli, Boquera de Tabala and
Alcanara wetlands, while natural areas were the predorhiaad cover class in the watersheds
of Caflada Brusca North and South, Matalentisco and RasallnvdstlaWetland watersheds
mapped only in 2008 showed high percentages of irrigateabarks an example, resulting land
cover maps for the Marina del Carmoli wetland watershed afigumes 2.8 — 2.9.

2.4. Discussion and conclusions

This study proposes enhanced free and open source hydralogiodeling and image
classification procedures, supporting landscape ecolaglies in relation to environmental
modeling and monitoring (Newton et al, 2009). Previous igsidn wetlands located in the
Campo de Cartagena coastal plain did not provide specific sfadrareas for the study sites
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Figure 2.6: Detail of classification maps using different methodologies: (A) standard
ML classification method including only NDVI as spectral index,
(B) standard ML classification method including all spectral indices,
(C) standard ML classification method including spectral indices and
contextual information (D) iterative training selection procedure including
spectral indices, (E) iterative training selection procedure including
spectral indices and contextual information, (F) Aerial picture of the
study area. Key of land cover classek: dense an®: open natural
woodland;3: dense andl: open natural shrublands: dry arboreal and
6: herbaceous cropland; irrigated arboreal anfl: herbaceous cropland;

9: greenhousestO: unproductive land and infrastructure abdl: water
bodies.
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Figure 2.7: Land use / land cover changes in wetland watersheds during the study
period. Key of land cover classesl: dense and2: open natural
woodland;3: dense andl: open natural shrublands: dry arboreal and
6: herbaceous cropland; irrigated arboreal anfl: herbaceous cropland;

9: greenhousestO: unproductive land and infrastructure ahdl: water
bodies. Wetland keyg41: Rasall;CR3N: Cafiada Brusca NortlgR3S
Cafiada Brusca Sout@@R10: Carmoli; CR5: Alcanara;CR14: Ajauque;
CR13: Lopoyo;CR15: DerramadoresCR19: Boquera de Tabal&R20:
Playa de la Hita;CR4: Matalentisco;CR21: Sombrerico. Wetland
watersheds denoted with an asterisk show only land cover values for yea
2008.

— 31—



LU
[]
[
[ ]
L]
[]
[]
[]
[ ]
]
[ ]
||

Figure 2.8: Land use / land cover maps in Marina del Carmoli wetland watershed
(CR10) in 1987. Key of land cover classds:dense an@: open natural
woodland;3: dense andl: open natural shrubland: dry arboreal and
6: herbaceous cropland; irrigated arboreal anfl: herbaceous cropland;

9: greenhousestO: unproductive land and infrastructure abdl: water
bodies.
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Figure 2.9: Land use / land cover maps in Marina del Carmoli wetland watershed
(CR10) in 2008. Key of land cover classds:dense an@: open natural
woodland;3: dense andl: open natural shrubland: dry arboreal and
6: herbaceous cropland; irrigated arboreal anfl: herbaceous cropland;

9: greenhousestO: unproductive land and infrastructure abdl: water
bodies.



Table 2.3: Accuracy coefficients (%) of classification maps for each land covescla
in 1987 and 2008 using the enhanced methodology. Land cover classes
key: dense (DNW) and open (ONW) natural woodland, dense (DNS)
and open (ONS) natural shrubland, dry arboreal (DAC) and lcedass
(DHC) cropland, irrigated arboreal (IAC) and herbaceous (IHGpland,
greenhouses (GHS), infrastructure (INF) and water bodies (WBSs).

1987 2008

User’'s accuracy Producer’s accuracy User's accuracy Prodter's accuracy

DNW 84.62 78.57 80.80 86.79
ONW 71.05 71.05 54.87 86.01
DNS 62.27 75.71 78.24 69.38
ONS 68.99 78.18 70.03 51.32
DAC 90.52 63.25 48.23 81.90
DHC 71.08 70.77 50.79 85.16
IAC 48.33 90.00 94.83 88.75
IHC 62.50 84.75 88.59 69.26
GHs 80.00 57.14 91.59 93.90
INF 95.65 57.89 91.20 95.21
WBs 98.32 98.67 100.00 98.76

but rather focused on the whole Campo de Cartagena catchnean{@arrefio et al, 2008;
Esteve et al, 2008). However, this methodology was suagssipplied and tested in several
studies allowing the assessment of specific pressuresdbivestiand site studied (see chapters
3 and 4).

Following the proposed methodology, landscape patchesnaich better identified and
higher accuracies are obtained in the resulting land usk/Bover maps in comparison
with the standard supervised classification. However,dstahaccuracy measures might not
sufficiently reflect these enhancements since they are paséd (Duro et al, 2012). The
applied hydrological correction methods successfullyrompd calculation of watershed areas
in wetlands located in plain areas and for some complex wasldike Cafiada Brusca, which
receive different surface hydrological influences. As a wagsolve flow direction in flat areas,
the DEM stream burning pre-processing together with thatwre of sinks within wetland areas
served for the proper delineation of wetland watershedenEvough parallel flow paths were
obtained due to the single flow direction algorithm used (@8)bally the flow went towards
the ephemeral river network cells. Therefore, the use ofiptelflow direction algorithms, like
D-Infinity, could enhace flow path maps in flat areas (Tarbpi®97).

By means of the 'randomclasiter’ procedure, the problem ef ripresentativeness of
training sites was minimized, resulting in higher map aacigs. This is especially the case
in the 1987 land use/land cover classification maps due ttother resolution of older aerial
photographs, which increased uncertainty in trainingssgelection. This iterative method

— 34—



contributes to the existing ensemble classification methidce random forest (Breiman, 2001;
Gislason et al, 2006), allowing the use of parametric di@ssiand its direct application under
the GRASS GIS environment. This improved image classifioati@thodology can be also
applied to analyze pixel thematic uncertainties, basechemtimber of times that a pixel was
assigned to each different category, in relation to spatia spectral variables (Brown et al,
2009).

The use of several spectral indices as ancillary layersrex@ththe discrimination of land
cover classes and the inclusion of patch scale geometrilowdéts of different land cover classes
resulted in more compact landscape patches (Narumalahi 29@8; Whiteside et al, 2011,
Aguirre-Gutiérrez et al, 2012) Spring software, used for image segmentation, is proposed
as an effective and free alternative to commercial ones (e@pgnitior). In this study, we
tried to use a minimum set of spectral indices which targegtukral land cover classes like
vegetation, urban areas, water bodies and bare soil areasudr, some other spectral indices
can be used, such as SAVI (Soil-Adjusted Vegetation Indexetel 1988) and MSAVI (Qi
et al, 1994), especially for semi-arid environments witl ieegetation densities, which could
enhance classification results.

Overall, irrigated areas increased across wetland wadssiuring the study period, except
for two of them. Landsat is an appropriate sensor for longtarstorical studies due to
its several satellite missions since 1972 (Wolter et al,620(patial, temporal and spectral
resolution of Landsat sensors were also suitable for lanv@rcmapping at a regional scale
(Franklin and Wulder, 2002).

Results promote the use of free and open source softwaredse tkinds of studies, due
to their applicability and worldwide free availability (fio and Cavallini, 2005; Steiniger and
Hay, 2009). This methodology can be easily further devalogred tested with new satellite
sensors like the Landsat Data Continuity Mission (Irons gP@lL2) and open source image
processing algorithms implemented in some libraries ih@yt(Scikit-image Team, 2013) and
R (Goslee, 2011). Furthermore, the proposed method isyemsibmated by means of bash
scripts, thus resulting in a free and effective proceduremetland watershed assessment and
monitoring.






WETLAND AND LANDSCAPE INDICES

FOR ASSESSING THE CONDITION OF
SEMIARID MEDITERRANEAN SALINE
WETLANDS UNDER AGRICULTURAL

HYDROLOGICAL PRESSURES

Abstract

During last decades semiarid Mediterranean saline weglandve undergone several
hydrological and biological changes as a consequence otased water inputs from
agricultural areas. Specific indices are needed in ordesdess the condition of these unique
ecosystems in relation to major hydrological disturbanaewatershed level. Through the
long-term study of selected plant taxa in a set of reprefeatavetlands in Murcia province
(SE Spain), together with the characterization of theirangited agricultural land uses, plant
indicators of wetland condition were sought and then coetdbinto a wetland condition index.
Percentages of land cover classes of interest were weigak&ay into account land cover
arrangement and receiving wetland size. Characteristienpéal plant taxa were sampled in
1989 and 2008 and significant taxa frequency changes at egitding site were determined.
Regression analysis was used to relate wetland plant tagaeiney and watershed condition
during the study period. Limonium spp., Arthrocnemum glaucumPhragmites australis
Tamarix canariensisand Atriplex halimusshowed significant relationships with watershed
condition. Indicator taxa were thus identified and theigérencies were combined into an
integrated index of wetland condition, which showed a robetationship with watershed
hydrological condition.

3.1. Introduction

Wetlands naturally act as sinks of surface and subsurfageatye effluents due to their relative
low position in the landscape, thus reflecting upland odegrprocesses. In last decades,
especially in coastal plain areas, there has been a flongigirowth of agricultural irrigated
land areas in many semiarid Mediterranean regions (HeaedoSnyder, 1997; Levin et al,
2009; Martinez-Fernandez et al, 2005). More specificallyyiurcia province the opening of
the Tagus-Segura river water transfer in 1979 promoteddhesrsion of most dry farmed lands
into irrigated land areas. The current expansion of agrical irrigated lands at watershed scale
has led to significant hydrological imbalances that altetlamel ecosystems, thus threatening
its conservation (Castafieda and Herrero, 2008a; Esteve2€i0dl; Ortega et al, 2004).
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Monitoring actions applied to management and conservaifonetlands require precise
indicators in order to obtain accurate information abouwtsgstem state and functioning and
provide an effective early warning system (Fancy et al, 2008Ithough much effort has
been applied towards protection of wetlands, the preservatf surrounding areas in which
they are embedded has been ignored (Houlahan and Findl24).28ssessment of watershed
hydrological condition plays therefore a vital role in vegttl management (Mack, 2006; Turner
et al, 2003; Wigand et al, 1999).

The European Water Framework Directive (European CommmissE®00) seeks the
development of indicators of ecological status for fredi®waecosystems, specifically
including wetlands (European Commission, 2003). Howeveasstnindicators established
for aquatic ecosystems are not suitable for semiarid Meditean saline wetlands, also
called crypto-wetlands (Carrefio et al, 2008; Innis et al,(20&illiams, 1999). These are
semi-terrestrial environments between steppes and s@nhter ecosystems (Vidal-Abarca
et al, 2003; Castafieda and Herrero, 2008b).

The development and selection of ecological indicators ®m@plex process for which
different approaches can be used (Carignan and Villard, ;2R@#meijer and Groot, 2008).
Physico-chemical indicators of wetland habitat condittam be very labor intensive and may
not necessarily be biologically relevant (Gergel et al, 20However, biotic indicators, and
specifically plants, may integrate changes in wetland dmwiover time, may be easy to
identify and may provide information on the type of pressufetheir ecological tolerances
are known (Cronk and Fennessy, 2001; Mitsch and Gosseliik;)20

Plant species diversity of semiarid saline wetlands igtixely low and it is differentiated
according to the plants’ individual tolerance of salinifiyctuating water table levels and
anoxic substrate. The establishment of plants as ecoldgaiaators comprises the study of
species responses to a known range of a given environmemssasr (Allan, 2004; Niemi and
McDonald, 2004). In this regard, results arising from thedgtof wetland plant species and
surrounding land uses at single dates may not be repreiserwathe whole range of species
responses and environmental gradients. It has been sadgdést example, that there is a
delayed response of the biota to certain landscape enveotaivariables (Carrefio et al, 2008;
Harding et al, 1998). Besides, species might still occur itlamels long after the conditions
that promoted their presence have vanished. Therefoerpnetation of site and date specific
data needs to be conducted within the larger spatial anddeahperspective (Alvarez Rogel
et al, 2006; Dale and Beyeler, 2001).

Although several indices based on plant species and contiegiiave previously been
used as a tool for wetland condition assessment in the U(Sohnston et al, 2009; Lépez and
Fennessy, 2002; Miller et al, 2006), such indices are lackon semiarid Mediterranean saline
wetlands and are needed in order to fulfill the European Wer@mework. In the context of
a proposal for monitoring semiarid Mediterranean salindamels, the main aim of this study
was to investigate plant taxa as an ecosystem attributesthatts long-term changes in wetland
hydrological conditions.



More specifically, the objectives were (1) to assess majangbs in wetland plant taxa
composition and in their associated watershed land cowassek in a set of representative
semiarid saline wetlands over a 20 years period, (2) to cheniae watershed hydrological
condition for each wetland in relation to agricultural hgigical pressures, (3) to establish
relationships between wetland plant taxa and watershedological condition, and (4) to
develop and validate a wetland condition index based on ¢kelting indicator plant taxa.
To accomplish this, historical fieldwork sampling, remogéasing and hydrological modeling
techniques were combined.

3.2. Methods
3.2.1. Study wetlands

Eight representative wetlands from which we had plant zor 1989 and 2008 were selected,
l.e. 6 coastal and 2 inland wetlands (figure 3.1 and table 3.1gc8#l sites are included in the
regional inventory of wetlands (Vidal-Abarca et al, 2008yl aheir protection status ranges from
regional, national to international level due to their hggiological values (Ramsar Site, Special
Protection Area for Birds, Site of Community Importance anéal Protection Area for the
Mediterranean), except for Matalentisco and Boquera deldatetlands, which do not benefit
from any protection status. Marina del Carmoli and Playa dditewetlands are in a lowland
coastal plain, called Campo de Cartagena, associated withtdreal shore of the Mar Menor
coastal lagoon, which comprises 12,700 ha (Conesa, 1990;s@aned Jiménez-Carceles,
2007). Salinas del Rasall is a coastal wetland associatecwstlt extraction pond embedded in
the Calblanque Natural Park, protected in 1987 by the regaurthorities and also included in
the Mar Menor RAMSAR protected area. Matalentisco and CafiadscBmorth and South are
coastal wetlands located in the southern part of the regmth® Mediterranean Sea. Boquera
de Tabala and Alcanara are inland wetlands associated wéplaemeral river and with a saline
alluvial plain, respectively. Salinas del Rasall and Cafads&r South wetlands were selected
as reference sites, as their watersheds did not preseyated agricultural land areas during the
study period.

Characteristic plant communities of these wetlands arestgdpes and salt marshes, which
occupy areas with high salinity conditions and low and higitex availability, respectively.
The salt steppe units are composed of the priority habita0 I'Mediterranean salt steppes,
Limonietalia” and habitat 1430 (Halo-nitrophilous scri®egano-Salsoletea) of the European
Habitat Directive (European Commission — Directorate Galrfer Environment, 2007). Main
species in salt steppe drggeum spartum, Suaeda vera, Frankenia corymiamsi_imonium
spp. The salt marsh units are dominated by habitat 1420 ¢steaihean and thermo-Atlantic
halophilous scrubs, Sarcocornetea fruticosi) and hab#a0 (Mediterranean salt meadows).
Main species in saltmarsh a®arcocornia fruticosa, Arthrocnemum glaucum, Halimione
portulacoides and Halocnemum strobilaceumtabitat 92D0 (Southern riparian galleries and
thickets) is also represented in sandy areas, composé&dnoérix canariensi@nd Tamarix
boveana Finally, the reed beds unit, when present, is dominateBHragmites australisnd
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Figure 3.1: Location map of the study wetlands in Murcia province. Wetland keys:
Cafiada Brusca North (CR3N) and South (CR3S), Alcanara (CR53)nMa
del Carmoli (CR10), Playa de la Hita (CR20), Matalentisco (CR4),
Boguera de Tabala (CR19) and Salinas del Rasall (H1).

occupies areas with regular water flows and lower salinitygfez Rogel et al, 2006, 2007c;
MARM, 2009). All habitats, excluding reed beds, are recogdias being of Community
Interest by the Habitat Directive and habitat 1510 (Med#teean salt steppes) is designated
of Priority Interest.

3.2.2. Watershed delineation

Specific watershed boundaries for each wetland were déiddeom a 10 m raster digital
elevation model (DEM) using single flow direction method (BI§orithm; O’Callaghan and
Mark, 1984). Prior to watershed delineation, the DEM was ifirextlin the Campo de Cartagena
coastal plain area by lowering the elevation values coingievith existent stream network to
force flow-direction models to match existing stream link;@ et al, 2005; Strayer et al,
2003). Since watersheds are usually delineated by the asteeam from a given outlet point,
DEM elevation values within larger wetlands in the Campo dddgmna area were modified by
creating an artificial sink in order to force all flow-accuratibn cells draining into the wetland
to converge into a single cell. All GIS analyses were perfmiwith GRASS GIS 6.4 (GRASS
Development Team, 2008). For more details, see chapter HaNdewatersheds ranged from
70to 17,000 hectares (table 3.1).



Table 3.1: Characterization of wetlands and their associated watersheds.

Name Wetland size (ha) Watershed size (ha) Location Referea site
Salinas del Rasall 26.3 236 coastal yes
Cafiada Brusca South 3.8 69.5 coastal yes
Cafiada Brusca North 17.4 360 coastal no
Marina del Carmoli 314 16,923 coastal no
Playa de la Hita 34.4 2,052.8 coastal no
Matalentisco 10.4 907.6 coastal no
Boquera de Tabala 36.9 5,819.2 inland no
Alcanara 199 6,508 inland no

3.2.3. Land use/land cover mapping

Historical and medium spatial resolution land cover dataewmeeeded to assess specific
pressures on the study wetlands over time. For each wetlatershed, land cover maps
in years 1987 and 2008 were obtained by means of remote getegihniques. Supervised
classification of eleven land cover classes was performedyubke widely used maximum
likelihood algorithm (Michelson et al, 2000; Richards ana, 2006). Landsat images sensors
TM and ETM+ were used for years 1987 and 2008, respectivetyjrmage pixel size was set
to 25 m. Each classification was carried out with two imagasser and winter), including
single bands and diverse spectral and patch shape indicascédkary layers: Normalized
Difference Vegetation Index (NDVI; Bannari et al, 1995), Nfaetl Normalized Water Index
(MNDWI; Hui et al, 2008), Normalized Difference Built-up Ind€NDBI; Zha et al, 2003)
and Normalized Difference Bareness Index (NDBal; Chen et &6P&s well as patch fractal
dimension (FD) and patch shape indices (Sl) (Chust and Du2@i4). Land use patches
were previously extracted by means of automatic image setatien using the region growing
algorithm with SPRING software @nara et al, 1996). Training sites were obtained using
aerial photos from 1987 and 2008 of 1 m and 0.45 m resolutespeactively. The classification
method was enhanced by an iterative training sites randdeectem method (Carrefio et al,
2011; Gonzalez, 2011). The resulting maps were verified yalivalidation on aerial photos
using a stratified random sampling. For more details, septeha.

Seven land cover classes were studied: dense and openl|natadands, dense and
open natural shrublands, rainfed tree and herbaceousaadglirrigated tree and herbaceous
croplands, greenhouses, urban areas and water bodiesn drbas and water bodies were
not further considered in subsequent analyses, since #@esented low percentages in
the studied watersheds. Rainfed cropland areas were alsegalided since they were
historically present and their water outputs are neglegiblcomparison to those from irrigated
cropland areas (Conesa, 1990; Velasco et al, 2006). The tdaha cover classes were
pooled into two categories: natural areas (NAT), includiiegse/open natural woodlands and
dense/open natural shrublands, and irrigated agricliamd areas (ILA), including irrigated
tree and herbaceous croplands and greenhouses. Land capeisirowed an overall accuracy
percentage of 73% and 83% for 1987 and 2008 classificati@peotively. There was a
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significant and a marginally significant inverse Pearsoretation between natural and irrigated
land areas in wetland watersheds, being higher in 2068 £0.83;P = 0.01) than in 1989
(r = —0.69;P = 0.06).

3.2.4. Watershed hydrological condition index

In order to assess and compare the hydrological pressuaegiigation at watershed scale
exerts on different wetlands, raw percentages of irrigaed natural land cover classes in
the watersheds were weighted by landscape factors. Firgte she irrigation flows from
near irrigated areas were supposed to exert more influengeettand hydrology (Castafieda
and Herrero, 2008b), we used inverse-distance weights (IBAgharacterize land-cover
arrangement within watersheds (King et al, 2005; Van Siekld Johnson, 2008). Secondly,
since wetland sizes differed over two orders of magnitualeging from 3.8 to 314 hectares, we
considered that the effect of drainage inputs on largeramds should be considerably lower
than in smaller ones. Thus, IDW percentages of natural addiragated land areas in the
watershed were divided by the receiving wetland area and shaare rooted, according to a
wetland area relative percentage index (WARP; equation 3.1)

(3.1)

_[LC (IDW) in watershed (%)
WARPLe = \/ Wetland area (ha)

Where LC refers to a specific land cover of interest (naturdliaigated land areas), which
were first inverse-distance weighted (IDW).

3.2.5. Vegetation sampling

To characterize plant taxa composition at each wetland &igguency of nine dominant
characteristic perennial plant taxa was recorded in ye@89 nd 2008 by means of field
sampling. Sampled taxa werérthrocnemum glaucum, Atriplex glauca, Atriplex halimus,
Limoniumspp. (including.imonium cossonianum, Limonium caesiangdLimonium insigng
Tamarix canariensis, Phragmites australis, Suaeda veaegcd&ornia fruticosaandHalimione
portulacoides The number of sampling units in each wetland ranged frono 14.6, depending
on wetland size and heterogeneity of plant communities. piagunits consisted of 257
circular areas regularly distributed. Presence/absehselected taxa was recorded at each
sampling unit and overall taxa frequencies, ranging frono xe one, were then calculated for
each wetland. Wetland areas remained constant throudhmetudy period except for Boquera
de Tabala wetland, which was slightly reduced in size duthegstudy period due to road works.

3.2.6. Selection of indicator plant taxa

Taxa showing significant frequency changes at each wetld@awser the study period were
first identified using a pairwise comparison binomial testaf@dey, 2007) in order to select
potential indicator taxa, whose frequencies might be iitkavatershed hydrological condition.
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Subsequently, final indicator taxa were selected by mealnssafr regression analyses between
their frequency and watershed hydrological condition iargel989, 2008, and the observed
changes during the study period. Taxa frequencies werénarsguare root transformed to
accomplish normality prior to regression analysis (Log#11,0). Careful inspection of residual
plots was performed in order to check for normality and ireteence of residuals. Data were
analysed with the statistical package R (R Core Team, 2013).

3.2.7. Wetland condition index

Frequencies of resulting indicator taxa were combined d@rdex to assess wetland condition
(WCI) in relation to watershed hydrological pressures. Fas thurpose, the sum of taxa
frequencies that were positively related to hydrologid#rations (considered as negative
indicator taxa) was substracted to the sum of taxa freqaeenttiat were positively related

to naturalness (considered as positive indicator taxalal Toequency of positive indicator

taxa was square rooted in order to increase their weightvablcurring frequencies, while

diminishing frequency values higher than one. The fact ltiodglh positive indicator taxa were

occurring at high frequencies, could probably be more eeléd wetland natural heterogeneity
than to its condition status. On the contrary, the sum of ingyandicator taxa was squared in
order to underpin the presence of more than one negativeaitwitaxon (sum of values higher
than one), while minimizing the effect of total frequendiedow one (equation 3.2).

WCIl= \/Total freq. positive indicator taxa (Total freq. negative indicatorta)?a (3.2)

In order to test the applicability of the proposed index in idex set of wetlands, four
additional wetlands (Sombrerico, Lo Poyo, Ajauque and &wadores) were selected in
Murcia province, for which the same taxa and watershed mébion was recorded and
calculated for year 2008. Finally, the resulting index wested against watershed hydrological
condition by means of regression analysis.

3.3. Results

3.3.1. Watershed hydrological condition index

Overall, irrigated agricultural land areas increased sxmetland watersheds during the study
period. While the cover of irrigated land areas (ILA-IDW) repented less than 40% in 1987,
it reached values over 60% in 2008 across wetland waterdfigdse 3.2). While Cafiada
Brusca North watershed showed the highest increase inteddgand areas during the study
period, they were absent in Caflada Brusca South and SalinRasiall watersheds during the
study period (our reference wetlands). After wetland asdative percentages (WARP) were
calculated, larger wetlands showed relatively lower atégl agricultural land areas values than
smaller ones.
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Figure 3.2: Irrigated agricultural land areas (ILA) in wetland watersheds in 1987
and 2008. Figures 3.2A and B show the percentage of irrigated land
areas (inverse distance weighted: IDW) and the wetland area relative
percentages (WARP-IDW), respectively. Wetland keys: Cafiadadaru
North (CR3N) and South (CR3S), Alcanara (CR5), Marina del Carmoli
(CR10), Playa de la Hita (CR20), Matalentisco (CR4), Boquera de Tabala
(CR19) and Salinas del Rasall (H1). Wetlands are arranged froer larg
smaller sizes from left to right.
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3.3.2. Vegetation changes and selection of indicator taxa

The binomial paired test showed a total of 24 significant geanin plant taxa frequency
across wetlands during the study period (figure 3.3). Taxaming at a specific wetland with
frequencies lower than 0.05 in both years were disregamed further analyses.

Cafada Brusca North underwent the highest number of sigrifichanges in taxa
frequency, while Caflada Brusca South and Salinas del Rasddinast(our reference sites)
showed very few significant changes in taxa frequency dutireg study period. Across
wetlands, a decreasing trend in frequencied.iaioniumspp., Arthrocnemum glaucurand
Atriplex glaucawas observed (figure 3.3). On the contrary, frequencieflmiagmites
australis Tamarix canariensisindAtriplex halimusgenerally increased in the study wetlands.
Frequencies oBuaeda verand Sarcocornia fruticosadid not show a consistent pattern of
changes across sitddalimione portulacoideshowed no significant frequency changes during
the study period and hence it was disregarded as a poterdiaaior taxon.

Final indicator taxa of watershed agricultural pressuresewidentified by means of
regression analysis. Five out of the eight potential indicaaxa showed significant
relationships with weighted land cover percentages (figute WhileArthrocnemum glaucum
frequency was positively related to natural areas in whegts in 1989 and 2008 (figure 3.4A,
3.4B), observed frequency change#iniplex halimusandTamarix canariensisvere inversely
correlated with changes in natural areas during the studpgéfigure 3.4D; 3.4F). On the
other handLimoniumspp. showed a negative relationship with irrigated landsia 2008
(figure 3.4C), whilePragmites australifrequency changes were positively related to changes
in irrigated land areas during the study period (figure 3.4E)

3.3.3. Wetland condition index
The developed wetland condition index was finally proposefbbows (equation 3.3):

WCI = /Lspp+Agu— (Pau+ Aha+ Tca)? (3.3)

WhereLsppstands for frequency dfimoniumspp.,Agufor Arthrocnemum glaucunPau
for Phragmites australisAha for Atriplex halimusand T ca for Tamarix canariensis The
wetland condition index ranged from -9 up to 1.4 (figure 3&anding negative values for
highly altered wetlands. The proposed WCI showed the higladises at the reference wetlands
in 2008 (Salinas del Rasall and Cafada Brusca South), while @&radca North showed the
highest decrease during the study period. Overall, exagdof Salinas del Rasall wetland,
higher values of WCI were observed in 1989 than in 2008.

In 2008, wetland condition index values, including the &ddal sites, were negatively
related to irrigated land areas in watersheds (WARP-IDW) arabserved changes during the
study period (figure 3.6A; 3.6C). The resulting linear moadel 2008 was robust, despite of
including extreme values of high watershed hydrologicakpures and low wetland condition
index, as is the case for Sombrerico wetland (figure 3.6B).
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Figure 3.3: Frequency of sampled taxa in 1989 and 2008 at each wetland site.
Changes at a significance level®f 0.1 after the pairwise comparison
binomial test are denoted with a dot, and changes at significance level
of P < 0.05 with an asterisk. Taxa keysAtriplex glauca (Aga),
Arthrocnemum glaucurfAgu), Atriplex halimus(Aha), Limoniumspp.
(Lspp), Phragmites australigPau), Sarcocornia fruticosgSfr), Suaeda
vera (Sve), Tamarix canariensis(Tca) and Halimione portulacoides
(Hpo). Wetland keys: Cafiada Brusca North (CR3N) and South (GR3S)
Alcanara (CR5), Marina del Carmoli (CR10), Playa de la Hita (CR20),
Matalentisco (CR4), Boquera de Tabala (CR19) and Salinas del Rasall
(H1).
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Figure 3.5: Wetland condition index (WCI) values for each wetland in 1989 and 2008.
Wetlands are arranged from left to right according to a decreasinliegta
of irrigated agricultural land areas changes in their watersheds dugng th
study period. Wetland keys: Cafiada Brusca North (CR3N) and South
(CR3S), Alcanara (CR5), Marina del Carmoli (CR10), Playa de la Hita
(CR20), Matalentisco (CR4), Boquera de Tabala (CR19) and Saliias de
Rasall (H1).

3.4. Discussion and conclusions

The proposed wetland condition index (WCI) allows the assessnof Mediterranean
semiarid saline wetlands located in agricultural catchenlinverse distance weighting
(IDW) and wetland area relative percentage index (WARP) weedul weighting factors for
the assessment of watershed condition in relation to dgrreli hydrological pressures on
wetlands. Accurate and medium resolution assessmentatiarer types and the delimitation
of specific watershed areas for each wetland was highly itapgyras it has been pointed out
in previous studies (McHugh et al, 2007; Roth et al, 1996). sMas especially important
for some complex wetlands like Cafiada Brusca, whose fragnidotsh and South) receive
clearly different surface hydrological influences. Moregvour study revealed that these
wetlands showed the most contrasting results in terms af¢taanges during the study period
(Figure 3.3).

Salinas del Rasall was the only wetland in which WCI increasethguhe study period,
which might be related to the fact that it was legally pragdelctor four years before our study
started (Figure 3.5). On the contrary, WCI decreased in Canadsc&rSouth during the
study period, probably due to marginal influences cominghftbe nearby located watershed
of Cafada Brusca North, which suffered the highest ILA in@eé&sllowed by Matalentisco
wetland (Figure 3.2). The fact that Matalentisco and Boquikralabala wetlands showed
negative WCI values in 1989, might be related to their lack aftgmtion status during the
study period. The proposed wetland condition index showeabast relationship with ILA
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12) Sombrerico wetland, respectively. Figure 3.6C shows the resulting
model based on observed changes during the study periodyj.
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(WARP-IDW) values in 2008 on an extended set of wetlands (Ei@u8B). Observed changes
in WCI and in ILA (WARP-IDW) in their watersheds during the studgripd were also
significantly related (Figure 3.6C).

Historical information reflecting ecosystem responsesital Icover changes enhanced the
indicator selection process. Undisturbed or referenas gjpresent or past) were needed in
order to establish reference conditions, despite wetlaatlgal variability. Although our study
was constrained by the number of wetlands sampled in 1988ast based on a long-term
period of time and on a set of heterogeneous wetlands, eratlaedda representative range
of hydrologically altered watersheds. In 1989, irrigatadd areas were not the dominant
land cover types (Figure 3.2), therefore we expected lonftumance of watershed land cover
on wetland plant taxa at that time. On the contrary, the lasel imtensification gradient
across watersheds was large enough to show relationshipsare wetland plants in 2008.
Moreover, the analysis of land cover and taxa frequencygémrevealed which taxa benefited
from the expansion of irrigated land areas during the stwaiod.

The expansion of irrigated land areas at watershed scatessgehave altered wetlands
natural hydrological regimes, probably in terms of changesalinity, flooding frequency and
nutrient inputs from agricultural runoff (Robledano-Aynaér et al, 2010). Salinity conditions
and seasonal hydrological fluctuations might have decdeasmss the study wetlands, thus
negatively affecting taxa which are adapted to the natunadiitions of these wetland types and
promoting some taxa adapted to less saline conditions alwger flooding periods.

As it has been pointed out by previous studithrocnemum glaucums known to require
saline and humid conditions, being adapted to seasonaludltichs of water table levels
(Alvarez Rogel et al, 2006; Caballero, 1999; Pujol Fructu@if?2). It was the only taxon
showing significant relationship with watershed land canér989 (Figure 3.4A), thus probably
serving as an early warning indicator of the presence ajatdd land areas in the watershed.
Limoniumspp. belongs to the drier part of the humidity gradient, dsdlooded soils and
withstands high salinities (Caballero, 1999; Alvarez Rogell £2000).Phragmites australiss
considered an invasive species (Alvarez Rogel et al, 20QibyTe et al, 2007) usually forming
monospecific stands, reducing species diversity, andftirerendicating wetland degradation.
Its frequency increased in most wetlands along with higleecgntages of irrigated land areas
in the watershed (Figure 3.4E), probably as a consequenower salinity and longer flooding
periods (Burdick and Konisky, 2003)Atriplex halimusoccurrence is associated with lower
salinity conditions than salt steppe and salt marsh comimesnn the drier part of the humidity
gradient and might be found in association with salt cedtohes (MARM, 2009).

In conclusion, by meand of historical fieldwork samplingnate sensing and hydrological
modeling techniques, a wetland condition index (WCI) was bgpexl, based on plant taxa
frequency, that allows the assessment of Mediterraneamsednsaline wetlands located in
agricultural catchments, serving as a management toolemepve their values and associated
ecosystem services. The results from this study reinfdreerhportance of quantifying the
influence of landscape level processes for wetland manageand conservation, in accordance
with previous studies (Rooney et al, 2012). Internationahag@ment efforts for protecting



freshwater ecosystems in Mediterranean areas, like thepean Water Framework Directive
(European Commission, 2000), the European Habitats Die¢@ouncil of Europe, 1992)
and the RAMSAR convention (Ramsar Convention Secretariag;Zt@layson, 2005), should

specifically take into account catchment-scale hydrolgidluences of agricultural land uses
on wetlands.
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REMOTE SENSING OF PLANT

COMMUNITIES AS A TOOL FOR

4 ASSESSING THE CONDITION OF

SEMIARID MEDITERRANEAN SALINE
WETLANDS IN AGRICULTURAL

CATCHMENTS

Abstract

Semiarid Mediterranean saline wetlands are unique eaagssheltering high biodiversity.
In the last decades, the expansion of irrigated lands hasoldgdrological imbalances in
Mediterranean catchments, causing wetland degradatiegetstion composition assessment
Is considered an important tool for evaluating wetland egiglal condition and can be
mapped using remote sensing. This study aims to develop ditmynindex based on plant
community composition suitable for semiarid Mediterramsaline wetlands, as well as to test
the applicability of airborne multispectral remote sesdor discriminating plant communities.
Characteristic plant communities of 12 wetlands were idieatiby means of ordination and
classification analysis of plant taxa cover percentagesimdd through fieldwork sampling.
An index for assessing wetland ecological condition wastbped based on the relationship
between wetland plant community composition and waterglgddblogical condition. Selected
wetland plant communities were then mapped by means of eesaising technigues using
random forest algorithm for supervised classification oba@ine images. Following this
methodology, remote sensing served as a tool for wetlanditton assessment at a regional
scale.

4.1. Introduction

Semiarid Mediterranean saline wetlands are semi-telgestrosystems, which yearly undergo
dry periods of several months, and shelter a rich, endendcsansitive biota (Brinson and
Malvéarez, 2002; Vidal-Abarca et al, 2003). They are sinksriidation flows, which makes
catchment scale management of vital importance for theiser/ation (Dudgeon et al, 2006).
In the last decades, the expansion of irrigated areas inesiehiMlediterranean catchments has
led to altered inputs of water and nutrients to lowland wetta(Hollis, 1990; Carrefio et al,
2008; Martin-Queller et al, 2010), which particularly affesoil salinity, water table level and
regime and soil moisture conditions (Alvarez Rogel et al, 7200 Although much effort has
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been applied towards protection of wetlands, the preservaf their watershed areas has been
largely ignored (Houlahan and Findlay, 2004). Moreoveg, lidck of systematic monitoring
and management procedures for this type of saline aquaigystems is ultimately leading to
extensive wetland degradation, and therefore practicds tor assessing ecosystem state and
functioning are required in order to orient decision makiglliams, 2002).

Vegetation composition assessment is considered an iemg@s$pect for evaluating wetland
ecological condition (L6épez and Fennessy, 2002; Miller et2806; Garcia et al, 2009;
Cacador et al, 2013). Anthropic or climatic factors that effeetland plant communities
also affect wetland birds and invertebrates communitiesgtes, 2004; Pardo et al, 2008;
Robledano-Aymerich et al, 2010). The European Habitatsdue considers salt marsh
and salt steppe habitats as important and endangered odgx@notes their preservation
(Council of Europe, 1992). Moreover, the European Water Eraonk Directive also impels to
monitor the ecological status of transitional waters estesys including wetlands (European
Commission, 2003; Ferreira et al, 2007). Plant species aminzmities can be used as a proxy
to assess wetland hydrological perturbations if their @gicll tolerances to environmental
factors such as salinity and water table level are known (KCemd Fennessy, 2001). Previous
studies in similar wetlands have focused on individual taather than on plant communities
(Alvarez Rogel et al, 2007c). However, plant communitiegaimrmore information than single
species and are easier to map by means of remote sensors (@IC@003; Johnston et al,
2009).

Given that wetlands are often located in remote areas andifficalt to survey, fieldwork
sampling methods are labour intensive, especially foelavgtland sites and for regional scale
assessment. Therefore, most of these ecosystems recesystematic monitoring (Buchanan
et al, 2009). In this regard, remote sensing offers a rapal @st-effective approach for
generating ecologically relevant wetland vegetation nfapses et al, 2009; Lee and Yeh, 2009;
Poulin et al, 2010). Remote sensing techniques are able & arge areas, are prone to rapid
technical improvements, and can help discriminate diffenestland plant communities in order
to systematically assess wetland conservation statusu@@e#it al, 2006; Wang et al, 2007).
Due to pixel size, specific plant species are usually moffecdif to discriminate, unless they
form dense monospecific stanas @. reed beds). However, plant communities are composed
by similar relative proportions of specific plant speciesas wetland sites and therefore they
tend to show characteristic spectral responses at largagmtTherefore, the establishment of
plant communities that can be related to wetland hydrobdgicessures combined with remote
sensing techniques can serve as a tool for wetland managememonitoring at a regional
scale (Ozesmi and Bauer, 2002; Xie et al, 2008).

Different methods have been developed for wetland vegetatelimitation from remote
sensing imagery (Horning et al, 2010; Friess et al, 2012n®zat al, 2013). Wetlands are very
heterogeneous ecosystems containing small vegetatiohgsatvith similar spectral responses
that might generate spectral confusion (Ozesmi and Bau@®, Baker et al, 2006a). Enhanced
classification methods like random forest algorithm orfiaréil neural networks have shown
better performance for these Mediterranean ecosystemsar(&me 2001;Cerna and Chytry,
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2005; Sluiter, 2005). Medium-resolution satellite sessrch as Landsat TM are not suitable
for detecting small wetlands or plant community patche (&t al, 2008; Adam et al, 2010).
Therefore, airborne multispectral sensors are a good s@fremotely sensed data for wetland
vegetation mapping since they combine high spatial andtspeesolution with acquisition
timing (Wang et al, 2007; Klemas, 2011).

The scarcity of available historical data on wetland veg@tadue to inaccessibility and
high economic cost calls for the use of remote sensing fagureand future studies in order
to provide a set of multi-temporal images to monitor wetlawbsystems (Klemas, 2001;
Carrefo et al, 2008; MacKay et al, 2009). Scientific studiedgiong the gap between ecology
and conservation biology are utmost important in order ftuémce conservation of aquatic
ecosystems (Strayer and Dudgeon, 2010). This study prepgs@cedure for a comprehensive
study of wetlands and their drainage basins coupling fietdvamd advanced remote sensing
techniques in order to evaluate wetland condition basedlant gommunities. The main
objectives of this study were: (1) to characterize plant camities in several representative
wetlands under a range of watershed hydrological conditi¢2) to explore the relationships
between wetland plant community composition and waterstyelological pressures; (3) to
propose a wetland condition index based on plant communpityposition; and (4) to test the
potential of remote sensing as a tool for assessing wetlanditon.

4.2. Methods

4.2.1. Study wetlands

Twelve representative wetlands were selected, 8 coastal and 4 inland wetlands
(Figures 4.1 and 4.2; Table 4.1). Selected sites are indlilehe regional inventory of
wetlands (Vidal-Abarca et al, 2003) and their protecticatust ranges from regional, national
to international rules due to their high ecological valugarfisar Site, Special Protection Area
for Birds, Site of Community Importance and Special Protecfoea for the Mediterranean),
except for Matalentisco and Boquera de Tabala wetlands, hmiicc not benefit from any
protection status. Marina del Carmoli, Lo Poyo and Playa détewetlands are in a lowland
coastal plain, called Campo de Cartagena, associated withtdraal shore of the Mar Menor
coastal lagoon, which comprises 12,700 ha (Conesa, 1990;s@anad Jiménez-Carceles,
2007). Salinas del Rasall is a coastal wetland associat&davgalt extraction pond embedded
in the Calblanque Natural Park, and also included in the MandM&AMSAR protected area.
Matalentisco, Sombrerico and Cafiada Brusca North and Soethoastal wetlands located
in the southern part of the region on the Mediterranean Seaju&a de Tabala, Ajauque,
Derramadores and Alcanara are inland wetlands associgtie@nvephemeral river and with a
saline alluvial plain, respectively.

Main plant communities of these wetlands have been desthbsection 3.2.1 in chapter
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Figure 4.1: Location of Murcia province in Spain and approximate location of the
study wetlands. Wetland keybtl: Rasall;CR3S. Cafiada Brusca South;
CR10: Carmoli; CR5: Alcanara; CR14: Ajauque; CR13. Lopoyo;
CR15: DerramadoresCR19: Boquera de Tabal&R20: Playa de la Hita;
CR3N: Cafada Brusca NortlGR4: MatalentiscoCR21: Sombrerico.



B 2 [ i
10 km |3 \( ; : . .
€ ] i —_— S Murcia Province
E -
\ US = —— & ¥
| 37:230420 |
N crgzo ‘ w
| a
MAR MENOR ‘ =
LA(_BDON | é §
Z 38:08N o
Ezé_ o
B 2
E =
= = |
|% E\’J}L RN
| CR3S ‘
- e L;\B |MED| TERRANEAN SEA

Murcia Province

CR18

500 meters

37127

Murcia Province

i w100 meters

T mmviER |

MED| TERRAMNEAN SEA

#
sz 18

Murcia Prevince

Figure 4.2:

Wetlands area maps and relation to the river network. Wetland ké&ys:

Rasall; CR3S Cafiada Brusca SoutlgR10: Carmoli; CR5: Alcanara;
CR14: Ajauque;CR13: Lopoyo; CR15: DerramadoresCR19: Boquera
de TabalaCR20: Playa de la HitaCR3N: Cafiada Brusca NortlfgR4:
MatalentiscoCR21: Sombrerico.
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4.2.2. Wetland basin characteristics

Specific watershed boundaries for each wetland were dédidé@m a raster DEM with a pixel
size of 10 m using single flow direction method (D8 algorithijior to watershed delineation,
the digital elevation model (DEM) was modified in the Campo dedigena coastal plain area to
enhance the delineation of wetland watersheds. To accsimiplis, elevation values coinciding
with existent stream network were lowered to force flow-clie models to match existing
stream lines (Strayer et al, 2003; King et al, 2005). Sinceergaeds are usually delineated
by the area upstream from a given outlet point, DEM elevat@mines within larger wetlands
in the Campo de Cartagena area were also modified by creatingifaiah sink in order to
force all flow-accumulation cells draining into the wetlaiedconverge into a single cell. All
GIS analyses were performed with GRASS GIS 6.4 (GRASS Devaopifeam, 2008) (see
chapter 2).

Since irrigation flows from near irrigated areas were supdds exert more influence on
wetland hydrology (Castafieda and Herrero, 2008b) and tfiesten larger wetlands should
be considerably lower than in smaller ones, raw percentafgesgated areas in the watersheds
were weighted by landscape metrics, such as inverse-destanights (King et al, 2005; Van
Sickle and Johnson, 2008) and receiving wetland area. Aangthrea relative percentage index
(WARP) was thus used in order to assess and compare the hyidadlpressures that irrigation
at watershed scale exerts on different wetlands (see B804 in chapter 3 and equation 4.1):

(4.1)

_[ILA (IDW) in watershed (%)
WARPILA = \/ Wetland area (ha)

Where ILA (IDW) refers to raw percentages of irrigated landaarén the watersheds,
which were first inverse-distance weighted (IDW) . Maps afated areas from each wetland
watersheds in 2008 were obtained from previous studiesiedaed cover maps were produced
by means of supervised classification of Landsat images at &solution (see chapter 2).

4.2.3. Vegetation field sampling

Across wetlands, a total of 1,843 georeferenced sampliots f2 x 2 m) were surveyed
between April and June 2009. The number of vegetation sagpliots within each wetland
ranged from 30 to 550, systematically located at differatgrivals depending on wetland size
and heterogeneity of plant communities. At each samplingj gelected plant taxa cover was
recorded (0-100%), together with upland species and bare®eer. According to known
gualitative ranges of tolerance to salinity and waterlaggi21 representative perennial taxa
were sampled:Suaeda verdorssk. ex J.F. GmelAtriplex halimusL., Atriplex glaucal.,
Arthrocnemum macrostachyuioric.) Moris in Moris & Delponte Halimione portulacoides
(L.) Aellen, Halocnemum strobilaceufi®all.) M. Bieb.,Sarcocornia fruticosdL.) A.J. Scott,
Suaeda pruinosd&ange, Scirpus holoschoenus., Frankenia corymbos®esf., Phragmites
australis (Cav.) Trin. ex Steud.Lygeum spartunioefl. ex L., Imperata cylindrica(L.)
Raeusch.Juncussp. L.,Limonium caesiuniGirard.) Kuntze Limonium cossonianuiduntze,



Plantago crassifolidrorssk. Sarcocornia perenni@Mill.) A.J. Scott, Saccharum ravenngg.)
Murray, Tamarix bovean&8unge andlamarix canariensi$Villd. Several sampling plots were
disregarded due to the presence of infrastructures or dikerbances.

4.2.4. Ordination and classification analysis

Vegetation sampling data were grouped using ordinationctassification analysis to identify
vegetation clusters which might be related to the ones iestiby the European Habitat
Directive. Taxa that are present in less than 1% of the sagpliots were discarded from the
analysis. The final data matrix contained 13 taxa and 1,684 kiag plots. The taxa-abundance
matrix was first transformed into a dissimilarity matrix mgithe Bray — Curtis dissimilarity
index. Hierarchical clustering was then performed and &selting classification tree was cut
in groups, representing plant communities. In order to rdatee significant indicator taxa
of each plant community type indicator value analysis (lajWas applied (Roberts, 2010).
Non Metric Multi Dimensional Scaling (MDS) was also condcectt{Oksanen et al, 2011) to
graphically represent and assess the fit of the ordinatialysis. SIMPER procedure (Clarke,
1993) was used to determine average dissimilarities betwegetation clusters. Finally,
analysis of similarities (ANOSIM) (Clarke, 1993) was catrieut to test whether there were
significant differences in plant composition between th@mled communities. All statistical
analyses were conducted using R (R Core Team, 2013).

4.2.5. Wetland ecological condition index based on plant

community composition

Supported by the knowledge on the ecology of each studiedt glammunity type, and

its sensitivity to hydrological related factors, a wetlaodndition index was sought, that
could serve as a measure of semiarid Mediterranean salitl@naeecological condition

status in relation to watershed agricultural hydrologizadssures. In order to quantitatively
analyze wetland plant communities composition and sunzeatihem into a meaningful

biological gradient, correspondence analysis (CA) wasoperéd on the resulting wetland
communities-abundance matrix (Benzécri, 1973; Husson ,eR@l0). Hydro-ecological

linkages between wetland plant communities composition (&%es) and watershed
hydrological condition (ILA WARP-IDW) were then establishé&y means of regression
analysis, and thus an index of wetland condition (\A&}lbased on a plant community
composition was developed.

4.2.6. Plant communities mapping
Plant communities of the studied wetlands were mapped bysnafasupervised classification
of an image with a pixel size of 2 m, obtained with an airborndtispectral sensor in 2008
(DGPNB, 2008). The sensor used waBMC Z/I Intergraphcamera with four spectral bands,
l.e. red (R, 590-675 nm), green (G, 500-650 nm), blue (B, 400-580 aumd)) near infrared



(NIR, 675-850 nm). Normalised Difference Vegetation Ind&OYI; Rouse et al, 1973) was
calculated and was included as an ancillary layer in clasgifin analysis. Since the image
corresponding to Playa de la Hita (CR20) wetland was damadgak, gommunities from this
site could not be mapped.

The classification procedure consisted of two steps. finstisupervised classification of
20 spectral clusters was performed to discriminate read#éytifiable non vegetation cover
classes. According to photointerpretation using an agimtography obtained from the
same flight (0.45 m pixel size), the obtained classes wemifael as infrastructures, water
bodies and open spaces of bare soil and were masked out frdmerfglassification analysis.
Secondly, supervised classification of image was performextder to discriminate wetland
plant communities. For this purpose, georeferenced sagplts (2x 2 m) surveyed in the
field were used as training and validation areas for imagesifleation. Fifty percent of the
pixels belonging to each plant community type were randosellected and assigned to the
training and validation maps, respectively. Although airte image dated from June 2008,
almost one year earlier than field sampling took place, gpeties composition is known to
be relatively constant in time in these ecosystems (Zedlalr €999) and almost no vegetation
changes were expected during this period since no specsiardances occurred. Random
forest (Breiman, 2001) was the algorithm used for supenatassification. This nonparametric
classifier grows a set of 500 decision trees using a diffesahtet of train areas each time,
allowing to vote for the most popular assigned class, and pnaducing a significant increase
in classification accuracy (Liaw and Wiener, 2002; Pal, 300€lassification results were
validated by means of tHeverall Accuracyparameter and the Kappa coefficient (Foody, 2002).
Producer’s and user’s accuracy parameters were also agdduor each plant community of
interest across wetland sites (Congalton, 1991).

4.3. Results
4.3.1. Watershed hydrological conditions

The size of wetland watersheds ranged from 70 to 17,000 fesctdercentages of irrigated
areas among wetland watersheds ranged from 0% to 99% (Hg8#g. While Sombrerico
watershed showed the highest percentage of irrigated theawere absent in Cafiada Brusca
South and Rasall watersheds. When wetland area relativepages (WARP) were calculated,
larger wetlands showed relatively lower agricultural lotdgical pressures than smaller ones,
and as a result a gradient of watershed hydrological camditivas observed across wetlands
(Figure 4.3B).

4.3.2. Plant communities characterization

The resulting hierarchical classification tree was cut gheclusters and significant indicator
taxa of each corresponding plant community type or clustrewdentified using the IndVal
analysis (Table 4.2). MDS representation of field samplilogs(stress of 0.18; Figure 4.4) and



Table 4.1: Study wetlands and respective watershed areas (ha).

Wetland Wetland area Watershed area

Salinas del Rasall

Saladar de Cafada Brusca South
Saladar de Cafada Brusca North
La Alcanara

Marina del Carmoli

Playa de la Hita

Saladar de Matalentisco

Saladar de Boquera de Tabala
Lopoyo

Ajauque

Derramadores

Sombrerico

26.3 236
3.8 69.5
17.4 360
199 6,508
314 16,923
34.4 2,052.8
10.4 907.6
36.9 5,819.2
80 2,783
100 7,792
50 1,963
3 141

(A) PERCENTAGE-IDW

(B) WARP-IDW

1004
754

504

25- |‘|||‘II
0+ 0

N

o o o

Figure 4.3: Irrigated agricultural land areas (ILA) percentages (inverse distanc
weighted: IDW) (A) and wetland area relative percentages (WARPJIDW
(B) in wetland watersheds in 2008. Wetland key$l: Rasall;CR3S
Cafiada Brusca Sout@@R10: Carmoli; CR5: Alcanara;CR14: Ajauque;
CR13: Lopoyo;CR15: DerramadoresR19: Boquera de Tabal&R20:
Playa de la Hita;CR3N: Cafada Brusca NorthCR4: Matalentisco;

CR21: Sombrerico.
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Table 4.2: Indicator species for each vegetation cluster after the IndVal Analysis.
Associated probability value and corresponding code of the EU Habitats
Directive is indicated.

Cluster name Species Indicator value Probability EU Habitat
SM-Ama A. macrostachyum 0.786 0.001 1420
SM-Sfr S. fruticosa 0.8148 0.001 1420
Juncus sp. 0.0888 0.001
SM-Hpo H. portulacoides 0.7916 0.001 1420
SS F. corymbosa 0.3618 0.001 1510
L. spartum 0.3183 0.001
L. caesium 0.0961 0.001
L. cossonianum 0.0566 0.002
Pau P. australis 0.8596 0.001 -
Tca-Aha Tamarix sp. 0.6983 0.001 92D0/1430
A. halimus 0.4688 0.001
Sve S. vera 0.5408 0.001 1430
A. glauca 0.0869 0.001
UP Upland plants 0.7747 0.001 -

ANOSIM analysis showed that vegetation clusters were Igleistinct (R> = 0.83; P = 0.001).
Average dissimilarities between vegetation clusters \aboye 80% after the SIMPER analysis,
except for two clusters dominated IBuaeda verand several salt steppe taxa, respectively,
which only reached 69%.

Most of the vegetation clusters obtained were consistetht piant communities described
in the Habitat Directive. Typical salt-marsh communiti&J(Habitat1420— Mediterranean
and thermo-Atlantic halophilous scrubs) were differetedain three groups, dominated by
Arthrocnemum macrostachyu(M-Ama), Sarcocornia fruticosg SM-Sfr) andHalimnione
portulacoides(SM-Hpo). Salt steppe community (SS) was evenly repredehye several
characteristic taxa and corresponded to EU Hahlfai0 (Mediterranean salt steppes —
Limonietalia). A plant community was represented Plyragmites australigPau), which is
not included in the Habitat Directivelamarixsp. (mainlyTamarix canariensijsandAtriplex
halimuswere grouped together in one plant community (Tca-Ahayasgnting dense Tamarisk
forest patches surrounded By halimus This type corresponds with a mixed community
of EU habitats92D0 (Southern riparian galleries and thickets) al#BO0 (Halo-nitrophilous
scrubs Pegano-Salsoletea). Another plant community wadyrrapresented byuaeda vera
(Sve), which also corresponded to a documented subtype &lthHabitatl430composed by
pioneering taxa in recently abandoned arable areas (MARMQRCOFinally, a heterogeneous
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vegetation cluster was obtained with no specific indicaasat composed by several upland
ruderal halo-nitrophilous plant species not specificaiiohging to wetlands (UP).

4.3.3. Wetland ecological condition index based on plant

community composition

The use of CA allowed us to summarize wetlands plant commuoityposition into a single
multivariate axis that represented a biological conditgradient, which can be related to
environmental variables. Plant communities represente®Htragmites australis, Tamarix
canariensisand Atriplex halimuswere added up and pooled in a single functional plant
community type, since all of them have been previously regbas invasive and related to
hydrological perturbations (Burdick and Konisky, 2003; Chens et al, 2003; Alvarez Rogel
et al, 2006) (see Figure 4.5).

The first and second axes of the CA explained 30% and 28% of thenea, respectively. In
relation to the first axis, characteristic wetland plant cmmities were grouped in the near zero
and positive part of the axis (SM-Sfr, SM-Ama, SM-Hpo and,S8)ose ecological tolerances
are similar and known to occur under typical wetland abimditges in terms of salinity, water
table level and flooding regimes (Alvarez Rogel et al, 200@72). On the contrary, the
lowest values of the first axis grouped plant communitieviptesly related to hydrological
perturbations (Tca-Aha-Pau), together with a communipetwhich is typical from wetland
areas altered byn situ factors (Sve) (Caballero, 1999). After linear regressioalysis, the
first axis of the CA was negatively correlated with the irregatand areas (WARP-IDW) index
in 2008 R?ad j. = 0.33;P = 0.03) (see Figure 4.6A). Sombrerico wetland was considerdd an
outlier and therefore was excluded from the regressionyaisasince it represented extreme
ILA (WARP-IDW) values.

A plant community based index of wetland condition (WW€)lwas thus proposed based on
CA axis 1. Relative abundances of plant communities scoriggtnely in CA axis 1 were
subtracted to abundances of positive scoring communges Equation 4.2).

WClpc = (RASM+ RASS) - (RAI'cafAhafPau‘F RASVE) (4-2)

Where RAgm stands for the sum of the relative abundances of salt mamstimomities
(SM-Sfr, SM-Ama and SM-Hpo)RAss stands for relative abundance of the salt steppe
community,RAT ca_aha_pau Stands for the sum of the relative abundances of the Tamanidk
reed beds dominated plant communities, &%, Stands for the relative abundance of the
Suaeda veraominated plant community, expressed as parts per unit.

The values of the condition index for the study wetlands eaifgom -1 to 1 (see Figure 4.7).
Positive values represent wetland sites with good ecabgtatus, while negative values stand
for disturbed sites due to hydrological perturbation. Bogude Tabala (CR19), Derramadores
(CR15) and Carflada Brusca South (CR3S) wetlands scored over O&saeiing very good



Figure 4.4: Non-metric multidimensional scale graph. Plant community keys:
1. Tamarix sp. andAtriplex halimusmixed community (Tca-Aha);
2. Phragmites australisdominated community (Pau)3: salt marsh
dominated byArthrocnemum macrostachyufBM-Ama); 4: salt marsh
dominated bySarcocornia fruticosgSM-Sfr); 5: salt marsh dominated
by Halimione portulacoidegSM-Hpo); 6: dominated by upland plants
(UP); 7: salt steppe (SS8: Suaeda veraominated community (Sve).

— 64—



0
9
o | Sve '
- ss
g !
& '
@ | 1
& o SMTHpo
N | uP
0 !
x
<
e I
3 -
SM-Sfr
Tca-Aha-Pau
0
S
SM-Ama
T T I T T
-1.0 -0.5 0.0 0.5 1.0

Axis 1 (30.26%)

Figure 4.5: Correspondence analysis (CA) of wetland plant communities abundance.
Plant community keysTca-Aha-Pau Tamarixsp. +Atriplex halimus+
Phragmites australisSM-Ama: salt marsh dominated bArthrocnemum
macrostachyurnSM-Sfr: salt marsh dominated dyarcocornia fruticosa
SM-Hpo: salt marsh dominated bialimione portulacoidesSS salt
steppeSve Suaeda veraJP: upland plants.
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Figure 4.7: Values of the plant community based index of wetland condition (M/CI
in 2008. Wetland keysCR4: Matalentisco;,CR21. Sombrerico,CR13:
Lopoyo; CR3N: Caflada Brusca NorthCR14: Ajauque; H1: Rasall;
CR10: Carmoli; CR5: Alcanara; CR19: Boquera de TabalaCR15:
DerramadoresSCR3S Caflada Brusca South.

condition sites, and Matalentisco (CR4), Sombrerico (CR21) laogbyo (CR13) wetlands
showed condition values under -0.5, indicating very badidam.

Interestingly, the proposed plant community based wetleowdition index showed a
stronger relationship with the irrigated land areas indBARP-IDW; R°ad j. = 0.48;P = 0.02;
see Figure 4.6B) in 2008 than with the first axis of the corradpace analysis. There was no
correlation between wetland condition and abundance ainggplants(=0.17;P=0.61). The
presence of this community type is probably related to acaneate or old wetland delimitation
but no to hydrological pressures coming from the watershed,therefore we did not include
them in the condition index.

4.3.4. Plant community maps

A separate random forest classification model was perfofioradetlands located in the South
of Murcia province (CR3N, CR3S, CR4 and CR21) in order to improve iflegson accuracy
at these sites. All other wetlands were classified usingdheesandom forest model.

Resulting maps were validated for the plant communitiesiohedl in the wetland condition
index, i.e. Tca-Aha-Pau, SM (grouping SM-Ama, SM-Sfr and SM-Hpo), S& &ve
(Figure 4.8). Kappa and overall accuracy parameters varezhg wetland sites (see Table 4.3).
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Figure 4.8: Wetland plant community maps. Wetland key8R10: Carmoli; CR5:

Alcanara; CR14: Ajauque; CR13 Lopoyo; CR15. Derramadores;
H1l: Rasall; CR19: Boquera de Tabala;CR3N: Cafiada Brusca
North; CR4: Matalentisco; CR3S. Cafada Brusca SouthCR21:
Sombrerico. Plant community keysSve Suaeda veradominated,;
SS salt steppe; UP: dominated by upland plantsSM-Hpo: salt
marsh dominated byHalimione portulacoides SM-Sfr: salt marsh
dominated bySarcocornia fruticosa SM-Ama: salt marsh dominated
by Arthrocnemum macrostachyumau: Phragmites australisominated,;
Tca-Aha: Tamarixsp. andAtriplex halimusmixed community.
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Table 4.3: Overall accuracy and Kappa values for each wetland plant community
map. Wetland sites are grouped by the two random forest (RF) models
performed (Northern and Southern wetlands). Number of validatiorsarea
per wetland is indicated (N). Wetland key<CR10: Carmoli; CR13:
Lopoyo; CR14: Ajauque; CR15. Derramadores,CR19. Boquera de
Tabala;CR5: Alcanara;H1: Rasall;CR21: Sombrerico;,CR3N: Cafada
Brusca NorthCR3S Cafiada Brusca Sout@R4: Matalentisco.

Wetland Overall Accuracy Kappa N

CR10 74% 062 243
CR13 95% 078 42
£ CR14 67% 055 85
Z CRi15 72% 026 72
X CR19 49% 010 51
CR5 76% 051 96
H1 94%  0.64 16
£ CR21 59% 020 17
§ CR3N 529  0.06 21
L CR3S 75% 033 12
CR4 50% 020 22

Producer’'s and user’s accuracy parameters calculatedafdr plant community of interest
across wetland sites showed high accuracy results for ntexst gommunities, except f@ve
which was mainly confused with SS and SM communities (seéeTald). Plant communities
abundances obtained by means of remote sensing were sagtiificorrelated with those
estimated by means of field sampling across wetlands@.9;P < 0.01; Figure 4.9).

4.4. Discussion and conclusions

Our study comprises both basic and applied research by ajeugl a rapid and effective
technique to assess and monitor the ecological conditiaewiiarid Mediterranean wetlands.
According to our results, the main objectives of the studyenschieved: (1) plant community
types were obtained in a systematic and reproducible wayh€proposed wetland condition
index related wetland plant community composition and vedied hydrological pressures and
(3) plant community maps obtained by means of remote sensfieged high accuracy and
high spatial resolution in a wide range of wetland sizes. &aproach provides an effective
procedure for using very high resolution airborne imageglaht communities to evaluate
the status of semiarid Mediterranean saline wetlands atiogl to agricultural hydrological
pressures at the catchment scale, thus serving as a toolatershed management in order
to prevent the actual wetland degradation rates (Zedlerkardher, 2005; Dudgeon et al,
2006). The indicator wetland plant communities found irstetudy were coherent with



Figure 4.9:
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Plant communities abundance in the study wetlands according to field
sampling (FS) and remote sensing (RS) data. Wetland k6€R10:
Carmoli;CR13: Lopoyo;CR14: Ajauque;CR15: DerramadoresCR19:
Boguera de Tabal&€fLR20: Playa de la HitaCR21: SombrericoCR3N:
Cafiada Brusca NortliGR3S. Caflada Brusca SoutlR4: Matalentisco;
CR5: Alcanara;H1: Rasall. Plant community keyd: Tamarixsp. and
Atriplex halimusmixed community (Tca-Aha)2: Phragmites australis
dominated community (Pau®; salt marsh dominated b&rthrocnemum
macrostachyum(SM-Ama); 4. salt marsh dominated b$arcocornia
fruticosa(SM-Sfr); 5: salt marsh dominated byalimione portulacoides
(SM-Hpo); 6: dominated by upland plants (UPJ; salt steppe (SSB:
Suaeda veraominated community (Sve).
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Table 4.4: Error matrix calculated using all wetland plant community maps and
validation sites. Plant community keys: Tca-ARatarixsp. +Atriplex
halimug, Pau Phragmites australls SM (Salt marshes), SS (Salt steppe),

Sve Suaeda vera
Reference Data
Tca-Aha Pau SM SS Sve Total User's accuracy

% Tca-Aha 38 5 11 4 3 61 62.30%
'g_ Pau 2 106 24 5 4 141 75.18%
g SM 6 25 175 19 8 233 75.11%

SS 3 8 29 135 9 184 73.37%

Sve 4 7 9 10 28 58 48.28%

Total 53 151 248 173 52 677

Producer’s accuracy  71.70% 70.20%  70.56% 78.03% 53.85%

Overall Accuracy: 71% Kappa: 0.34

indicator plant taxa obtained in previous studies for thigge of wetland ecosystems and
pressures (see chapter 3). Therefore, the study developst-&ftective method for wetland
regional assessments, thus overcoming the limitationsistieg condition indices for semiarid
Mediterranean saline wetland ecosystems (Ortega et a4, Zfstafieda and Herrero, 2008b).

Wetlands contain diverse habitats, which are prone to géaelifferent plant species and
communities due to intrinsic natural variability (Innis a&{ 2000), while acting as refugees
for some native wetland plants against invasion by alient@aecies (Schwartz and Jenkins,
2000). Hydrological perturbations represent a major thteaiodiversity in wetlands, that
contain plant communities adapted to a specific range ofsadithity and flooding duration.
Salt marsh taxa and communities can endure sporadic floeding are very salt-tolerant
(Pujol Fructuoso, 2002; Vicente et al, 2007), while salppte species are less frequent at
flooded areas (Caballero, 1999; Alvarez Rogel et al, 2000) s leeosystems do no present
substantial inter-annual variation in perennial taxa dadfgzommunity composition in absence
of perturbations (see chapter 3). Furthermore, major reiffees in vegetation composition
in semiarid Mediterranean wetlands are based on theirivelabundances, rather than on
taxonomic composition (Zedler et al, 1999), which is linditby abiotic conditions, such
as soil salinity, anoxic conditions and waterlogging (Saxet al, 1998; Alvarez Rogel
et al, 2007a). However, the invasion of semiarid Meditezeansaline wetlands byamarix
canariensis Atriplex halimusand Phragmites australiseems to have altered characteristic
plant communities, resulting in the replacement of valeadihlophytes by more generalist
and opportunistic taxa, probably due to decreased sabknand perturbed flooding regimes.
Phragmites australisisually forms monospecific stands in areas with regular middevs,
reducing species diversity, and therefore indicating avetldegradation (Burdick and Konisky,
2003; Alvarez Rogel et al, 2007c; Tulbure et al, 2007), whesdeplex halimusin association
with Tamarisk canariensican form dense stands in areas with lower salinity condstion
(MARM, 2009).



The fact that Matalentisco (CR4) and Boquera de Tabala (CR19am¢] both lacking
of protection status, showed very contrasting ecologicaididion values due to waterhsed
hydrological pressure reinforces the idea that watershadhgement plays an important role
for wetland conservation (Figure 4.7; Wigand et al 1999;n&uret al 2003; Mack 2006).
Another example is the contrasting plant community contmosiand condition index values
of Cafada Brusca wetlands, whose North (CR3N) and South (CR3®)drdg clearly receive
different surface hydrological influences (Figure 4.7)sikee index values can be considered
as indicative of a good/fair ecological status, where ratpfant communities dominate
the wetland site, while negative values indicate dominasicewasive plants and wetland
degradation due to strong hydrological pressures.

According with this and previous studies (Belluco et al, 20R6oney et al, 2012; Mwita
et al, 2013), remote sensors have been shown to be suitableefatudy and monitoring of
wetland plant communities. After our results, random foreedels showed to be valid only
within the spatial extent in which they were developed. Hsgfatial resolution played an
important role when mapping small wetlands, reducing ateowithin-pixel heterogeneity,
and therefore increasing their spectral separability (Bellet al, 2006). However, plant
communities are not discrete entities and their speciegosition may vary slightly across
wetlands. Therefore, intraclass heterogeneity, as wellascuracies related to georeferenced
sampling plots in the field, may have affected classificaéicturacy, which was comparable to
results obtained on similar recent studies (Chen and Lin3R(Rlant community represented
by Suaeda vergSve) showed the lowest accuracy values (Table 4.4) prglmhl# to the fact
that it is associated to perturbed areas like abandonedudtgrial areas, which might increase
heterogeneity among sampling plots.

Watersheds and wetland sites in the Southern part of Muroiance were among the most
perturbed after the application of the watershed condifi®ARP-IDW; Figure 4.3) and the
wetland condition (WGi¢c; Figure 4.7) indices, respectively. Moreover, image dfecsdion
of plant communities at these wetland sites showed gegdeals accuracy than in northern
wetlands (Table 4.3). This might reflect the fact that théanp communities compaosition
deviates from the characteristic ones due to the invasiooppbrtunistic taxa, which make
them more heterogeneous and difficult to discriminate bynmaehremote sensing.

In this study, we only disposed of one single image and tbesefwe lacked of
phenological information of vegetation, which would syriehprove the discrimination of plant
communities. Due to the increasing public availability efnotely sensed data, together with
the use of free and open source software (Steiniger and H¥8)2the proposed wetland
monitoring and condition assessment method can be eadiynaed and further developed
in the Mediterranean region (Herrero and Castafieda, 20080KMaet al, 2009), preferably
using several images representing different seasons &g 2008) for image classification
analysis. For this purpose, the use of other advanced reseotang sources like present and
forthcoming satellite sensors is advisedy. SPOT, Landsat-8 and Sentinel 2 missions (Drusch
etal, 2012; Irons et al, 2012), since they offer multi-temgbonages of medium and high spatial
and spectral resolution, respectively.



A SPATIO-DYNAMIC R MODEL AND

LIBRARY OF PLANT COMMUNITIES
RESPONSES TO HYDROLOGICAL
PRESSURES IN A SEMIARID

MEDITERRANEAN WETLAND

Abstract

Semiarid Mediterranean saline wetlands are semi-teiaestrosystems, which yearly undergo
dry periods of several months, and shelter a rich, endendcsansitive biota. In the last
decades, the expansion of agricultural irrigated areasrmarid Mediterranean catchments has
led to altered inputs of water and nutrients to lowland wetka Hydrological alterations have
affected characteristic plant communities, resultinghi@ teplacement of valuable halophilic
salt marsh and salt steppe plant communities by more gésteaald opportunistic taxa like
reed beds. A spatio-dynamic model and library were developging R that aimed to
explain the spatial distribution of three characterist&tland plant communities in a semiarid
Mediterranean wetland site in response to hydrologicasanes from the catchment. Wetland
plant communities and watershed irrigated agriculturehamwere mapped by means of remote
sensing at several dates between 1984 and 2008 and padlgsigarcing inputs and validation
data. A dynamic model was initially developed using Stetifivgare and then converted into
R by means of the StellaR software. Spatial dimension wasdtluding neighborhood and
spatial flows algorithms representing plant communitiespelision. The conversion between
plant communities was caused by the increase in water inflaws the watershed, mediated
by spatial parameters, such as the distance to ephemesad @nd the flow accumulation
map within the wetland site. Results of the model were in agesd with remote sensing
data, showing that in 2008 salt steppe had lost a half of itsr@l area, whereas salt marsh
and reed beds experienced an important expansion procdss.mddel developed in this
study is available online as an R library, including all resary input data sets and maps and
documentation to run it. Free and open source software aliteorode sharing repositories
are proposed as modelling tools for future research. Theshibdary offers a flexible tool that
suits the needs of both advanced and less skilled modelers.
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5.1. Introduction

Semiarid Mediterranean saline wetlands are unique andhgeded ecosystems which shelter
high biodiversity. These are highly complex ecosystems lmclv the distribution of plant
communities is mainly according to spatial environmentaldients of water availability and
salinity (Alvarez Rogel et al, 2001, 2006). During last dezssdand use changes in Murcia
province and the associated hydrological changes at waigtiscale have caused a rise in water
tables of aquifers and have increased the levels of groumdwioding periods and soil water
content in the wetlands (Alvarez Rogel et al, 2007c). Charistite plant communities are
negatively affected by these pressures to the wetlandcedlyesalt steppe, while opportunistic
invasive species are favored, such as reed beds (Chambérd@9% Burdick and Konisky,
2003; Maheu-giroux and Blois, 2005). These changes areamtidvom a biodiversity and
conservation perspective since salt steppe is considdr@diarity interest according to the
European Habitat Directive (Council of Europe, 1992).

The failure to perceive that wetlands are not standalomaesiés in the landscape and to
understand or express the complexity of spatial relatipssamong hydrology and wetland
vegetation, has led to an extensive loss of the most chaisicte wetland habitats during
the last decades (Turner et al, 2000; Cools et al, 2013). Mondehe physical environment
of wetlands is therefore essential for assessing the eakttips among pressures and species
responses in these threatened ecosystems (Zhou et al, 28p&8}o-dynamic modelling has
served as a tool to assess the effects of land use changestlamdvecosystems and to
substantiate and improve wetland restoration measuregefdeen and Bendoricchio, 2001;
Hattermann et al, 2006). Moreover, spatial modelling haob® an important tool for plant
ecology and biodiversity studies (Turner et al, 1995; Meland Jeltsch, 2008; Gardner and
Engelhardt, 2008). Furthermore, linking remote sensirgld fstudies and spatio-dynamic
modelling can help overcoming some typical limitations oblegical studies, such as the
lack of historical data or the difficulty of studying speciageractions and their relationships
with environmental variables and pressures both in spagtéme (Damgaard, 2003; Perry and
Millington, 2008; Chen et al, 2011).

In the last decades there have been important advancegim-dgaamic modelling, leading
to a diversity of modelling environments, such as SME ($pdodelling Environment;
Maxwell and Costanza 1997), MOHID (Braunschweig et al, 2084)ile (Muetzelfeldt and
Massheder, 2003), SimuMap (Pullar, 2004), Tarsier (Wass@hRahman, 2004) and TerraME
(de Senna Carneiro et al, 2013). However, some of them renmaivailable for the research
community and others represent commercial solutions, wlimats their use and development.
Furthermore, some key issues remains still open, such asotheatibility between models,
the lack of reuseability and transparency and the targetdeusers or developers communities
(Argent et al, 2006; Jgrgensen, 2008). To propose a sojwieidentified several requirements
for modelling tools including: (1) they should allow intgrrability between models; (2)
represent adequately documented software tools that casdal for non-programmers and
(3) be flexible enough, so that advanced users can fully stalet the role of each component
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and adapt them to case-specific requirements. The challsngealevelop modelling tools as
general and flexible as possible to suit the needs of bothnaddaand less skilled modelers
(Voinov et al, 2004; Jakeman et al, 2006). Trying to addrbsesé challenges, we have used
R (R Core Team, 2013) as a modelling environment for fittingabeve identified needs with
an application to the spatio-dynamic ecological modellrigsemiarid Mediterranean saline
wetlands.

R is an advanced statistical computing system that is fraedylable for most computing
platforms and can be used for modelling. Among other adgmsta R has dynamic
modelling, GIS and advanced graphics capabilities by me&msultiple libraries (Petzoldt
and Rinke, 2007; Pebesma, 2012; Hijmans et al, 2013), offerpossibility of developing
new functions and can easily connect to other free and opgnees@1S, such as GRASS GIS
(GRASS Development Team, 2008), SAGA GIS (Development Te&1Q) or Quantum GIS
(Development Team, 2009). Besides, R is used extensivelgmentary teaching, for student
projects and by researchers including those in companigst an supported by a worldwide
community of users (Ripley, 2001). Modelers needs to be awhtbee best practices and
modelling techniques to improve their own approaches. #éssential that researchers make
their models available and adopt common modelling toolsmaethodologies based on free and
open source software tools (FOSS), which are accessibleambte easily improved by their
community of users (Turner et al, 1995; Argent, 2004).

The model developed in this study addresses three plant coities in the Marina
del Carmoli wetland in terms of spatio-dynamic interactiamsl responses to agricultural
hydrological pressures from the catchment area over a 24 yeaiod. The specific aims of
the study were: 1) To develop an ecological model of a sechMaditerranean wetland site; 2)
to build a user-friendly, online and documented version spatio-dynamic modelling library
using R and 3) to test the wetland model by means of empirichlemote sensing data for the
period 1984 — 2008.

5.2. Study area

A semiarid Mediterranean saline coastal wetland was s#legthich comprises 314 hectares
(figure 5.1). The Marina del Carmoli wetland is located in thenffa de Cartagena lowland
coastal plain, associated to the internal shore of the Mardvleoastal lagoon, which comprises
12,700 ha (Conesa, 1990; Conesa and Jiménez-Carceles, 200&)Campo de Cartagena
area is under the influence of a very arid climate with a mearahntemperature higher
than 18°C and mean annual rainfall under 300 mm (Conesa, 19Dl site is a Special
Protection Area for Birds, a Site of Community Importance ar&pacial Protection Area for
the Mediterranean).

The wetland mainly comprises salt steppe, salt marsh andl veds areas, which are
distributed according to the availability of water and siéji. Salt steppe is located in areas with
low water availability and high salinities; reed bed®h(agmites australisare in areas with
high water content and low salinity, whereas salt marsh piesuareas with intermediate water
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Murcia Province

Wetland watershed

Mediterranean seaq

Figure 5.1: Location map of the Marina del Carmoli wetland (MC) and its watershed
area in Murcia province (SE Spain).

content and higher salinity (Alvarez Rogel et al, 2006, 20048RM, 2009). Salt steppe is
considered of Priority interest according to the Europeabhitat Directive (Council of Europe,
1992), salt marsh is of Community interest and reed beds driecioded in the Directive.

5.3. Model variables, parameters and

assumptions

The three above mentioned plant community types 6alt steppe, salt marsh and reed beds)
and the bare soil were the state variables of the model anglne@presented as raster maps with
a pixel size of 25 m. Initial maps of salt steppe, salt marstmesbare soil in the wetland were
established according to a map obtained by means of rematgnganap in year 1984 (Carrefio
et al, 2008). Since reed bed stands were not dense enoughtagped by remote sensors at
that early stage, we did not know its initial location in thetland and therefore it was assumed
to be potentially present in all wetland pixels with an @litvalue of one unit in each pixel.
As an invasive and clonal species whose rapid expansionmr®bguextending its rhizomes in
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all directions, this seemed an ecologically meaningfuliaggtion (Bart and Hartman, 2003;
Engloner, 2009).

Conversion among plant communities was caused by the deamaigr input to the wetland
and mediated by spatial environmental variables influenaiater availability and growth. The
environmental factors considered in the model were: (1ptiential surface flow accumulation
over the wetland area, as a proxy of waterlogging (spatiedrpater); (2) the distance to the
ephemeral rivers crossing the wetland (spatial paramesed (3) the irrigated agricultural
hydrological pressures coming from the watershed over {moa spatial forcing input). The
model assumes only increasing or no water inputs, thus atioguonly for the conversion of
drier and more saline plant communities to more humid or $sdime onesj.e. salt steppe
and bare soil (initially present) into salt marsh, and fa& donversion of all of them into reed
beds. The water availability and growth of reed beds was Im@ifluenced by the proximity
to the ephemeral rivers, whereas the salt marsh commungynilaenced by the potential flow
accumulation in combination with the average distance tbh bphemeral rivers (Pennings and
Callaway, 1992; Alvarez Rogel et al, 2001, 2006, 2007c; Caredfa, 2008; Moffett et al,
2010).

In order to assess the agricultural hydrological presscoesing from the watershed over
time, first the watershed area draining to the wetland wasekgied from a 10 m raster DEM
using GRASS GIS 6.4 (GRASS Development Team, 2008) (see ch2pteHistorical land
cover maps for years 1987, 1996, 2000 and 2008 were obtaynetehns of remote sensing
techniques (Carrefio et al, 2011) (see chapter 2). The pageeof irrigated agricultural areas
in the watershed was then calculated and a converted intalaleArea Relative Percentage
index (WARP; see chapters 3 and 4), which was included in thdetnas a forcing input
representing the agricultural hydrological pressure anwietland over time. WARP values
for intermediate years were obtained by means of linearpnotetion (figure 5.2).

The surface flow accumulation map over the wetland area wageddrom a 10 m DEM by
means of watershed modelling operation using GRASS GIS. Magstance of each pixel to
two ephemeral rivers crossing the wetland were produceddansiof map algebra operations
using a digitized river network. Resulting maps of flow acclatian and distance to ephemeral
channels were scaled to a zero to one range in order to useabamrmalized parameters
of potential water availability for the expansion of thedd®=ds and salt marsh communities
(figure 5.3).

Spatial neighborhood algorithms were developed and ircliiithe model in order to allow
the salt marsh community to disperse to the surroundingixene dispersion of salt marsh
was limited to neighboring pixels containing bare soil dt seeppe. Figure 5.4 shows a diagram
of the relationships among the different variables of theleho
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Figure 5.2: Wetland Area Relative Percentage (WARP) index of irrigated agriculture
during the study period in the Marina del Carmoli wetland watershed
according to remote sensing data.
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(A) Dist. to ephl (B) Dist. to eph2 (C) Flow acc.

1.0

Figure 5.3: Environmental spatial variables included in the model: (A) distance map
to ephemeral river 1; (B) distance map to ephemeral river 2; (C) Flow
accumulation map. All variables are on a relative 0-1 scale.
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Figure 5.4: Model conceptual diagram. Thicker lines refer to stronger depefekenc
between parameters and state variables.

Model variables and parameters were established usingeanuatstic approach based
on the knowledge of the ecological tolerance of the plant momties and environmental
variables, such as the maximum potential growth rates dflbeds and salt marsh communities,
the effective water availability for each plant communitydahe water dependent conversion
coefficients between plant communities. Table 5.1 showkshef model variables, parameters
and equations implemented in the model. Figure 5.5 sumesgmall model parameters and
equations related to the conversion between plant comgntypies.

Wetland plant community maps from years 1992, 1995, 19901 2hd 2008, obtained by
means of remote sensing, with an overall accuracy rangom 4% to 89% (Carrefio et al,
2008; Esteve et al, 2008; Martinez-Lopez et al, 2012), weeel @s independent validation data
for assessing the results of the model. Besides, the modehlsasested under a no drainage
water input scenario.



Table 5.1: Model variables, parameters and equations.

Name Short name Range/Value/Description

State variables

Salt steppe SS 0-25
Salt marsh sm 0-25
Reed beds rb 0-25
Bare soil bs 0-25
Spatial parameters
Flow accumulation + ( 1 - norm. aver. dist. to ephemeral rivers) a_afe_ephs 0-2
Distance to ephemeral river 1 and 2 ephl and eph2 0-1
Non spatial parameters
Potential growth rate of reed beds par_rb 0.005
Potential growth rate of salt marsh pgr_sm 0.2
Forcing input
ILA (WARP-IDW) ilawarp >0
Equations
Potential water availability for reed beds pwarb ephl® + epte®
Potential water availability for salt marsh pwasm fa_ave eph$
Effective water availability for reed beds ewarb (1+ilawarp) * pwarb
Effective water availability for salt marsh ewasm (1+ilawarp) * pwasm
Water dependent conversion coefficient from salt steppealtorsarsh wdcc_ss_sm ilawarp/2
Water dependent conversion coefficient from bare soil torsaftsh wdcc_bs_sm ilawarp/0.2
Water dependent conversion coefficient from salt steppedd beds wdcc_ss_rb ilawarp/0.45
Water dependent conversion coefficient from bare soil td besls wdcc_bs_rb ilawarp/0.1
Water dependent conversion coefficient from salt marsh @ bees wdcc_sm_rb ilawarp/3
Actual conversion rate from salt marsh to reed beds acr_sm_rb ewarbxwdcc sm rbx pgr_rb
Actual conversion rate from salt steppe to reed beds aamb ss_ ewarbxwdcc ss rbx pgr_rb
Actual conversion rate from bare soil to salt marsh acr_bs_sm ewasmxwdcc bs smx pgr_sm
Actual conversion rate from salt steppe to salt marsh acsnss_ ewasmxwdcc Ss smx pgr_sm
Actual conversion rate from bare soil to reed beds acr_bs_rb ewarbxwdcc bs rbx pgr_rb
Total conversion from salt steppe to reed beds tc_ss_rb rbxacr_ssrbxss«(1—(rb/25))
Total conversion from salt steppe to salt marsh tc_ss_sm smxacr_ss sm«ssx (1— (sny25))
Total conversion from salt marsh to reed beds tc_sm_rb rbxacr_sm rbxsm« (1— (rb/25))
Total conversion from bare soil to salt marsh tc_bs_sm smxacr_bs smxbs« (1— (sny25))
Total conversion from bare soil to reed beds tc_bs_rb rbxacr_bs rbxbs«(1—(rb/25))
Salt marsh growth smg tc_ss sm+tc_bs sm—tc_smrb
Reed beds growth rbg tc_ssrb+tc_smrb+tc bsrb
Salt steppe decrease ssd —tc_ssrb—tc_sssm
Bare soil decrease bsd —tc_bs sm—tc_bs rb
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Figure 5.5: Example of the conversion among plant communities showing the

relationships between the main model parameters and variables. A and
B subindices refer to the conversion from plant community type A to
B. Shaded squares represent non spatial variables and pararaeers,
oval shaped variables refer to state variables. Variables and parameter
legend: ‘flowacc’: flow accumulation; 'ephemeral rivers’: average
distance to ephemmeral rivers; 'ilawarp’: hydrological pressurexinde
‘pwa’; potential water availability for a community type; 'wdcc’: water
dependent conversion coefficient from one community type to another;
‘ewa’: effective water availability for a community type; 'pgr’: potential
growth rate of a community type; 'acr’: actual conversion rate from one
community type to another; 'tc’: total conversion from one community
type to another; 'A: Plant community type A; 'B’: Plant community type

B. For more information see table 5.1.
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Table 5.2: Area (ha) occupied by each plant community after remote sensing (RS) and
model results (MOD) for the years with initial and validation data.

Salt steppe Salt marsh Reed beds
RS MOD RS MOD RS MOD

1984 179 2 0

1992 149 155 72 54 0 15
1995 108 136 127 83 9 41
1997 104 124 99 96 32 53
2001 117 109 81 114 63 63
2008 90 90 121 137 74 65

5.4. Model development and execution

The model was developed starting from a basic dynamic mailedjbtella (ISEE Systems Inc.,
2013) which was translated into R code using the StellaRvso& (Naimi and Voinov, 2012).
Different available R libraries were used for model deveilept, mainly the 'deSolve’ package
for solving differential equations (Soetaert et al, 2016) &he raster’ package for the analysis
of spatial data (Hijmans, 2013). The model code was finallgpped as an R function that
was then solved by numerical integration using dlae.2Dfunction and the Euler integration
method (Soetaert et al, 2010). State variables and spatiaihgeters were defined in the model
as matrices in order to comply with the requirements of thiscfion. Time step was set to
0.25 and the 'Euler’ method was selected as the integratgorithm. The model output is a
matrix in which each row contains data from a specific time sted the columns correspond
to all wetland pixels arranged by the different state vdeisbThe total execution time of the
model was approximately 60 seconds using a regular deskumputer with 4GB of RAM.
For validation purposes, the resulting wetland maps of dhneces for each state variable were
summarized into a categorical map in which each pixel wagsd the state variable with the
highest abundance.

5.5. Simulation results and validation

The model was able to spatially simulate the abundance opldre communities of interest
in a timely manner during the study period, accounting fortfie differential effects of the

environmental parameters selected on each plant comm(@iithe potential invasive effect of
reed beds; and (3) the effect of dispersion of the salt masimwnity. According to the values
simulated by the model and those obtained by means of rereatng (table 5.2), between
1984 and 2008 the area of salt steppe was reduced to the bal§ mainly replaced by salt
marsh, which became the dominant community. On the contraeg beds, practically absent
in 1984, occupied 65 hectares in 2008, after a significaraesipn process since 1995.



Table 5.3: Error and similarity measures of the resulting areas occupied by each plant
community across study years after remote sensing and spatio-dynamic
modelling. 'r’ corresponds to the Pearson correlation coefficiert 0.05),
'NMRSE’ to the normalized root mean squared error and 'EF’ to the
efficiency factor. Data from 5 years were compared.

Plantcommunity r NRMSE (%) EF

Salt steppe 0.91 44 0.77
Salt marsh 0.84 54 0.65
Reed beds 0.88 53 0.65

Table 5.4: Overall accuracy of plant communities maps resulting from the model
compared to the maps obtained by means of remote sensing. All pixels
in the wetland were compared (approx. 4,000 pixels).

Year Overall Accuracy

1992 71%
1995 55%
1997 58%
2001 54%
2008 61%

Results of the model showed high accuracy values in relabidimet data obtained by means
of remote sensing, which were used only for validation. Fegh.6 and table 5.3 show the
graphical representation and the performance measurdseainbdel simulated versus the
observed values regarding the area occupied by each plamhgoity, respectively (Jachner
et al, 2007; Bennett et al, 2013). The comparison between tuehsimulated wetland plant
communities maps and those obtained by means of remotengefiosi each validation date
showed overall accuracy values up to 71% (Figure 5.7 andeTaldl). Moreover, the model
showed almost no change in plant communities abundancemerdion during the study period
when tested under no drainage water inputs, in accordarnbelve model assumptions.

5.6. Model library

The

model developed in this study is available online as an Ruiprincluding all necessary input
data sets and maps and documentation to run it (httpsulgitbm/javimarlop/spdynmod). The
idea was to set a model library on an online collaborativearenment where both end-users
and advanced R users and modelers were able to run it, aatettid its development, as well
as adapt it to their specific needs. GitHub (www.github.cova¥y selected as a free online
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Figure 5.6: Comparison of the area (ha) occupied by each plant community after
remote sensing and model simulated values. Dots represent values
obtained by means of remote sensing, while model simulated values are
represented by triangles linked through lines for more clarity. Legend:
reed beds (RB), salt marsh (SM) and salt steppe (SS) plant communities.
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Figure 5.7: Wetland plant community maps over the study period after remote sensing
(RS) and model simulated values (MOD).



repository hosting platform used for code sharing, fromoliithe model library can be directly
installed from the command line in R by means of the 'devtdiisary (Wickham and Chang,
2013). Several functions are included in the initial vemsid the library that allow to run the
model, display and animate the simulation results, andgdaome optional parameters, such
as the potential growth rate of the salt marsh and reed bedshoaities. Besides, there is
the possibility to establish random abundances and spairdigurations of the initial state
variables, except for the reed bed community, in order téoper some model testing. Each
function is documented according to the standard R docuwatientguidelines, which includes
a description of the function, the input and output paransetnd some optional explanatory
notes.

Further development of this library are constantly ongolmg the authors, yet the
contribution from other advanced R users is expected tondxtée library with other
applications in a more generic context, such as model tgstisimilar wetlands, the inclusion
of different environmental variables and ecosystems, ingglgsitivity analyses, etc. Although
the model library can be used independently from the origitalla model, the StellaR script
remains as a tool that allow modelers to connect both pidasftovare for building and running
new models in order to include the spatial dimension to thesting Stella models.

5.7. Discussion and conclusions

Overall, this study demonstrates the suitability of openrse software, such as R, for
developing models that are open to the community and whiehahte to integrate complex
historical environmental and biological variables ovendiand space. The model served as
a research tool for testing plant community interactiond tre relationships between plant
communities and environmental variables in space and tifiie model is easy to interpret,
mainly based on deterministic empirical data, openly asibés and easily reproducible.
Furthermore, by means of the R library, the model could bereled by other researches in
order to include other conceptual wetland models of sa@ihptelationships (Gonzéalez-Alcaraz
et al, 2013a), as well as broader topics, such as the distnipumorphology and habitats of
saline wetlands (Castafieda et al, 2013). Besides, the use widtiel library by environmental
agencies as a management tool would contribute to the effipi@tection and monitoring of
semiarid saline Mediterranean wetlands by providing aifie assessment on the responses of
their plant communities to watershed agricultural pressuas well as a tool to study wetland
restoration measures. The model has at present some iongasuch as lack of sensitivity
analysis or the possibility to study a different wetlaneé &itit further developments are foreseen
in future versions of the model, after receiving some feellfisom users testing.

Wetlands are complex ecosystems exhibiting strong splagétdrogeneity, which makes
them hard to approach (Zhou et al, 2008). Therefore, inolydhe spatial dimension of the
main model parameters and state variables allowed us terhettlerstand the distribution of
each plant community type in response to the selected pesssResults of the model clearly
show that conventional protection and conservation gfi@deusually do not take into account
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the close dependency of wetlands on the dynamics and maeagentside the protected area
and that this may interfere on the protection and consemvagoals of protected wetlands
(Turner et al, 1995). The relative changes between salpstegalt marsh and reed beds can
be probably explained by the interaction between soil mogstind conductivity gradients
(Gonzalez-Alcaraz et al, 2013a). The initial increase dfewanflows from the basin resulted
in increased soil moisture and higher salinity, which fagbthe expansion of salt marsh at the
expense of salt steppe. At a later stage, around 1995, thesaised water inputs reduced water
salinity and allowed the expansion of reed beds. The netdbsalt steppe is very important
since it is the habitat of Mar Menor wetlands with the highetgrest from the point of view of
the European Habitat Directive.

The model library developed in this study can be easily kihkéh other modelling and GIS
tools, such as python, PCRaster and TGRASS, in order to exaviduglization capabilities or
to build integrated models (Karssenberg et al, 2007; Sahabial, 2013; Gebbert and Pebesma,
2014). Besides, R gives access to classic and state-ofttistasistical methods and it also
possesses several libraries for obtaining directly bicklgand environmental data from the
web, such as GBIF data (GBIF, 2013), which makes it suitablevedy modelling approaches
(Dubois et al, 2013). Furthermore, R also offers specificaliies, such as ’'shiny’ (RStudio
Inc., 2013), that add graphical interface capabilitiesiciwltould be integrated in any existing
model. Although the model developed in this study is not cotatonally time consuming,
R also offers several parallel computation libraries, il the implementation of large scale
ecological models.

Between graphical interfaces and programming languages te a wide variety of
modelling tools available, that can help convert concdptieas into models (Costanza and
Voinov, 2001). We agree that visual modelling environmehét do not involve programming
are easier to work with for high level users, especially f@llvdeveloped models and non
advanced users. However, command-line environments aliamslating any concept into
working computer code, and students and researchers aredfoo think about what they
are doing when they use them (Ripley, 2001). Besides, free aeth source software
offers a promising approach for developing standard moagkpproaches, protocols and
tools to collaborate in biodiversity research among redeas, students, decision makers and
citizens in general (Steiniger and Hay, 2009; Rocchini anteMg 2012). The adoption
of an open source community approach is especially cruciahdke progress on important
conservation challenges, like the implementation of leag@le ecological models to meet the
Aichi Biodiversity Targets (COP 10 Decision X/2, 2010; Voinetwal, 2010).

The use of online hosting repositories and platforms folabalrative model development,
documentation and exchange should be encouraged, siymitarpast initiatives, such as
ECOBAS (Hoch et al, 1998; Benz et al, 2001). In this regard,etteae several free online
repository hosting services that include additional fioralities to code sharing, such as
version control, bug tracking, release maintenance, webvaiki services, which can be
used as collaborative environments for model developnmsmh as GitHub, BitBucket and
SourceForge (Wilson et al, 2013). In fact, open scientifseagch is based on an open-source



community through the use of such collaborative envirorisitrat facilitate model peer review,
replication of results and delivery of results to the puldispecially for publicly funded science
projects (Moinov et al, 2010; Poisot et al, 2013).






GENERAL CONCLUSIONS

. The results of this thesis have shown how the ecologicaustof these semiarid
Mediterranean saline wetlands was negatively affected hay ibhcrease in irrigated
agricultural areas during last decades, which stress tpertigince of monitoring wetland
watersheds for their conservation.

. An enhanced free and open source procedure for watersbddlling in coastal plain
areas was specifically developed for wetlands, which alibwee delineate wetlands
watershed with high accuracy, especially for large wetkand

. An enhanced free and open source supervised image dassifi methodology with a
high efficiency in terms of accuracy achieved and time comiom was used and further
developed, which allowed to generate historical land cavaps for monitoring wetland
watersheds.

. Results showed that the frequency of wetland charadtepisint taxa were significantly
related to irrigated agricultural areas at watershed shaleg the 20-year study period.

. The index based on plant taxa composition and frequenosi@iged to relate irrigated
agricultural areas to wetland ecological status at waéetshale resulted in an appropriate
tool for wetland monitoring and assessment by means of fralklsampling.

. The watershed hydrological condition (Wetland Area ReddPercentage; WARP) index
developed allowed to successfully relate the percentagerigated agriculture and

natural areas with the ecological status of wetlands atrala¢el scale, irrespective of
their size, and its use is proposed for future studies.

. The establishment of plant communities in the study wedaby means of fieldwork
sampling and ordination and classification analysis coetbiwith their mapping by

means of airborne remote remote sensors allowed the rerssaked characterization
of wetlands at 2 meters spatial resolution with high acqurac

. An index for assessing wetland ecological status baspthohcommunities composition
was developed in relation to watershed hydrological camui&nd proposed as a tool for
wetland monitoring and assessment by means of remote geriEius, remote sensing
ultimately allowed the effective assessment and monigoahsemiarid Mediterranean
saline wetland ecological status.
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9.

10.

The spatio-dynamic model developed and tested for thenslatel Carmoli wetland

successfully explained the expansion of reed beds and saéhmcommunities in

response to increasing watershed hydrological pressumsgdthe study period, and
how plant communities abundance and zonation respondtr$aguch as the distance to
ephemeral rivers and potential flow accumulation, whicimately influence plant water
availability.

Free and open source software environments, such asokedlithe development of
a spatio-dynamic environmental model that can be appliethéostudy of semiarid
Mediterranean saline wetlands. In this regard, the 'spaydirmodel library is freely

available and can be used and further developed by the coitynun
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