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RESUMEN

Lograr un equilibrio entre la sostenibilidad ambiental y el desarrollo
econdmico es un objetivo prioritario. Este objetivo gana importancia en zonas de
agricultura intensiva, donde converge una importante labor socioecondmica y el
gran impacto de las actividades humanas sobre los ecosistemas. Por ello, el objetivo
principal de esta tesis doctoral ha sido desarrollar un modelo que permita evaluar
posibles soluciones a los problemas ambientales que afrontan las zonas de
agricultura intensiva. Un caso muy representativo es la cuenca hidrografica del
Mar Menor, conocida como “Campo de Cartagena”. Esta zona, altamente
antropizada y no aforada, vierte sus aguas al Mar Menor, una de las mayores
lagunas costeras saladas de la region mediterranea y un lugar de gran valor
ambiental. Sin embargo, en los ultimos afos su estado ecoldgico se ha visto
degradado debido a problemas de eutrofizacidon, provocados por el exceso de
nutrientes procedentes de la actividad humana local. La presente tesis se presenta
por compendio de publicaciones, por tanto tres articulos cientificos fueron
desarrollados para la misma. Todos estos estudios se llevaron a cabo dentro de la
zona de influencia del Mar Menor, siguiendo una metodologia comuin basada en la
modelizacién hidroldgica. A lo largo los mismos, se desarrollaron varios modelos
hidrolégicos con SWAT (Soil and Water Assessment Tool) asi como una
combinacion de SWAT con la parte hidrodindmica del modelo WET (Water
Ecosystems Tool). Dos de los estudios publicados se centraron en la evaluacion de
la eficacia de mejores practicas de gestion agricola (BMP, en inglés) en la reduccion
de sedimentos y nutrientes entrantes al Mar Menor. Aunque algunas de estas BMPs
aplicadas de forma individual mostraron una gran efectividad, se demostré que su
combinacion es la solucién mas efectiva. Ademas, esta tesis supone una mejora del
conocimiento cientifico sobre el funcionamiento hidroloégico del Campo de
Cartagena y sobre el balance hidrico de la laguna costera. Los resultados de estos
estudios pueden servir de guia a los responsables de la toma de decisiones para
seleccionar las mejores estrategias de control de la contaminacion difusa en zonas

altamente antropizadas.

Palabras clave: Modelo SWAT, laguna costera, practicas de gestion agricola, Mar

Menor; balance hidrico.
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ABSTRACT

Reaching a balance between environmental sustainability and economic
development is a major goal for society. This objective becomes relevant in
intensive agricultural areas, where an important socioeconomic task and a
significant impact of human activities in the ecosystems converge. Therefore, the
main objective of this PhD thesis was developed a model to assess potential
solutions for the environmental issues faced by intensive agricultural areas. A very
representative case is the Mar Menor watershed, known as “Campo de Cartagena”.
This highly anthropogenic and ungauged area drains into the Mar Menor, one of
the largest hypersaline coastal lagoons of the Mediterranean region and a site of
great environmental value. However, its ecological status have been degraded in
recent years due to eutrophication problems, triggered by excess of nutrients from
local human activities. This PhD thesis is presented by compendium of
publications, therefore three research papers have been published to achieve that
requirement. All these studies were carried out within the area of influence of the
Mar Menor, following a common methodology based on hydrological modeling.
Throughout them, several hydrological models were developed with SWAT (Soil
and Water Assessment Tool) as well as a combination of SWAT with the
hydrodynamic part of the WET (Water Ecosystems Tool) model. Two of the
published studies were focus on assessing the effectiveness of best management
practice (BMP) scenarios in reducing sediment and nutrient inputs to the Mar
Menor coastal lagoon. Although some BMPs applied individually showed a high
effectiveness, it was demonstrated that a combination of BMPs is the most effective
solution. Moreover, this PhD thesis supposed an improvement in the scientific
knowledge about the hydrological processes of the Campo de Cartagena and the
water balance of the coastal lagoon. The outcomes of these studies can guide to
decision-makers to select the best strategies to control non-point source

contamination in highly anthropogenic areas.

Keywords: SWAT model; Mar Menor; coastal lagoon; best management practices;

water balance.
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I - INTRODUCCION

1.1 JUSTIFICACION DE LA INVESTIGACION

El uso de suelo agricola es el mas extendido en Europa, ocupando casi el
50% de todo el territorio. La agricultura intensiva nace de la necesidad de aumentar
la produccién de acuerdo a la, cada vez mayor, demanda socioecondémica. Sin
embargo, esta explotacion agricola intensiva puede desembocar en graves
problemas ambientales si no se controla. La sobreexplotacion de los recursos
hidricos y el uso excesivo de fertilizantes son algunas de las practicas que pueden
llevarse a cabo ante la falta de regulacion, lo cual puede provocar la contaminacion
de las aguas y su consecuente pérdida de biodiversidad. Por tanto, alcanzar una
agricultura sostenible que permita la conservacion de los recursos naturales, tanto
a corto como a largo plazo, es uno de los objetivos fundamentales propuestos por
la Union Europea (EU Regulation 1306/2013). Ademas, la agricultura sostenible
gana una mayor importancia cuando afecta directamente a zonas con gran valor
ecologico. Este puede ser el caso de algunas cuencas costeras mediterrdneas, la
cuales se caracterizan por abarcar zonas de importante valor ecoldgico y zonas con
un alto grado de antropizacion debido al turismo o la agricultura (Martinez-
Fernandez & Esteve-Selma, 2000). Por todo ello, la evaluacion del impacto de la
actividad humana sobre los recursos naturales de zonas altamente antropizadas es
de vital importancia para poder implementar medidas que permitan contrarrestar
los efectos negativos de las distintas actividades llevadas a cabo en estas regiones

y conservar un buen estado ecoldgico de las mismas (Lopez-Ballesteros et al., 2019).

Un ejemplo representativo de la situacion anteriormente descrita es la
cuenca hidrografica vertiente al Mar Menor, conocida como Campo de Cartagena,
la cual ha sufrido en las tltimas décadas grandes cambios tanto socioeconémicos

como medioambientales y soporta una gran presion antropica (Senent-Aparicio et
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al., 2021). Esta zona de estudio, ademas de verter sus aguas a la mayor laguna
salada costera de Europa (135 km?), posee un gran valor ecoldgico tal y como
indican las diferentes figuras de proteccion ambiental bajo las que se clasifican
algunas de sus zonas: Humedal de Importancia Internacional (sitio Ramsar), Zona
Especialmente Protegida de Importancia para el Mediterraneo (ZEPIM), Zonas de
Especial Proteccion para las Aves (ZEPA) y Zonas Especiales de Conservacion
(ZEC) (Boletin Oficial del Estado [BOE], 2020). E1 Campo de Cartagena, situado al
sureste de la peninsula ibérica presenta un alto grado de antropizacion, ademas del
clima semiarido tipico de la zona mediterranea caracterizado por escasas
precipitaciones y cauces efimeros. Sin embargo, este hecho no ha impedido que la
zona sea considerada uno de los principales productores horticolas de Europa
(Alvarez-Rogel et al., 2006). La agricultura intensiva de esta regién se encuentra
principalmente sostenida por el uso de recursos hidricos procedentes de aguas
subterraneas y del trasvase Tajo-Segura, y ayudada por el alto grado de
tecnificacion de su sistema de regadio. Por tanto, como puede observarse, el Mar
Menor y su cuenca vertiente forman un sistema complejo que requiere de un
enfoque holistico e integral para poder llevar a cabo soluciones eficaces contra los
numerosos problemas ambientales que enfrenta. Entre estos problemas
ambientales el que mas preocupa en la actualidad es la eutrofizacion de la laguna
costera, siendo una de sus principales causas la entrada masiva de nutrientes
procedentes del Campo de Cartagena. En los ultimos afios, el gobierno central y
regional han desarrollado varias normativas (BOE, 2020; Boletin Oficial de la
Regién de Murcia [BORM], 2019, 2018, 2017) con el objetivo de frenar la
degradacion ambiental de la laguna costera. Para ello se propone la aplicacion de
una serie de medidas correctoras y de prevencion. Sin embargo, la falta de
evaluacion de la eficacia de estas medidas y la complejidad de la zona de estudio
hacen necesaria la apertura y desarrollo de una linea de investigacion en esta
direccion. Una mejora del conocimiento cientifico en zonas con agricultura
intensiva es necesaria para una toma de decisiones efectiva, la cual permita un

equilibrio entre la sostenibilidad ambiental y el desarrollo econémico de la zona.

Los motivos anteriormente descritos, las caracteristicas particulares de la
zona de estudio y la grave problemadtica ambiental bajo la que se encuentra en la

actualidad, hacen que la cuenca hidrografica vertiente al Mar Menor sea una zona
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de estudio idénea para aplicar y comprobar los avances de la presente tesis.
Ademads, para poder mejorar el conocimiento cientifico con respecto a la
problematica del Mar Menor y evaluar sus posibles soluciones, la metodologia
principal de la tesis se basa en la simulacion hidroldgica e hidraulica mediante
modelos de base fisica. La modelizacion hidroldgica ofrece una herramienta de
gran utilidad para la gestién de los recursos hidricos (Molina-Navarro et al., 2017)
y la evaluacion del impacto de las diferentes practicas agricolas a escala de cuenca.
Los modelos hidrolégicos se han convertido, en los ultimos afios, en una
herramienta ampliamente utilizada para la simulacion de posibles escenarios de
actuacion ante problemas medioambientales relacionados con la cantidad y calidad
de las aguas (Upadhyay et al, 2022). Conseguir una modelizacion fiable y
representativa de la zona de estudio es una dificil tarea que requiere la consecucién
de una serie de procesos como puede ser la parametrizacion, calibracién y
validacion del modelo, asi como de la toma de decisiones acertada por parte del
modelador. Sin embargo, cuando se logra una modelizacion aceptable de la zona
de estudio, se abre ante los modeladores un amplio abanico de posibilidades de
simulacion y permite a los encargados de la toma de decisiones llevar a cabo su
trabajo con base cientifica. Por tanto, teniendo en cuenta las incertidumbres de la
modelizacion, la presente tesis pretende ofrecer un modelo integrado que permita
la toma de decisiones respaldadas por la ciencia en zonas de agricultura intensiva.
Pudiendo estas decisiones estar enfocadas tanto a la gestion de los recursos hidricos
como a la aplicacion de soluciones ante problemas ambientales relacionados con la

contaminacion de las aguas de la zona de estudio.

1.2 OBJETIVOS

Esta investigacion parte de la necesidad por encontrar soluciones ante la
degradaciéon ambiental que afrontan algunas zonas con agricultura intensiva,
concretamente la cuenca vertiente al Mar Menor, ademas del gran reto que supone
encontrar un equilibrio entre la sostenibilidad ambiental y el desarrollo econémico

de estas zonas. Por tanto el objetivo principal de esta tesis es la realizacion de un
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modelo integrado de ayuda a la decisién que permita dar respuestas a los

diferentes retos que afrontan las zonas con agricultura intensiva.

En relacion a la consecucion del objetivo principal se establecen los siguientes

objetivos especificos:

1. Desarrollar un modelo hidrologico del Campo de Cartagena que permita la
busqueda de soluciones efectivas para contrarrestar la problematica ambiental

de la laguna costera del Mar Menor.

2. Analizar la efectividad y coste-eficacia de las distintas medidas propuestas por
la legislacion actual con el objetivo de reducir la entrada de sedimentos y

nutrientes al Mar Menor e identificar las soluciones prioritarias.

3. Desarrollar un modelo hidrodindmico de la laguna costera del Mar Menor que
permita estimar la magnitud de los componentes de su balance hidrico y asi
lograr una mejor comprension de la relacion causa-efecto con su cuenca

vertiente.

1.3 ORGANIZACION DEL DOCUMENTO

El documento de tesis se divide en seis capitulos principales y dos anexos, los

cuales incluyen la siguiente informacion:

—  Capitulo I: consiste en la introducciéon de la tesis e incluye los
apartados de justificacion de la investigacion, objetivos generales y

especificos, y estructura del documento.

—  Capitulo II: muestra el estado del arte actual y el contexto tedrico
sobre el que se apoya la presente tesis. En este capitulo se describe de
forma detallada la problematica ambiental bajo la que se encuentra la

laguna costera del Mar Menor y su entorno, y se amplia informacion
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sobre el uso de la modelizacién como herramienta de toma de

decisiones.

—  Capitulo III: presenta los materiales y métodos empleados para el
desarrollo de la investigacion. En primer lugar, se describen las
caracteristicas principales de la zona de estudio modelizada. A
continuacién, se incluye informacién detallada sobre el
funcionamiento del modelo SWAT y el modelo WET. Y por tltimo, se
muestra el proceso llevado a cabo para la modelizacion de las
practicas agricolas asi como para el cdlculo de su efectividad y coste-

eficacia.

—  Capitulo IV: aglutina los tres articulos cientificos desarrollados y
seleccionados para la presentacion de la tesis por compendio de
publicaciones y presenta una sintesis global de los resultados de los

mismos.

—  Capitulo V: expone las conclusiones globales obtenidas de la
investigacion y presenta posibles lineas futuras de investigacion que

podrian seguirse como continuacion de la tesis.

—  Capitulo VI: recoge todas las referencias bibliograficas utilizadas

para la escritura del documento de tesis.

— Anexo I. presenta los criterios de calidad de las publicaciones,
incluyendo el indice de impacto de la revista, el puesto y el cuartil en
el que se posicionaba por drea de conocimiento en el Journal Citation

Report (JCR) el afio de publicacion.

—  Anexo II: recoge otras publicaciones y méritos logrados durante el

desarrollo de la presente tesis.
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II - ANTECEDENTES Y ESTADO DEL ARTE

2.1 EL MAR MENOR Y SU ENTORNO

La laguna costera del Mar Menor y su entorno poseen un gran valor tanto
ecologico como socioeconémico, el cual se encuentra amenazado por un grave
problema ambiental que esta degradando el estado de la laguna y afectando

significativamente a la economia de la zona.

2.1.1 La laguna costera del Mar Menor

El Mar Menor (Figura 1) es una de las mayores lagunas costeras saladas de
Europa y de la zona mediterrdnea occidental, lo cual le confiere una gran
importancia a nivel nacional e internacional (LOpez-Ballesteros et al., 2023). La
laguna costera del Mar Menor tiene una superficie total de 135 km? y una linea de
costa de 73 km, siendo su profundidad méxima de 7 m y la profundidad media de
4,4 m (Umgiesser et al., 2014). La laguna del Mar Menor se encuentra separada del
Mar Mediterrdneo por una barra de arena de unos 22 km de longitud y ancho
variable entre 100 y 1200 m conocida como “La Manga” (Carrenio, 2015). Esta banda
de arena mantiene al Mar Menor prdacticamente aislado, excepto por varias golas
que la atraviesan y a través de las cuales se produce el intercambio de aguas entre
el Mar Mediterrdaneo y la laguna costera, siendo la mas importante la gola del
Estacio. Sin embargo, pese a esta minima conexion, el Mar Menor posee una
caracteristicas singulares de salinidad y temperatura la cuales han favorecido el

desarrollo de habitats y especies tinicas y de gran valor ecoldgico.
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Figura 1. Localizacion de la laguna costera del Mar Menor.

La laguna costera del Mar Menor se encuentra incluida en la lista Ramsar
de Humedales de Importancia Internacional y clasificada como Zona
Especialmente Protegida de Importancia para el Mediterraneo (ZEPIM). Ademas,
el Mar Menor es uno de los principales espacios naturales de la Region de Murcia
y un importante elemento de identificacion sociocultural de la zona (BOE, 2020).
Las actividades pesqueras, turisticas y recreativas son las principales actividades
humanas que se desarrollan en la laguna, ganando las dos tltimas una especial
relevancia durante los meses de verano. Sin embargo, cabe destacar que la mayor
potencia econdmica de la zona es la agricultura que se produce de forma intensiva
en la cuenca vertiente del Mar Menor, conocida como Campo de Cartagena, de la
cual sus principales caracteristicas se describen en el capitulo IIl. La mineria es otra
actividad econdmica que se llevd a cabo en las zonas adyacentes al Mar Menor
durante varios afios y, aunque hoy en dia se encuentra abandonada, su impacto
todavia perdura. Todas estas actividades antropicas han tenido un efecto negativo
en el estado de la laguna costera, desencadenando el grave problema ambiental

bajo en que se encuentra el Mar Menor en los tltimos afios.
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2.1.2 La problematica ambiental del Mar Menor

Los antecedentes al grave problema ambiental bajo el que se encuentra la
laguna costera del Mar Menor son descritos en detalle en el informe integral sobre
el estado ecoldgico del Mar Menor (Comité de Asesoramiento Cientifico del Mar
Menor, 2017). Sin embargo a continuacidon, a modo de sintesis, se enumeraran
algunas de las causas principales que han llevado al Mar Menor a su situacion

actual de grave desequilibrio ambiental.

1. A principios de los afios 60, la zona costera del Mar Menor sufrié una
importante transformacion urbanistica debido al incremento del turismo. Esta
intensificacion del turismo provoco un aumento, sobretodo en la época estival, de
la generacion de aguas residuales y de la demanda de recursos hidricos. Todo ello
se tradujo en una alta presion antropica sobre la laguna que ha ido incrementando

hasta nuestros dias.

2. Las explotaciones mineras localizadas en la zona sur de la laguna costera
(aunque se encuentran ya en desuso), también han tenido y tienen un impacto
negativo en la calidad de las aguas del Mar Menor debido al arrastre de metales

pesados procedentes de las zonas no regeneradas.

3. A finales de los 70, la agricultura de la zona sufrié un gran cambio. El
uso de suelo agricola predominante hasta ese momento era la agricultura de
secano, sin embargo debido a la construccion del trasvase Tajo-Segura en 1979 este
uso de suelo se transformd a agricultura intensiva de regadio. Este aumento en la
disponibilidad de recursos hidricos provocd una expansion exponencial del
regadio, incrementando considerablemente los flujos de agua y nutrientes que

desembocan al Mar Menor.

Como puede observarse, son varias las causas que han provocado el
deterioro ecologico de la laguna costera del Mar Menor. Pudiéndose llegar a la
conclusion de que el principal motivo de esta problematica ambiental es la entrada

de contaminantes y nutrientes procedentes de las actividades humanas que se
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desarrollan en la zona. Por tanto, se considera que la soluciéon a este problema
ambiental requiere de un enfoque holistico e integrado que abarque el mayor

ambito de actuacion posible.

Hoy en dia, la principal preocupacion social e institucional de este problema
ambiental es la eutrofizacion de la laguna costera. La entrada masiva de aguas
cargadas de nutrientes al Mar Menor ha desencadenado ya varios episodios de
eutrofizacion, hipoxia y anoxia, principalmente tras eventos de precipitaciones
extremas. Estas precipitaciones extremas se produjeron tanto en diciembre de 2016
como en septiembre y diciembre de 2019 debido a una situacion meteoroldgica
extrema conocida como DANA (Depresion Aislada en Niveles Altos), la cual
provoca lluvias muy intensas en cortos periodos de tiempo. Estas lluvias
torrenciales provocan la entrada de grandes cantidades de agua, nutrientes y
sedimentos al Mar Menor (Figura 2), lo que suele provocar una estratificacion de

las aguas de la laguna, una proliferacion masiva de algas y la consecuente

mortalidad de la fauna y flora de la laguna costera debido a la falta de oxigeno.

Figura 2. Entrada de sedimentos y nutrientes al Mar Menor tras las lluvias torrenciales de
septiembre 2019. Fuente: satélite Sentinel-2 de Copernicus
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La recuperacién del Mar Menor es un proceso largo y complejo (Alvarez-
Rogel et al., 2020), el cual requiere de actuaciones y medidas eficaces para poder
revertir el proceso de degradacion ambiental bajo el que se encuentra inmerso. La
entrada de contaminantes y nutrientes ha sido identificada como una de las
presiones prioritarias de actuacion, desarrollandose en los tltimos afios diversas
normativas en esta linea (BOE, 2020; BORM, 2019, 2018, 2017) para conseguir que
el Mar Menor recupere un buen estado ambiental. La implementacion en la zona
de mejores practicas de gestion agricolas (BMP, en inglés) puede jugar un papel
importante en la reduccion de los contaminantes y nutrientes entrantes a la laguna
costera. Sin embargo, en estas BMPs, pese a haber sido propuestas como medidas
a implementar, su eficacia no ha sido aun comprobada y validada por la
comunidad cientifica. Por tanto, uno de los objetivos de la presente tesis consiste
en evaluar la eficacia de estas medidas mediante su simulacion en un modelo

integrado de la zona de estudio.

2.2 LA MODELIZACION COMO HERRAMIENTA PARA LA TOMA DE DECISIONES

El desarrollo de modelos para lograr un mejor entendimiento de la realidad
y evaluar posibles escenarios de cambio se ha convertido en una practica habitual
en la comunidad cientifica. La modelizaciéon hidrolégica e hidraulica es con
frecuencia utilizada por cientificos de todo el mundo, para tratar de buscar
soluciones a los problemas relacionados con los recursos hidricos y la calidad de
las aguas en ecosistemas acuaticos (Gassman et al., 2014). Esta modelizacion abarca
un amplio abanico de posibilidades que puede ir desde la estimacién del impacto
del cambio climatico sobre los recursos hidricos hasta la evaluacion del efecto de
las BMPs sobre la calidad de las aguas. Ademads en los ultimos afos, la
modelizacion ha experimentado mejoras importantes que permiten desarrollar
modelos con un mayor nivel de detalle asi como la combinacion entre ellos para
conseguir un enfoque mas holistico (Rouholahnejad et al., 2014). La modelizacién
proporciona una herramienta tutil de base cientifica, la cual permite a los

responsables de la toma de decisiones realizar un analisis mas exhaustivo, de la
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problematica a afrontar, con una menor incertidumbre y tomar decisiones mas

significativas y eficaces.

Todo proceso de modelizacion conlleva seguir una serie de pasos necesarios
para poder lograr una representacion fiable de la realidad. En primer lugar, la
eleccion del tipo de modelizacion a aplicar y la seleccion del modelo a utilizar es
un punto clave. Esta seleccidn se suele llevar a cabo en funcién de los objetivos que
se persiguen y la complejidad del problema a estudiar. En segundo lugar, es
necesaria una busqueda exhaustiva de todos los datos de entrada al modelo,
necesarios para su aplicacion en la zona de estudio. Y por ultimo, se requiere de
una calibracion y validacion del modelo que permita reducir las incertidumbres del
mismo y alcanzar una simulacion significativa de la realidad mediante el uso de
datos medidos y observados. Lograr la consecucién satisfactoria de todos estos
pasos es una tarea compleja que requiere de una toma de decisiones efectivas por
parte del modelador y la inclusién de todos los condicionantes externos que afecten
a la zona de estudio durante el proceso de modelizaciéon, como pueden ser las
actividades antropicas llevadas a cabo en la zona. Para el desarrollo de esta tesis se
seleccion6 como metodologia principal la modelizacion hidroldgica, la cual fue
combinada a posteriori con un modelo hidrodinamico con el objetivo de lograr un
enfoque holistico de toda la zona de estudio. A continuacién se describen las

caracteristicas generales de los dos tipos de modelizacion seleccionadas.

2.2.1 La modelizacion hidrolégica

Los modelos hidrolégicos permiten reproducir el funcionamiento de los
principales procesos que componen el ciclo hidrolégico de una cuenca (Figura 3).
Estos procesos incluyen: la precipitacion del agua y su intercepcién por la
naturaleza, la evapotranspiracion, la infiltracion y recarga del acuifero, y la
generacion de escorrentia superficial y subterrdnea. La gran complejidad de estos
fenomenos hidrologicos hace necesaria una simplificacion de la realidad para
poder modelizar la respuesta hidrologica del sistema de estudio. Esta

simplificacion se lleva a cabo mediante la aplicacion de una serie de ecuaciones
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fisicas y matematicas que permiten reproducir el comportamiento del ciclo

hidroldgico de la cuenca.

Evapotranspiracién

Figura 3. Componentes principales del ciclo hidrolégico.

La modelizacién hidrolégica puede llevarse a cabo a distintas escalas
temporales y espaciales asi como bajo diferentes condiciones de contorno. Este tipo
de modelizacién combina componentes climadticas, caracteristicas fisicas y
actividades antropicas desarrolladas en la zona de estudio, proporcionando un
enfoque integral que permite simular con mayor precision los procesos

hidrolégicos de la cuenca de estudio.

Los modelos hidroldgicos pueden clasificarse en dos grandes grupos: los
modelos estocasticos y los modelos deterministicos. Los modelos estocasticos se
basan en las leyes de la probabilidad y el azar mientras que los modelos
deterministicos estdn basado en formulaciones y procesos fisicos descritos
mediantes ecuaciones matematicas. De forma paralela, los modelos hidroldgicos
pueden ser a su vez clasificados en funcion del grado de discretizacion espacial de

sus parametros y variables. Siguiendo con la clasificacion anterior, los modelos
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hidroldgicos se consideran agregados si sus pardmetros no varian espacialmente y
distribuidos si se produce una variacion espacial de los parametros dentro de la
zona de estudio. Una clasificacion intermedia entre ambos serian los modelos
semidistribuidos, los cuales poseen una variacion espacial de los pardmetros pero

a escala de subcuenca.

2.2.2 La modelizacion hidrodinamica

Un modelo hidraulico es un modelo matematico que permite simular y
analizar el comportamiento mecanico de un fluido. La mecanica de fluidos se
divide en dos grandes dreas de conocimiento: la hidrodindmica y la hidrostatica.
Mientras que hidrodindmica es la parte de la hidrdulica que se encarga de estudiar
el movimiento del agua en un sistema fisico, la hidrostatica se encarga de estudiar
el comportamiento del agua en reposo. Por tanto para el caso de estudio que
concierne a la presente tesis, la modelizacion hidrodinamica fue seleccionada para
poder estimar y cuantificar con precision los componentes del balance hidrico de
la laguna costera estudiada. Conocer con exactitud el volumen de los principales
flujos de agua que rigen el comportamiento hidrodinamico del Mar Menor, supone
un gran avance en el entendimiento de la dindmica fisicoquimica y bioldgica de la
laguna. Ademads, la combinaciéon del modelo hidrodindmico con el modelo
hidroldgico es necesaria para mejorar la calidad de los resultados, ya que son las
aguas procedentes de la cuenca vertiente la que poseen una mayor influencia en

estos procesos hidrodindmicos.
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II1 - MATERIALES Y METODOS

3.1 AREA DE ESTUDIO

3.1.1 La cuenca vertiente al Mar Menor: El Campo de Cartagena

La cuenca hidrografica que vierte sus aguas al Mar Menor es conocida como

Campo de Cartagena. El Campo de Cartagena se encuentra localizado al sureste de
la peninsula ibérica entre la latitud 38° 00" - 37° 00" N y la longitud 1° 50" - 0° 40

O, dentro de la cuenca hidrografica del rio Segura (Figura 4).
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Figura 4. Mapa de ubicacién y caracteristicas fisicas del Campo de Cartagena.




46 ADRIAN LOPEZ BALLESTEROS

Esta region se caracteriza por ser una de las dreas con mayor estrés hidrico de
Europa (Senent-Aparicio et al., 2016). Sin embargo, a pesar de su déficit de agua
estructural, el cual le obliga a obtener agua de otras zonas o emplear recursos
hidricos no convencionales como son las desoladoras o aguas reutilizadas, el
Campo de Cartagena es considerado uno de los mayores productores agricolas

tanto a nivel nacional como internacional, principalmente de hortalizas y citricos.

La agricultura intensiva del Campo de Cartagena se encuentra sostenida
mayoritariamente por el agua procedente del trasvase Tajo-Segura y los recursos
hidricos subterrdneos disponibles en la zona ya que no dispone de cursos
permanentes de agua. Ademas, esta agricultura presenta una alta tecnificacion de
sus sistemas de regadio lo cual le permite una gran eficiencia de riego y un maximo
aprovechamiento de los recursos hidricos. El Campo de Cartagena abarca un area
total de 1,244 km? con un uso de suelo principalmente agricola de

aproximadamente el 75% de toda la cuenca, como puede verse en la Tabla 1.

Tabla 1. Principales usos del suelo en el Campo de Cartagena.

Uso del suelo Area (km?) Porcentaje de Ocupacion (%)
Cultivos herbaceos en regadio 449 36.1
Frutales en secano 200 16.1
Matorrales 141 11.3
Citricos en regadio 114 9.2
Tierras de labor en secano 103 8.3
Improductivo 100 8
Huerta 29 2.3
Frutales en regadio 28 2.3
Bosques de coniferas 25 2
Matorral asociado a coniferas 20 1.6
Otros usos 35 2.8

En cuanto a la topografia, cabe destacar que aproximadamente el 40% de la
zona de estudio posee una pendiente inferior al 2% lo cual clasifica este area como
una zona llana de pendientes suaves. Como puede observarse en la Figura 4, la

altitud varia desde 1,063 metros hasta el nivel del mar, encontrandose las zonas de



CAPITULO IIIl: MATERIALES Y METODOS 47

menor pendiente en las proximidades a la laguna costera y las zonas de mayor
altitud en la cabecera de la cuenca hidrografica. Con respecto a la tipologia del
suelo predomina una textura limosa compuesta principalmente por silice y arena,
clasificada segtin la FAO-ISRIC (1990) como Cambisol Calcarico.

3.1.1.1 Principales caracteristicas climdticas

El Campo de Cartagena posee un clima semiarido caracterizado por inviernos
suaves y altas temperaturas en verano, rasgo caracteristico del clima mediterraneo.
La temperatura media anual de aproximadamente 17 °C y la precipitaciéon media
en torno a los 300 mm/afio. Esta precipitacion posee una gran variabilidad
interanual (Figura 5), produciéndose principalmente en otofio y primavera, y suele
caer de forma torrencial (Garcia-Pintado et al., 2007). La evapotranspiracion
potencial media se encuentra alrededor de los 1,300 mm/afio y las horas de sol

superan las 3,000 al afio.
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Figura 5. Variacién interanual de la de la precipitaciéon y temperatura media del Campo
de Cartagena.
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La caracteristicas climaticas anteriormente descritas hacen que el Campo de
Cartagena no presente cauces permanentes de agua y su red de drenaje este
compuesta por ramblas de poca pendiente y seccién amplia, las cuales permanecen
secas la mayor parte del afio excepto durante los eventos de precipitaciones
extremas (Alcolea et al., 2019). Estos eventos de lluvias torrenciales, cada vez mas
frecuentes, son los principales causantes de la entrada masiva de nutrientes y

sedimentos al Mar Menor a través de las aguas que recogen las ramblas.

3.1.1.2 Principales actividades antropicas

La actividades antropicas que se han desarrollado a lo largo del tiempo en el
Campo de Cartagena son la agricultura, el turismo y antiguamente la mineria. Hoy
en dia, el turismo de costa y la agricultura intensiva son los principales motores
economicos de la zona. Las extracciones de metales pesados de la sierra minera de
Cartagena-La Unidn, localizada en la parte sur del CC, cesaron su actividad de
forma definitiva en 1990. Sin embargo, graves problemas ambientales debido a la
explotacion continua de los recursos mineros se arrastran hasta nuestros dias. En
cuanto al turismo, cabe destacar que se concentra en la zona costera del Mar Menor,
la cual se vio afectada por un fuerte desarrollo urbanistico y ve multiplicada su
poblacion durante los meses de verano. Ademas, el Campo de Cartagena es una
zona de crecimiento demografico continuo desde los afios 80, debido
principalmente al efecto llamada del sector agricola y turistico. Sin embargo, es la
agricultura de regadio la principal actividad antrdpica de la zona. Como ya se ha
comentado anteriormente el uso del suelo agricola ocupa casi el 75% del Campo de
Cartagena, debido a la buenas condiciones térmicas y edaficas de la zona, siendo
en torno al 50% cultivos bajo sistemas de riego. Fue a partir de 1979, cuando se puso
en marcha el trasvase Tajo-Segura, y por tanto cuando comenzo la intensificacion
del regadio en la zona media — baja de la cuenca. Los cultivos horticolas, los citricos
y los invernaderos son los principales usos agricolas de regadio. Este regadio
presenta una alta tecnificacion, con mas del 90% del sistema de riego llevado a cabo
por goteo (Alcon et al., 2011). Esta agricultura intensiva presenta cultivos de gran
variacion estacional segtin la demanda del mercado, que pueden llegar hasta tres

rotaciones anuales. La Tabla 2 muestra un esquema estandar de cultivo horticola
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con tres rotaciones anuales llevado a cabo en el Campo de Cartagena y las practicas

agricolas comunes empleadas para ello.

Tabla 2. Esquema estandar de cultivo horticola y sus practicas agricolas en el Campo de

Cartagena.
Ano Fecha Practica agricola Cantidad aplicada Cultivo
Mes Dia

1 Enero 1 Plantacion Broculi

1 Enero 1 Riego ~28 mm/mes Bréculi

1 Enero 1 Fertilizacién!? 245 KgN/ha/afio Broculi
100 KgP/ha/afio

1 Abril 30 Cosecha Broculi

1 Mayo 1 Plantacion Melén

1 Mayo 1 Riego ~48 mm/mes Melén

1 Mayo 1 Fertilizacién! 225 KgN/ha/afio  Meldn
105 KgP/ha/afio

1 Agosto 31  Cosecha Melon

1 Septiembre 1 Plantacion Lechuga

1 Septiembre 1 Riego ~25 mm/mes Lechuga

1 Septiembre 1 Fertilizacién! 100 KgN/ha/ano  Lechuga
58 KgP/ha/ano

1 Diciembre 31  Cosecha Lechuga

! Cantidad total aplicada por fertirrigacion a lo largo de todo el cultivo

En cuanto a los citricos, el cultivo predominante es el naranjo o limonero

mientras que en los invernaderos es el pimiento. El uso de invernaderos o

acolchados es una practica habitual en el Campo de Cartagena que permite la

reduccion de las perdidas por evaporacion. Sin embargo, la alta intensidad de

cultivo hace que las demandas hidricas sigan siendo altas.
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3.2 SOIL AND WATER ASSESSMENT TOOL (SWAT)

SWAT (Soil and Water Assessment Tool) es un modelo hidrologico
deterministico y semidistribuido desarrollado por el Servicio de Investigacion
Agricola del Departamento de Agricultura de los Estados Unidos (USDA; Arnold
et al., 1998). SWAT es un modelo de simulacién continua que trabaja a escala diaria
y ha sido disefiado para evaluar el impacto de las practicas agricolas y cambios del
uso del suelo sobre los componentes del ciclo hidroldgico y el transporte de
sedimentos y nutrientes a escala de cuenca. Entre otros, el modelo SWAT permite
simular escenarios de cambio climético, de gestiéon de recursos hidricos y de
calidad de las agua. SWAT es uno de los modelos hidroldgicos mas utilizados a
nivel mundial y que cuenta con mas de 30 afios de utilizacion y mejoras continuas.
La gran aceptacion del modelo SWAT por la comunidad cientifica internacional
puede ser atribuida a su cardcter de software libre y gratuito ademas de a su alta
eficiencia computacional, su intuitiva interfaz apoyada en herramientas de Sistema
de Informacion Geografica (SIG) y su amplia comunidad de usuarios y
desarrolladores (Gassman et al., 2014). Los principales componentes del modelo
SWAT son el clima, la hidrologia, la erosion del suelo, el ciclo de los nutrientes y

las practicas agricolas.

Los procesos simulados por SWAT incluyen la generacion de escorrentia
superficial y subterrdnea, la evapotranspiracion, la infiltraciéon y recarga de
acuiferos, y la circulacion de las aguas, sedimentos y nutrientes a través de la red
de drenaje. Para llevar a cabo esta simulacion, SWAT divide la cuenca hidrografica
en varias subcuencas, las cuales son a sus vez divididas en Unidades de Respuesta
Hidrologica (HRU, en inglés), agrupando para ello zonas con caracteristicas
homogéneas, es decir con un mismo uso del suelo, tipo de suelo y rango de
pendientes. Los procesos del ciclo hidroldgico son simulados en SWAT mediante

la aplicacion de la ecuacion del balance hidrico (Ecuacién 1) en cada HRU.
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SWei= SWy; + Z(Rdayi - qurfi —ET; - Wseepi - ngi) 1)

donde SWt es el contenido de agua final en el dia i (mm); SWo es el
contenido de agua inicial en el dia i (mm); Rday es la precipitacion en el dia i (mm);
Qsurf es la escorrentia superficial en el dia i (mm); ET la evapotranspiracion en el
dia i (mm); Wseep es la infiltracion en el dia i (mm) y Qgw is la escorrentia

subterranea en el dia i (mm).

Este balance hidrico tiene una gran influencia tanto en la parte ecologica del
modelo (vegetacién) como en los procesos de generacion y transporte de
sedimentos y nutrientes. Una vez estimado el balance hidrico de cada HRU, sus
resultados son agregados a escala de subcuenca y llevados a la red de drenaje para
la simulacion de su comportamiento hidrdulico. El proceso de simulacion
hidrolégica del modelo SWAT se divide en dos fases: una primera fase terrestre
que se encarga de estimar la cantidad de agua, sedimentos y nutrientes arrastrados
hasta la red de drenaje principal y una segunda fase de circulacion de aguas, la
cual se centra en el movimiento del agua, sedimentos y nutrientes desde la red de

drenaje hasta el punto de salida de la cuenca de estudio (Arnold et al., 2012).

3.2.1 Datos de entrada y preparacion del modelo SWAT

El modelo SWAT requiere de un gran namero de datos de entrada para su
aplicacion tales como datos climaticos, mapas de usos y tipos de suelo, mapas
topograficos e informacion sobre practicas agricolas llevadas a cabo en la zona
(Neitsch et al., 2011). Los datos climaticos necesarios en SWAT son: la precipitacion,
la temperatura maxima y minima, la humedad relativa, la radiacién solar y la
velocidad del viento, todos ellos a escala diaria. La Tabla 3 muestra informacion
detallada sobre los datos de entrada utilizados para el desarrollo del modelo SWAT
en las zonas de estudio de la presente tesis. La resolucion espacial y temporal de

los datos de entrada es funcién de su disponibilidad.
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Tabla 3. Datos de entrada utilizados del modelo SWAT.

Dato de entrada  Descripcion Fuente

Modelo Digital =~ MDT 12 Cobertura con resolucion

del Terreno espacial de 25 m

(MDT) Instituto Geografico

MDT 12 Cobertura con resolucién

espacial de 5m

Mapa de usos Mapa de cultivos y
del suelo aprovechamientos de Espana escala
1:50,000

Mapa de tipos de Mapa raster con resolucion espacial

suelo de 1 km

Datos climaticos  Precipitacion, temperatura, humedad
relativa, radiacion solar y velocidad
del viento a escala diaria de las
estaciones MU62, CA21, CA42, CA91,
CA52 y TP42

Nacional (IGN) de Espana

Ministerio de medio
ambiente, y medio rural y
marino (2000-2010)

Base de Datos Armonizada
de los Suelos del Mundo
(HWSD)

Instituto Murciano de
Investigacion y Desarrollo
Agrario y Medioambiental
(IMIDA)

Para la obtenciéon de la escorrentia superficial, el modelo SWAT

proporciona dos métodos de calculo distintos: el método del niumero de curva (CN)

desarrollado por el Servicio de Conservacion del Suelo de los Estados Unidos (SCS)
(USDA-SCS, 1972) y el método de Green & Ampt (1911). En todas las zonas de
estudio de la presente tesis, el método seleccionado para el calculo de la escorrentia

fue el CN del SCS. Del mismo modo, SWAT permite el uso de tres métodos

distintos para la estimacion de la evapotranspiracion potencial (ETP): Penman-
Monteith (Monteith, 1965), Priestley-Taylor (Priestley & Taylor, 1972), y
Hargreaves (Hargreaves et al., 1985). Debido a la disponibilidad de todos los datos

climaticos necesarios para su aplicacion, la metodologia de cdlculo de la ETP

seleccionada fue Penman-Monteith. Todos los modelos de SWAT fueron
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desarrollados a partir de su version para QGIS conocida como QSWAT (Dile et al.,
2016). Las principales masas de agua presentes en las zonas de estudio fueron
introducidas al modelo mediante la herramienta SWAT2lake (Molina-Navarro et
al.,, 2018), la cual permite modelizar con SWAT el drea total de drenaje que afecta a

la masa de agua estudiada.

3.2.2 Calibracion y validacion del modelo SWAT

El proceso de calibracion y validacion del modelo se realizé mediante la
comparacion de los valores simulados por SWAT con los valores observados. Este
proceso permite realizar un ajuste de los pardmetros del modelo y asi conseguir
una simulacién mas precisa de la realidad. El proceso de calibracion puede llevarse
a cabo de forma manual o de forma automatica. En el desarrollo de la presente tesis
ambas formas de calibracion fueron utilizadas. Con respecto a los valores
observados, debido a la ausencia de datos de aforo medidos en el Campo de
Cartagena, se utilizaron datos de teledeteccion, concretamente datos satelitales de
evapotranspiracion obtenidos de GLEAM (Global Land Evaporation Amsterdam
Model). GLEAM es una base de datos desarrollada por la Universidad de
Amsterdam (Miralles et al., 2011), la cual incluye varios algoritmos encargados de
estimar la evaporacion y humedad del suelo a partir de datos de teledeteccion. La
Tabla 4 muestra informacion de todos los pardmetros de SWAT utilizados para la

calibracion de los modelos desarrollados en esta tesis.

Tabla 4. Parametros modelo SWAT utilizados para la calibracion.

Parametro Descripcion Unidades Valores
limite
CN2.mgt Numero de curva inicial del método 35-98
CN del SCS
ESCO.hru Factor de compensacion de la 0-1

evaporacion del suelo
EPCO.hru Factor de compensacion de la 0-1

captacion de agua por la vegetacion
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SOL_AWC.sol  Contenido de agua disponible en el mm/mm 0-1

suelo

RCHRG_DP.gw Factor de recarga del acuifero 0-1
profundo

SOL_BD.sol Densidad del suelo hiimedo mg/m?3 0.95-2.5

SOL_K.sol Conductividad hidraulica del suelo 0-2000
saturado

CANMX.hru Almacenamiento maximo de aguaen mm 0-100

la cobertura vegetal

Alpha_BF.gw Coeficiente de recesion del flujo base  dias 0-1

Los parametros de la Tabla 4 fueron seleccionados basandose en la
aplicaciéon de un andlisis de sensibilidad durante el proceso de calibracion
automatica y en la experiencia adquirida sobre las zonas de estudio durante la
modelizacion. Para la calibraciéon automatica, se utilizo el algoritmo SUFI-2
(Sequential Uncertainty Fitting) incluido en el programa SWAT-CUP (SWAT
Calibration and Uncertainty Programs) (Abbaspour, 2012). Durante este proceso
automatico, se realizé un total de 1000 simulaciones divididas en dos lotes de 500.
La funcién objetivo utilizada para la calibracion de la ET fue el coeficiente de
eficiencia de Kling-Gupta (KGE) (Gupta et al, 2009) (Ecuacion 2). Otros
estadisticos, tal como el coeficiente de eficiencia de Nash-Sutcliffe (NSE) (Nash &
Sutcliffe, 1970) (Ecuacion 3), el coeficiente de determinacion (R?) (Ecuacion 4) y el
porcentaje del sesgo (PBIAS) (Ecuacion 5), fueron también utilizados para la
determinacion de la bondad del ajuste durante el proceso de calibracion y

validacién.

KGE = 1-(a— 12+ (B - 1%+ (y—1)2 )

Y. (Yobs; — Ysim;)?

NSE =1 - 2
" (Yobs; — Yobs)

©)
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™ (Yobs; — Yobs)(Ysim; — Ysum)

R? =
\/Z?ﬂ(Yobsi - Yobs)z\/Z’i’;l(Ysimi — Ysim)?

(4)

Yic,(Yobs; — Ysim;)

PBIAS =
., Yobs;

+100 (5)

Donde Yobs ; e Ysim; son los datos observados y simulados, Yobs e Ysum es
el valor medio de los datos observados y simulados, n es el nimero total de datos,
«a es el coeficiente de correlacion de Pearson, {3 es el factor de desviacion estandar
y Y es la media de los valores simulados entre la media de los valores observados.
NSE y KGE varian desde - hasta 1, siendo 1 el valor éptimo. R? varia entre 0y 1,
produciendo los valores mas cercanos a 1 la mejor simulacion y el PBIAS, el cual

estima la infra o sobre estimacion del valor total del modelo, es 0 su valor 6ptimo.

3.3 WATER ECOSYSTEMS TOOL (WET)

El modelo WET (Nielsen et al.,, 2017) es una version actualizada del
acoplamiento del modelo hidrodindmico unidimensional GOTM (General Ocean
Turbulence Model) y el modelo de ecosistemas acudticos FABM (Framework for
Aquatic Biogeochemical Models). Por tanto, WET es un modelo hidrodindmico y
ecosistémico unidimensional el cual permite la evaluacion de distintos escenarios
de cambio, tanto climaticos como de carga de nutrientes, y su impacto sobre los
ecosistemas acudticos. La parte del modelo GOTM se encarga de la simulacion de
la estratificacion termal y del calculo de las turbulencias mediante las ecuaciones
de transporte de la energia cinética y de su ratio de disipacion. La Figura 6 muestra

el mapa conceptual del ecosistema acuatico modelado con WET.



56 ADRIAN LOPEZ BALLESTEROS

-

= Reaeration

Outer drivers

»

Planktivorous- and §
benthivorous fish

) Piscivorous fish

|1:* s,
% Q/{% Macrophyte
| P —
’ W Phytoplankton a
Zooplankton

o0 |t |

°Se
Inorganic
matter

e

*TMRQ

Burial
Figura 6. Mapa conceptual del ecosistema acuatico en WET. Fuente:
https://projects.au.dk/wet.

En la presente tesis el modelo WET fue utilizado a través de su interfaz para
QGIS conocida como QWET (QGIS Water Ecosystems Tool). QWET es una
herramienta de cddigo abierto la cual proporciona una interfaz grafica de facil
entendimiento para el usuario y permite la simulacién tanto hidro como
termodindmica de masas de agua. Ademas, QWET puede utilizar los datos de
salida del modelo SWAT como datos de entrada, lo que permite una combinacion
rapida y eficaz entre ambos modelos.

3.3.1 Datos de entrada y preparacion del modelo WET

El modelo WET requiere de la introduccion de datos de caracteristicas

fisicas de la masa de agua, tales como la relacion area y profundidad, y datos
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climaticos como la precipitacion directa sobre la masa de agua, la direcciéon y
velocidad del viento, la temperatura del aire, la presion del aire, el punto de rocio
y el factor de cobertura de las nubes. Para la presente tesis, los datos climaticos
fueron obtenidos a escala horaria de la estacion del IMIDA mads cercana y de la base
de datos ERA5 creada por el centro europeo de prevision del tiempo a medio plazo
(ECMWEFE). Esta base de datos presenta una resolucion espacial de 31 km. Ademas,
como dato de entrada de caudales a la masa de agua modelizada se utilizo las serie

de caudales simuladas por el modelo SWAT.

3.3.2 Validacion del modelo WET

El proceso de calibracién del modelo WET no fue necesario debido a la
calibracién previa de los datos de entrada de caudales obtenidos en SWAT. Sin
embargo, si que se llevd a cabo un proceso de validacion utilizando para ello datos
diarios de temperatura del agua proporcionados por el gobierno regional de la
Comunidad Autéonoma de Murcia a través de la pdagina web

https://canalmarmenor.carm.es/. Como estadisticos de comprobacion de la bondad

del ajuste del modelo WET se emple6é NSE y PBIAS asi como el error cuadratico
medio (RMSE).

3.4 PRACTICAS DE GESTION AGRICOLA (BMP)

En este apartado se muestran las distintas BMPs simuladas con el modelo
SWAT. Entre ellas se encuentran la plantacion siguiendo las curvas de nivel, la
implantacion de barreras vegetales, los cambios de usos del suelo, la reduccion de
la aplicaciéon de fertilizantes, la construccion de diques, la restauraciéon de la
vegetacion de los cauces, el cambios en la rotacion anual de cultivos, la recoleccion
de aguas de lluvia en los invernaderos y las distintas combinaciones entre cada una

de ellas.
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3.4.1 Descripcion de las BMPs y su simulacion con SWAT

3.4.1.1 Plantacion siguiendo las curvas de nivel

Esta BMP consiste en la plantacion, arado y cosecha de los cultivos
siguiendo las lineas de contorno del terreno. La plantacion siguiendo las curvas de
nivel provoca un aumento de la infiltracion del suelo, y por tanto una reducciéon de
la escorrentia superficial. Este descenso de la escorrentia provoca a su vez una
reduccion de la erosion del terreno y de los fertilizantes arrastrados fuera de la zona
de cultivo durante los episodios de lluvias intensas (Liu et al., 2013). Para llevar a
cabo su simulacién, se activd la opcion de “Contouring” en el mddulo de
operaciones de SWAT (.ops). Esta opcion permite la modificacion de los
parametros CONT_CN y CONT_P, cuyos valores se ajustaron siguiendo las
recomendaciones de Arnold et al. (2012) para la plantacién de cultivos siguiendo

las curvas de nivel.

3.4.1.2 Implantacion de barreras vegetales

Las barreras vegetales son bandas de vegetacion instaladas siguiendo los
bordes de los cultivos, con el objetivo de interceptar y reducir la escorrentia
superficial, y atrapar los sedimentos y nutrientes presentes en ella. Para su
simulaciéon, SWAT utiliza la ecuacidn 6 de eficiencia de atrapamiento (traper) de
sedimentos y nutrientes, la cual es funcién del ancho de la barrera vegetal
(FILTERW).

trapes = 0.367 - FILTERW 92967 ©)
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3.4.1.3 Cambios de usos del suelo

El cambio en los usos del suelo consiste en la modificacion de las actividades
llevadas a cabo en zonas especificas de la cuenca con el objetivo de mejorar la
situacion ambiental de toda la cuenca hidrografica y su area de influencia. Existen
dos formas de llevar a cabo este cambio de usos del suelo en SWAT. Una de ella es
la utilizaciéon del mdédulo de actualizacidon de usos del suelo de SWAT (.lup) y la
otra es la transformacion de los mapas de uso de suelo mediante herramientas SIG.
La Tabla 5 muestra los diferentes cambios de usos del suelo simulados durante el

desarrollo de la tesis.

Tabla 5. Cambios de usos del suelo simulados con SWAT.

BMP Descripcion

Reforestacion Restauracion a su estado natural de los bosques en las zonas de
explotacién minera

Buffer 500 m Eliminacién de toda la agricultura de regadio existente dentro
de un 4rea de 500 m alrededor del Mar Menor

Buffer 1500 m Eliminacién de toda la agricultura de regadio existente dentro
de un area de 1500 m alrededor del Mar Menor

Buffer Zona 1 Eliminacion de toda la agricultura de regadio existente dentro
del 4rea de proteccion conocida como Zona 1 segtin BOE (2020).

Agricultura ilegal Eliminacion de la agricultura sin derecho a regadio dentro del

area de estudio

3.4.1.4 Reduccion de la aplicacion de fertilizantes

La calidad de las aguas puede mejorar mediante la reduccion de la cantidad
total de nutrientes aplicados a los cultivos (Risal & Parajuli, 2022). Para llevar a
cabo esta BMP en SWAT, se redujo la cantidad de nitratos y fosfatos aplicados a los
cultivos en un 20%, tal y como recomiendan el Cédigo de Buenas Précticas Agrarias
de la Regién de Murcia (BORM, 2018) y la comisién europea (EC, 2020). Este
porcentaje de reduccién fue aplicado a los ratios de fertilizaciéon del esquema
estandar de cultivo (Tabla 2).
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3.4.1.5 Construccion y restauracion de diques

La construccion de diques a lo largo de la red de drenaje permite la
interceptacion de los sedimentos y nutrientes transportados en los cauces y reduce
la erosién de los mismos. Estos diques requieren de un mantenimiento continuo
para evitar su colmatacién, por lo que a veces es necesaria su restauracion. La
simulaciéon de diques en SWAT se realizé utilizando su mdédulo de estanques
(.pnd), mediante la modificacion del parametro PND_FR el cual representa el

porcentaje de la subcuenca que drena al dique.

3.4.1.6 Restauracion de la vegetacion de los cauces

La restauracién de cauces consiste en la recuperacion de la vegetacion
autoctona de la red de drenaje para la reduccion de la velocidad del agua y de la
erosion del canal. Para su simulacién en SWAT se utiliz6 el modulo de operaciones
(.ops), en concreto la opcion de vegetacion en los cauces. En esta opcidn se
modificaron los pardmetros GWATN y GWATL correspondientes al nimero de
Manning en el cauce y a la longitud total del cauce afectado por la restauracion,

respectivamente.

3.4.1.7 Cambios en la rotacion anual de cultivos

Llevar a cabo una buena gestién de los cultivos es necesario para poder
lograr una reduccion de la cantidad de sedimentos y nutrientes arrastrados fuera
de los mismos. Mediante el cambio del esquema de cultivo se puede lograr un
mejor control del exceso de fertilizantes y la perdida de suelo. Ademas, es
recomendable un cultivo de cobertura durante los meses de no cultivo para evitar
dejar al suelo sin proteccion. Para simular esta BMP con SWAT, se modifico el
esquema de cultivo utilizado de tres a dos cultivos anuales desde el mddulo de
agricultura (.mgt) de SWAT y se introdujo vegetacion de cobertura durante los

meses de no cultivo.
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3.4.1.8 Recoleccion de aguas de lluvia en los invernaderos

La recoleccion de aguas de lluvia es una practica comtin que permite el uso
de aguas de lluvia para riego y reduce la escorrentia superficial durante estos
episodios (Waidler et al., 2009). El mddulo de estanques (.pnd) de SWAT ha sido
utilizado para implementar esta BMP. En este modulo se considerd la superficie
total de los invernaderos dentro de cada subcuenca mediante el pardmetro
PND_FR vy se modificaron los valores de los pardmetros del volumen de agua
almacenado (PND_PVOL) y la superficie de agua con el deposito lleno (PND_PSA)

para asemejarlos a los depositos de almacenamiento de aguas de lluvia.

3.4.1.9 Combinacion de BMPs

La combinacion de diferentes BMPs suele provocar un efecto sinérgico, el
cual proporciona mejores resultados que la aplicaciéon individual de las mismas.
Las BMPs pueden clasificarse en estructurales o agricolas en funcion de la zona de
aplicacion de las mismas. Si se aplican a escala de parcela se consideran agricolas,
mientras que si se aplican fuera de ella suelen ser consideradas estructurales. Esta
clasificacion también puede realizarse en funcion de quien sea el responsable de su
implantacion, siendo normalmente las BMP agricolas responsabilidad de los
agricultores y las estructurales responsabilidad de las entidades publicas. La
simulaciéon en SWAT de la combinacion de BMPs se llevd a cabo siguiendo el

criterio de clasificacion anterior y simulando de forma paralela todas las BMPs.

3.4.2 Evaluacion del impacto de las BMPs sobre los sedimentos y nutrientes

Para la evaluacion de la eficacia de las BMPs en la reduccion de sedimentos
y nutrientes se extrajeron del modelo SWAT las cargas medias anuales de
sedimento total (S), nitrédgeno total (TN) y fosforo total (TP) para cada uno de los

escenarios de BMP simulados. Una vez obtenidas las cantidades simuladas por
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cada uno de los escenarios, estos resultados fueron comparados con los obtenidos

en el escenario base mediante la aplicacion de la ecuacion 7.

(Ybase - YBMP) .

Efectividad =
Ybase

100 )

Donde Ybase € Yamr son las cargas medias anuales de sedimentos y nutrientes

(t/ano) estimados en el escenario base y en los escenarios de BMP, respectivamente.

3.4.3 Analisis de coste-eficacia

La implantaciéon de BMPs tiene un impacto econémico tanto a corto como a
largo plazo (Ricci et al., 2020). Por tanto, la evaluacién de su coste-eficacia es
necesaria para poder priorizar las BMP que generen una mayor reduccion de los
sedimentos y nutrientes a un menor costo. Este analisis de coste-eficacia se llevo a
cabo mediante el uso del ratio de coste-efectividad (CE ratio) representado por la
ecuacion 8, la cual compara el coste total de la implantacion del escenario de BMPs
simulado con la eficacia mostrada por dicho escenario en la reduccion de S, TN y
TP.

CE ratio = Coste Total g
rato = Efectividad ®)

El CE ratio representa el coste por unidad de porcentaje de cambio de las
cargas contaminantes. Por tanto, un valor bajo de CE ratio representa una mayor

coste-eficacia del escenario BMP.
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IV - PUBLICACIONES

De la presente tesis se derivaron tres articulos cientificos con el objetivo de
realizar un compendio de publicaciones para su presentacion. Todos los articulos
fueron corregidos por revisores anoénimos y aprobados para su publicacion en
revistas indexadas en JCR. A continuacién se muestra un breve resumen de cada

uno de los articulos.

e Publicacion 1: La primera publicacidn que compone la tesis fue titulada
“Assessing the Impact of Best Management Practices in a Highly
Anthropogenic and Ungauged Watershed Using the SWAT Model: A Case
Study in the El Beal Watershed (Southeast Spain)”. Este articulo se centra en la
evaluacion de BMPs con el objetivo de controlar la cantidad de sedimentos y
nutrientes que se vierten a la laguna costera del Mar Menor desde una pequefa
cuenca situada en la parte sur de la laguna. Esta pequena cuenca hidrografica
conocida como “Cuenca de la rambla del Beal” se caracteriza por su alto nivel
de antropizacion, debido a la existencia de agricultura intensiva y antiguas
explotaciones mineras dentro de la misma. Ademas, esta zona de estudio no
cuenta con mediciones de aforo, lo que hizo necesario aplicar el novedoso
enfoque de utilizacion de datos de evapotranspiracion satelital para la
calibraciéon y validaciéon de su modelo hidrologico. Siguiendo con Ila
metodologia general de la presente tesis, la modelizacion hidroldgica se realizo
con el modelo SWAT en el cual cinco BMPs diferentes fueron simuladas y
evaluadas bajo un total de diez escenarios individuales y combinados. Los
resultados mostraron un buen ajuste del modelo tanto en el periodo de
calibracion como en el de validacion. También se observd que a nivel
individual, la restauracidon o construccion de diques y el cambio de uso del
suelo minero a uso forestal presentaban los mejores resultados de reduccion de
sedimentos y nutrientes exportados al Mar Menor. Ademads, los resultados

mostraron una mayor efectividad cuando se realizo una combinacion de las
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BMPs. Este estudio supuso un primer acercamiento a la evaluacion de posibles

soluciones para afrontar la problematica medioambiental del Mar Menor.

Publicacion 2: El siguiente articulo cientifico de la tesis se tituld “A holistic
approach for determining the hydrology of the mar menor coastal lagoon by
combining hydrological & hydrodynamic models”. En esta segunda
publicacion se llevo a cabo una combinacion del modelo hidrologico SWAT con
la parte hidrodindmica del modelo WET. Mediante el uso de SWAT, se
modelizé toda la cuenca vertiente a la laguna costera del Mar Menor, conocida
como Campo de Cartagena, y con el modelo WET se simularon los procesos
hidrodindmicos de la laguna costera. Primeramente, se llevo a cabo el proceso
de calibracién y validacion del modelo SWAT del Campo de Cartagena
siguiendo el enfoque de uso de datos de teledeteccion utilizado en la primera
publicacion de esta tesis, debido a la ausencia de datos aforados en la zona de
estudio. Lograda una modelizacion satisfactoria, se realizd el acoplamiento de
ambos modelos SWAT y WET, con la herramienta QWET, mediante la
utilizacion de los datos de salida del modelo hidroldgico como datos de entrada
de WET. Este acoplamiento permitié simular las componentes del balance
hidrico de la laguna costera del Mar Menor. La bondad del ajuste del modelo
WET fue verificada mediante el uso de datos de temperatura del agua y
evaporacion de la laguna a escala diaria. Por tltimo, mediante la combinacién
de ambos modelos se consigui6 cerrar el balance hidrico de la laguna costera,
observandose una entrada generalizada de agua desde el Mar Mediterraneo al
Mar Menor. El acoplamiento de ambos modelos proporciono un enfoque
novedoso y de gran utilidad para mejorar el entendimiento de los procesos
hidrolégicos e hidrodindmicos que gobiernan la laguna costera del Mar Menor.
Este mejor entendimiento permite desarrollar estrategias mas efectivas para

conseguir la sostenibilidad ambiental en zonas altamente antropizadas.

Publicacion 3: El ultimo articulo de la tesis es el titulado “Assessing the
effectiveness of potential best management practices for science-informed
decision support at the watershed scale: The case of the Mar Menor coastal
lagoon, Spain”. Este articulo es una ampliacion de la publicacién anterior y fue

desarrollado en base al modelo SWAT del Campo de Cartagena mediante la
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aplicacion de una serie de mejoras, sobretodo de la parte agricola. En este
articulo se llevo a cabo la simulacion de ocho BMPs evaluadas en un total de 16
escenarios tanto individuales como combinados. Esta evaluacion se centrd en
conocer la efectividad de la implantacion de los distintos escenarios, extraidos
de normativas y leyes de aplicacion en la zona de estudio, sobre el control de la
contaminacion de la laguna a escala de toda la cuenca. Los resultados del
estudio permitieron conocer el porcentaje de reduccién de sedimentos y
nutrientes vertidos a la laguna costera del Mar Menor bajo cada uno de los
escenarios simulados. Por tanto, este estudio proporciona una base cientifica
sobre la efectividad de las BMPs evaluadas y sirve de ayuda a los responsables
de la toma de decisiones para seleccionar y priorizar las BMPs mas apropiadas
a escala de cuenca con el objetivo de contrarrestar de manera eficaz la

problematica ambiental del Mar Menor.



68

ADRIAN LOPEZ BALLESTEROS




CAPITULO IV: PUBLICACIONES 69

4.1 RESEARCH PAPER 1: ASSESSING THE IMPACT OF BEST MANAGEMENT
PRACTICES IN A HIGHLY ANTHROPOGENIC AND UNGAUGED WATERSHED USING THE
SWAT MODEL: A CASE STUDY IN THE EL. BEAL WATERSHED (SOUTHEAST SPAIN)

Lopez-Ballesteros, A.; Senent-Aparicio, J.; Srinivasan, R.; Pérez-Sanchez, J. (2019).
Assessing the impact of best management practices in a highly anthropogenic and
ungauged watershed using the SWAT model: A case study in the El Beal
Watershed (Southeast Spain). Agronomy, 9(10), 576.
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Abstract: Best management practices (BMDs) provide a feasible solution for non-point source pollution
problems. High sediment and nutrient yields without retention control result in environmental
deterioration of surrounding areas. In the present study, the soil and water assessment tool (SWAT)
model was developed for El Beal watershed, an anthropogenic and ungauged basin located in the
southeast of Spain that drains into a coastal lagoon of high environmental value. The effectiveness
of five BMPs (contour planting, filter strips, reforestation, fertilizer application and check dam
restoration) was quantified, both individually and in combination, to test their impact on sediment
and nutrient reduction. For calibration and validation processes, actual evapotranspiration (AET)
data obtained from a remote sensing dataset called Global Land Evaporation Amsterdam Model
(GLEAM) were used. The SWAT model achieved good performance in the calibration period, with
statistical values of 0.78 for Kling—Gupta efficiency (KGE), 0.81 for coefficient of determination (R?),
0.58 for Nash-Sutcliffe efficiency (NSE) and 3.9% for percent bias (PBIAS), as well as in the validation
period (KGE = 0.67, R? = 0.83, NS = 0.53 and PBIAS = —25.3%). The results show that check dam
restoration is the most effective BMP with a reduction of 90% in sediment yield (S), 15% in total
nitrogen (TN) and 22% in total phosphorus (TP) at the watershed scale, followed by reforestation (S
= 27%, TN = 16% and TP = 20%). All effectiveness values improved when BMPs were assessed in
combination. The outcome of this study could provide guidance for decision makers in developing
possible solutions for environmental problems in a coastal lagoon.

Keywords: hydrological modelling; soil and water assessment tool (SWAT) model; evapotranspiration;
GLEAM; non-point source pollution; best management practices; Mar Menor coastal lagoon

1. Introduction

Highly anthropogenic regions commonly have serious environmental problems, due to the impact
of such human activities as intensive agriculture and mining extractions, among others. Environmental
impact intensifies when extreme climate conditions characterize the affected area [1]. Surrounding
areas that have high ecological value can also aggravate the problem. All of the conditions described
above characterize the El Beal watershed, which drains into the coastal lagoon Mar Menor. A site
of special environmental significance, Mar Menor has been classified as one of the most valuable
and threatened sites in the European Natura 2000 network and included in the list of Wetlands of

Agronomy 2019, 9, 576; doi:10.3390/agronomy9100576 www.mdpi.com/journal/agronomy
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International Importance (RAMSAR) and Specially Protected Areas of Mediterranean Importance
(SPAMLI) [2]. Historically, external nutrient inputs into Mar Menor occurred primarily via atmospheric
deposition and groundwater, mainly due to the high ratio of sediment surface area to water volume
and lack of major watercourses. Recently, as is the case for many other Mediterranean coastal
zones, the area surrounding Mar Menor has experienced an intensification of agricultural practices
and a marked increase in tourist activities, resulting in increased nutrient inputs into the lagoon.
In 2016, the eutrophication process caused an important reduction in water turbidity, affecting the
tourism industry and regional economy. The local government reacted by creating the Scientific
Advisory Committee of Mar Menor [3] and approving, by decree law, some urgent measures to
ensure environmental sustainability of the Mar Menor area [2,4]. These measures include fertilizer
application control and the implementation of best management practices (BMPs). Such requirements
are applied mainly in the surrounding areas of the coastal lagoon to mitigate the problems with water
quality. The implementation of these measures promises to impact both the private and public sectors,
with clear sociceconomic consequences: Recent studies appraised the economic impact of farmers”
implementing these measures at over 500 million euros [5]. However, the effectiveness of the measures
proposed have not yet been evaluated.

BMPFs are established to ensure the environmental sustainability of a particular area. BMDPs
refer to the soil and water conservation practices, management techniques and social actions that
protect the environment [6]. Reduction of sediment and nutrients in the incoming watercourses
is a central requirement of the applied regulations in the Mar Menor coastal lagoon. BMDP’s are an
effective mechanism to reduce sediment and nutrients from non-point sources [7]. However, there
is a remarkable lack of knowledge concerning the extent to which the required BMPs can effectively
reduce the sediment and nutrient yields in the application area. Given that the effectiveness of
BMPs cannot be tested across all situations, watershed managers depend on models to provide an
estimate of their impact on improving water quality at the watershed scale [8]. It is important to
estimate the pollution reduction efficiency of these BMPs to help policymakers guide future resource
allocations [9]. To estimate pollution and determine the effectiveness of BMPs, use of the Scil and Water
Assessment Tool (SWAT) [10] is proposed. This is the most widely used hydrological model in the
world [11]. Many studies use SWAT to evaluate the water quality benefits of agricultural conservation
practices [12]. Such studies usually focus on fertilizer application control, changes in land use and other
management practices, such as tillage management, filter strips or contour farming [13]. However,
SWAT applications evaluating BMPs in Spain are scarce in the scientific literature. Such studies have
been conducted mostly in the north of the country [14,15], where streams are perennial and water
resources are in a natural regime.

The SWAT model is usually calibrated using stream gauging stations. However, in ungauged
catchments, where discharge measurements are not available, calibration based on remotely-sensed
data may provide an alternative solution [16]. Actual evapotranspiration (AET) is a key process in
the hydrologic cycle and one of the most difficult components to evaluate [17]. In the present study,
satellite AET data from the Global Land Evaporation Amsterdam Model (GLEAM) [18] was used
to calibrate and validate the SWAT model. AET calibration and wvalidation is less common, because
evapotranspiration data are usually unavailable. However, recent studies have demonstrated that the
SWAT model can be calibrated and validated with AET data [17,19-21]. Moreover, the use of AET data
entails the incorporation of actual agricultural practices carried out in the watershed, which supposes
an improvement in the accuracy of the model.

Therefore, the main cobjectives of this study were as follows: (1) to obtain a high-performance
calibrated and validated SWAT model for El Beal watershed, using remote-sensing AET data and (2)
to implement individual and combined BMPs in SWAT to evaluate their effectiveness in controlling
non-point source pollutants. To the best of our knowledge, no studies have used the approach proposed
in this study of using remote-sensing data to calibrate the SWAT model in an ungauged watershed to
assess the effectiveness of BMPs.
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2. Materials and Methods

2.1. Study Aren

The Segura River Basin, in the southeast of Spain, lies between latitude 39700°'-37700" N and
longitude 2°50"-0°40" W. The study site, El Beal watershed, is located in the southeast part of Segura
River Basin within the area known as Campo de Cartagena (Figure 1), which is one of the main
horticultural producers in Europe [22] and is characterized by an intensive agriculture and torrential
rainfall regime. Water scarcity has resulted in the use of drip irrigation and the need to make efficient
use of water [23]. Moreover, the southern portion of Campo de Cartagena was a very active mining
region for hundreds of years, although the area is currently abandoned [24].

(@ . (c)
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Figure 1. (a) Location map of Campo de Cartagena watershed as part of the Segura River Basin (Spain);
(b) Situation map of El Beal within the Campo de Cartagena basin and Mar Menor coastal lagoon
location; (¢) Digital elevation model (DEM) and check dam location of El Beal watershed.

The region is one of the most arid in the Mediterranean region, with an average annual temperature
of 16 °C and average annual precipitation of 300 mm distributed across a few intensive events, mainly
in spring and autumn. The drainage system of El Beal watershed is an ephemeral watercourse.
The Campo de Cartagena watercourses flow into the Mar Menor coastal lagoon, bringing great
quantities of sediment and nutrients [22]. In the study area, intensive agriculture is possible through a
water transfer known as the Tagus—Segura transfer, in operation since 1979. This hydraulic infrastructure
changed the traditional unirrigated agricultural activities, without significant influence on sediment
and nutrient yields [25], to intensively irrigated crops.

The total area of El Beal basin is around 6 km?2, with an average elevation of 152 m above sea
level {(m.a.s.l.). The main land uses of El Beal watershed are abandoned mineral extraction sites (37%),
scrubland (27%), urban (12%), cropland {11%) and forest (6%). Moreover, the soil cover is mainly
Calcaric Cambisols [26], which is characterized by high sand and silt content.
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2.2. SWAT Model

The SWAT is a semi-distributed and physically based model developed by the United States
Department of Agriculture [10] to predict the impact of land management practices on sediment
vield and water quality. It can be used to model the water cycle and crop yields in a river catchment
and to assess the effects of agricultural practices and water resource management [27]. The SWAT
model divides the catchment into sub-basins composed of hydrologic response units (HRUs), which
are characterized by unique combinations of land use, soil and slope characteristics. The water and
sediment processes are simulated at individual HRUs, the outputs of which are summed up and routed
through the sub-basin to the stream network [28].

The main components of the model include weather, surface runoff, percolation, groundwater
flow, nutrient and sediment loads, reach routing, crop growth and irrigation, water transfer and
evapotranspiration. A detailed SWAT model component description is given in the theoretical
documentation [10,28].

In the SWAT model, the hydrologic cycle is based on the water balance equation of soil
water content:

SWi = SW,+ ¥ (R— Qs — ET — W, — Ogu) 1

where SWt is the final soil water content (inm), SWo the initial water content on day i (mun), R the
precipitation on day i (mm), Qs the surface runoff on day i (mm), ET the evapotranspiration on day
i (mm), Wseep the amount of water entering the vadose zone on day i (mm) and Qgw the return flow
on day i (mun).

In this study, the Soil Conservation Service (SCS) curve number method was used to estimate
surface runoff and the Penman—-Monteith method, to determine potential evapotranspiration values;
these are generally acknowledged to be the most rigorous and physically realistic approaches [20].
Once potential evapotranspiration is obtained, the SWAT model determines the AET for each HRU,
calculating the amount of sublimation and evaporation from the soil surface and from water intercepted
by the plant canopy [28]. The soil erosion process is simulated for each HRU using the Modified
Universal Seoil Loss Equation (MUSLE), and the transformation and movement of nitrogen and
phosphorus are computed through a function of nutrient cycles [8]. Additionally, in the SWAT model,
BMPs can be defined by simulating the management parameters for each HRU.

2.2.1. Model Inputs
In the present study, the SWAT model was developed with the input data listed in Table 1.

Table 1. List of input datasets used for model setup.

Data Description Source
DEM 5 n 3¢5 m resolution map Spanish Natlona(llgi%graphlc Institute
Corine Land Cover programme of year 2012
Land use map Vector database (CLC2012)
Soil map 1 ki ¢ 1 km resolution map Harmonized World Soil Map (HWSD)
Climate dat Daily meteorological station called Murcian Institute of Agrarian and Food
tmate data TP42 Research and Development (IMIDA)

The DEM of a 5-m spatial resolution, obtained from the Spanish National Geographic
Institute (IGN), was used to calculate the physical watershed characteristics in the SWAT: slope
lengths, stream network, as well as flow direction and accumulation. The land use map, downloaded
from the Corine Land Cover project (CLC2012), was rasterized and reclassified into 12 classes,
included in the land use SWAT database. In the agricultural land uses, the management practices
regarding planting, irrigation, fertilization and harvesting were simulated, according to the criteria
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of Francés et al. (2018) [29]. The Harmonized World Soil Map (HWSD) dataset includes the physical
properties of soil required for soil map in the SWAT: texture, bulk density, soil depth and organic carbon,
sand, silt, clay and rock content. The daily climate data (precipitation, temperature, wind speed, solar
radiation and relative humidity) was obtained from the closest meteorological station {(TP42) to the
centroid of the watershed, for the period 1999 to present.

GLEAM is a remote-sensing evapotranspiration dataset developed by the Vrije University of
Amsterdam [18], and used in this study. GLEAM includes a set of algorithms that estimate the
different components of terrestrial evaporation (i.e., transpiration, bare soil evaporation, sublimation,
interception loss and open-water evaporation) and root-zone soil moisture from satellite data. The last
version of GLEAM (v3) has been globally validated through 91 eddy-covariance towers and 2325 in
situ sensors [30]. In this study, the AET data of version 3.2b of GLEAM was implemented. This dataset
is available on a 0.25%-]atitude-longitude regular grid.

2.2.2. Model Setup, Sensitivity Analysis, Calibration and Validation

The Quantum Geographic Information System interface for SWAT (QSWAT 1.7) was used to
configure and parameterize the SWAT model. Based on the distribution of the land use classes,
soil types and slopes (< 8%, 8-30%, > 30%), the watershed is divided into 2 basins and 42 HRUs.
The simulation period was from 2000 to 2015 (16 years) at a monthly time step. To balance the initial
soil water conditions, a three-year warm-up period (2000-2003) was established.

Although the SWAT model operates on a daily scale, the model calibration process was carried
out at a monthly time-step, pursuant to the Split Sample Test hierarchical scheme proposed by Klermes
(1986) [31]. The simulation period was split 70/30. AET data from 2003 to 2011 (a 9-year period) was
selected for calibration of the model and from 2012 to 2015 (a 4-year period) for the validation process.

In the SWAT model, there is a multitude of calibration parameters, and, to avoid
over-parameterization and identify the most sensitive parameters in the AET process of our study area,
a sensitivity analysis was executed [32] before the calibration and validation processes. The sensitivity
analysis and automatic calibration were carried out using the Sequential Uncertainty Fitting procedure
(SUFI-2) included in the SWAT Calibration and Uncertainty Programs (SWAT-CUTP) [33]. Based on
the literature reviewed [17,19,20,34], 12 of the most frequently used parameters for AET calibration
(Table 2) were selected for a global sensitivity analysis. Parameter sensitivity was calculated on the
basis of the significance of the sensitivity (p-value); the lower the p-value, the more sensitive the
parameter [33]. After sensitivity analysis, ALPHA_ BF and the seven most sensitive parameters (ESCQO,
CN2, EPCO, SOL_BD, CANMX, SOL_AWC and SOL_K) and were chosen for automatic calibration.

Table 2. Ranking of selected SWAT parameters with their p-values, based on sensitivity analysis.

Parameter Description p-Value Rank
ESCO.hru Soil evaporation compensation factor 0.00 1
CN2.mgt Initial SCS runoff curve number 0.00 2
EPCO.hru Plant uptake compensation factor 0.00 3
SOL_BD.sol Moist bulk density (g/cm?) 0.01 4
CANMX hru Maximum canopy storage (mm) 0.08 5
SOL_AWC.sol Soil available water content (mim/mm}) 0.19 6
SOL_K.sol Saturated hydraulic conductivity (mmm/h) 0.25 7
GWQMN.gw Threshold depth of water in the shallow aquifer for return 0.27 g

flow to occur (m)

GW_DELAY.gw Groundwater delay (days) 0.20 9
GW_REVAP.gw Groundwater revap coefficient 0.41 10
ALPHA_BE.gw Base flow recession constant (days) 0.88 11
REVAPMN.gw Threshold depth of water in the shallow aquifer for revap to 0.99 12

occur (m)
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Tobin and Bennett (2017) [20] and Odusanyaetal. (2019) [17] proved that the AET GLEAM product
can be an alternative approach to calibrate the SWAT model. Therefore, due to the unavailability of
recorded discharge measurements in El Beal watershed, the satellite-derived AET data from GLEAM
were selected as observed inputs. For the autormatic calibration process, the Kling—Gupta efficiency
index (KGE) (Gupta et al., 2009) (Eq. 2) was set as the objective function. A total of 1000 simulations
were run, divided into two iterations of 500 simulations, and the parameter ranges were adjusted after
the first iteration.

KGE = 17\/(a71)2+(671)2+(1/71)2 2)

where « is the Pearson correlation coefficient between the observed and simulated AET data, 3 is the
fraction of standard deviation of the simulated AET data over the observed AET data and v is the
average simulated AET value over the average observed value. KGE ranges from —co to 1, with 1
being the optimal value.

The validation process involved introduction of the fitted parameters obtained during the
calibration process to the SWAT model and the comparison between the satellite-derived AET data and
SWAT-simulated AET data. To assess the performance of the SWAT model, three of the most cormmonly
used statistical indices in the calibration and validation procedures were selected: the coefficient of
determination (R?), the percent bias (PBIAS) and the Nash-Sutcliffe efficiency (INSE) [35], as shown in
Equations (3)—(5), respectively.

Z?:1(Yabsi - m)(ysimz’ - Ysim)

- \/Z?:1(Yobsi - mz \/Z?:1(Ysimi - mz

where Yy, ; and Yy, ; are the observed and simulated AET wvalues, Y, and Y, are the average

R2

(3)

observed and simulated AET values and n is the total number of observations. RZ ranges from 0 to 1,
with 1 being the optimal value.

Z?:l (Yobsi - Ysim z') .
Z?:l Yobs i

where Y, ; and Ygu,, ; are the observed and simulated AET values. PBIAS is the mass balance error in

FPBIAS =

100 {4)

percent, with 0 being the optimal value.

Z?:1 (Yobs i = Ysim z’)z

NSE —1— - (5)
Z?=1(Yobsi - Yobs)

where Y. ; and Y, ; are the observed and simulated AET values, Yy, is the average observed AET
value and n is the total number of observed data. NSE ranges from -co to 1, where 1 is the optimal value.

2.3. Best Management Practice Scenarios

Based on the different controlling non-point source pollutant strategies applied in Campo de
Cartagena [2], five management practices were selected and implemented in the SWAT model: contour
planting, filter strips, reforestation, fertilizer application and check dam restoration. These BMTP
scenarios were assessed individually and in combination, to test their impact on reduction of sediment
and nutrient loadings.

The effectiveness of these BMF scenarios was quantified by comparing each one with the baseline
scenario to obtain a percent of reduction. This effectiveness was computed using Equation (6):

) — (YBaselz’nefyBMP)

Ef fectiveness (%
Y Baseline

= 100, (6)
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where Yg enine and Yepsp are the average annual sediment or nutrient yields in the baseline scenario
and in the BMP scenario, respectively.

2.3.1. Baseline Scenario

The baseline scenario was obtained by running the SWAT model on an annual basis with the

calibrated parameters and the current managernent and crop rotation practices of the agricultural land
use (Table 3).

Table 3. Schedule of management and rotation practices in agricultural land use.

Date .
Year Operation Application Rate Crop
Month Day
1 January 1 Planting begin Broccoli
1 January 1 Irrigation ~36 mmy/month Broccoli
1 January 1 Aauto fertilization Max. 250 KgN/ha Broccoli
1 April 30 Harvest and kill Broccoli
1 June 1 Planting begin Cantaloupe
1 June 1 Irrigation ~72 mm/month Cantaloupe
1 June 1 Auto fertilization Max. 130 KgN/ha Cantaloupe
1 August 31 Harvest and kill Cantaloupe
1 October 1 Planting begin Lettuce
1 October 1 Irrigation ~25 mmy/month Lettuce
1 October 1 Auto fertilization Max. 130 KgN/ha Lettuce
1 December 31 Harvest and kill Lettuce

2.3.2. Contour Planting

Contour planting practices entail tilling and planting crops, delineating the contour of the field to
increase soil infiltration capacity, intercept surface runoff and reduce sediment and nutrient losses.
In the present study, contour planting was simulated by activating the contouring option in the
scheduled management operations tool (.ops) for the non-woody agricultural land uses in the SWAT.
The main parameters for simulating contour planting in the SWAT model are curve number (CONT_CN)
and USLE Practice factor (CONT_P), the values of which were set to 65 and 0.8, respectively, following
Arnold et al. (2012) [32].

2.3.3. Filter Strips

Dense vegetation is installed along the perimeter of the field to intercept and filter surface runoff.
Sediment and nutrient loads are trapped in the strip vegetation. The SWAT calculates trapping
efficiency (trapes) for sediment and nutrients, using Equation (7) and the parameter FILTERW, which
reflects the width of the vegetation strip.

trap.; = 0.367 x FILTERW"2¢7, )

Based on the recent laws enforced in the study area [2,4], the efficiency of 2 m, 3 m and 5 m filter
strips applied in agricultural land uses was assessed.

2.3.4. Reforestation

Reforestation requires the conversion of land to its historically natural conditions. Mineral
extraction sites are highly prone to soil erosion due to a general scarcity of vegetation [24]. In the
present study, the conversion of mining sites (SHRB) to forest (FR5T) was carried out by applying the
Land Use Update module in the SWAT.
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2.3.5. Fertilizer Application

The SWAT includes a management module for the representation of crop practices {.mgt), where
fertilizer can be adjusted. Maximum doses of fertilizer were established in the context of agricultural
land use, based on the guidelines provided by a regional regulation known as the Code of Good
Agricultural Practices of Murcia [2], which entails a reduction of about 15%-25% of the maximuin
amount of elemental nitrogen applied to each crop per vear.

2.3.6. Check Dam Restoration

Check dam practice requires the construction of rock dams across a watercourse to intercept
sediment and nutrient loads and reduce erosion of the stream. However, the siltation due to sediment
loads suppose a serious problem in check dam performance. In the study area, there are four filled
dams (Figure 1), which were simulated in their original conditions (without saturation) by the SWAT.
According to Waidler et al.’s (2009) [36] guidelines, check dams were introduced as ponds. Ponds were
simulated in the ponds module {(.pnd), using the parameter PND_FR, which represents the fraction of
the sub-basin area that drains into ponds.

2.3.7. BMP Combination

The combination of BMPs can be more effective than individual BMDPs [37]. Based on the action
scale, three combinations of BMPs were implemented in the SWAT to assess their effectiveness to
reduce sediment and nutrients (Table 4).

Table 4. Selected Best management Practices (BMPs) combinations.

BMP Combination Description BMPs

Reforestation
Check dam restoration

1 Structural BMPs

Contour planting
2 Agricultural BMPs 3 m filter strips
Fertilizer application

Reforestation
Check dam restoration
3 All BMPs Contour planting
3 m filter strips
Fertilizer application

Combination 1 includes all structural BMPs, which encompass management practices that require
a significant investment, because of their application process. Combination 2 includes contour planting,
3 m filter strips and fertilizer application, which are grouped under a classification of agricultural BMPs,
because they are applied mainly at the cropland scale. Additionally, among the filter strip widths
evaluated, 3 m filter strips were selected for combination with other BMPs, because they were
considered the most representative for the study area. Finally, Combination 3 was conducted to assess
the application of all BMPs.

3. Results and Discussion

3.1. Sensitivity Analysis

In the global sensitivity analysis, eight parameters were identified as the most influential to
the AET process: CN2, ALPHA_BE SOL_BD, SOL_AWC and SOL_K, which control the amount of
water in soil layers; and ESCO, EPCO and CANMX, which are related to the soil water evaporation
processes. Overall, the ESCO was the most sensitive parameter, because it relates closely to soil
evaporation, followed by CN2 and EPCO. Similar sensitivity results were achieved in other AET
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calibration reports [20,34]. Table 5 shows the initial maximum and minimum range, default values and
calibrated values applied in the SWAT model.

Table 5. Optimized SWAT parameters for calibration of AET.

Parameter Value Range Default Value Fitted Value
ESCO.hru 0-1 0.95 0.86
CNZ.mgt +20% - —7.24%
EPCO.hru 0-1 1 0.14
SOL_BD.scl +20% - —8.2%
CANMX hru 0-100 0 121
SOL_AWC sol +20% - +14.84%
SOL_K.sol +20% - —5.32%
ALPHA_BEgw 0-1 0.048 0.16

3.2. Moedel Calibration and Validation

The model performance was satisfactory in both periods: calibration (2003-2011) and validation
(2012—2015). Figure 2 shows the simulated and observed AET in El Beal watershed over the total period.
The SWAT model simulated the trend of the observed AET data with high accuracy, with R? values of
0.81 for calibration and 0.83 for validation. The other statistical indices also showed good performance
for calibration (KGE = 0.78, NS = 0.58 and PBIAS = 3.9%) and validation (KGE = 0.67, N5 = 0.53 and
PBIAS = —25.3%). The higher values of KGE relative to NSE are due to overemphasis of peak values in
NSE [38]. The PBIAS value for the validation period was higher than for the calibration period because,
in the last years of the study pericd, the amount of available water for irrigation in El Beal watershed
decreased, due to water constraints in the Tagus—Segura transfer. As a result, the observed AET was
less than the simulated AET.
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Figure 2. Comparison of simulated and observed actual evapotranspiration of the El Beal watershed
for the calibration and validation periods.

As can be seen in the monthly distribution of observed and simulated AET (Figure 3),
the model’s over/under prediction is acceptable. The simulated average annual precipitation, potential
evapotranspiration, total flow and AET were 301.9 mm, 1283.8 mm, 46.2 mm and 270.5 mm, respectively.
Similar results were reported in other work on the study area [39]. Ninety percent of the annual
precipitation was lost due to evapotranspiration, which is fairly common in semiarid areas. The model
estimated an annual sediment yield of 2.64 Tn/ha. This result fell within the range 0-5 Tn/ha/year of
sediment yield estimated by the National Soil Erosion Inventory of Murcia for the study area [40].
A calibrated SWAT model simulation was established as the base scenario to assess the impacts of
BMPs on sediment and nutrients.
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Figure 3. Comparison of average monthly simulated and observed ART for the calibration and
validation periods.
3.3. BMP Effectiveness

The assessment of BMI’s was performed individually and in combination for the total period.
The simulation results showed an effective reduction of sediment vield, total nitrogen (TN) and total
phosphorus (TP) by application of individual BMPs (Figure 4) and a higher effectivencss when they
were combined.

BMP effectiveness (%)

Contour planting El

2 m filter strips %

3 m filter strips EI

5 m filter strips %I
Reforestation

Fertilizer application

Check dams restoration

{N

0% 10% 20% 30% A40% 50% 60% 70% 80% Q0% 100%

O Total Phosphorus @ Total Nitrogen @ Sediment

Figure 4, Effectiveness of individual BMPs in sediment and nutrient loadings at the watershed scale.
3.3.1. Individual BMPs

Contouring practice is highly recommended to avoid soil erosion during extreme weather events
in Mediterranean regions [41]. The results showed that contour planting simulation reduced sediment
yield by 6%, TN by 10% and TP by 8% at the watershed scale. However, contouring was found to
improve the percent of sediment reduction to 71% at the cropland level. Filter strips with a width of
2 m achieved a reduction of 4%, 7% and 5% for sediment yield, TN and TL, respectively. Increasing the
filter strip width to 3 m improved all the effectiveness values by 1%, and for 5 m of width, there was a
5% enhancement in the reduction of sediment, 10% for TN and 7% for TT. These findings indicate that
increasing the width of filter strips results in an insignificant improvement in the effectiveness at the
basin scale. Notwithstanding these results, at the cropland scale, the improvement rate ranged from
45% to 60%, with the improvement rate increasing as the widths increased. Other studies have reported
finding similar trends related to filter strips [42,43]. Reforestation entails a land use conversion from
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SHRB to FRST. The results showed that reforestation was one of the most effective practices for reducing
sediment and nutrients in El Beal watershed. Sediment yield generated from the basin was reduced by
up to 27%, and TN and TP reduction were 16% and 20%, respectively. These results are consistent with
the findings of other research carried out in the study area [29]. According to the agricultural practice
guidelines of Murcia [2], the maximum annual amount of elemental nitrogen applied in agricultural
land use was reduced. As a result of fertilizer application BME, the nitrogen decreased by 20% at the
cropland level. However, at the basin scale, the percent of reduction was 2%. Regarding the check dam
restoration, almost 90% of the sediment was found to be retained at the dams. Mtibaa et al. (2018) [37]
proved that the highest sediment yield reductions were achieved by structural BMPs. Check dams also
reduced the TN by 15% and the TP by 22%. Although check dam restoration was found to be the most
effective individual practice, this BMP requires special maintenance to avoid saturation. The relatively
lower results at the watershed level for contour planting, filter strips and fertilizer application are
attributable to the small proportion of the agricultural area in the El Beal watershed.

3.3.2. Combination BMDPs

Combinations of BMPs achieved better results than individual BMPs (Table 6). Similar studies,
using the SWAT model, in different regions of the world corroborate these results [37,44-46].

Table 6. Effectiveness of combination BMPs in sediment and nutrient loadings at the watershed scale.

Average Annual Reduction (%)

BMP Combination Description
Sediment TN TP
1 Structural BMPs 92% 18% 23%
2 Agricultural BMPs 7% 14% 10%
3 All BMPs 93% 32% 33%

Combination 1 involved testing the percent of reduction by applving the structural BMPs.
High reductions were achieved for all yields at the watershed scale, although with a particularly
level of effectivity in sediment reduction. The effectiveness was 92% for sediment loads, 18% for
TN and 23% for TP. Combination 2 was used to check the effectiveness of BMPs applicable only in
agricultural land use. A greater percent of reduction was achieved when agricultural BMPs were
implemented simultaneously, relative to their being implemented individually, at both the watershed
and cropland levels. This combination achieved an effectiveness of 7% for sediment reduction, 14% for
TN and 10% for TP at the watershed scale. However, at the cropland scale, these results reached values
higher than 80% for sediment reduction and nutrient yields. Similar scale patterns were obtained
by Uribe et al. (2018) [47] in an agricultural watershed in Colombia. When all evaluated BMPs
were applied in El Beal watershed at the same time, the effectiveness reached the highest values.
Predictably, Combination 3 was the most effective, with reduction values of 93%, 32% and 33% for
sediment, TN and TT, respectively. With respect to sediment reductions, the structural BMPs obtained
the best results. Although BMP Combination 1 produced an important reduction of TN and TP at the
watershed scale, when structural BMPs were combined with agricultural BMPs, meaningfully greater
effectiveness was achieved. These results provide useful information on how to assess which BMPs
better fit current conditions of El Beal watershed. They may be feasible future solutions to reduce the
sediment and nutrient loadings that flow into the Mar Menor coastal lagoon.

3.4. Cost-Effective BMP Simulation

The total costs for BMPs implementation are listed in Table 7. Unit costs related to reforestation,
check dam restoration and fertilizer application were obtained from the Spanish Ministry for the
Ecological Transition [48] while unit costs related to filter strips and contour planting were obtained
from Cuttle et al. (2007) [49]. Agricultural BMPs are the most cost-effective strategies to remove
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sediments, N and TP in El Beal watershed. Taking intc account that the environmental restoration of
Mar Menor to good ecological status has the potential to generate a total economic value of more than
45 million euros per year [50], the implementation of structural BMPs is also recommended. The results
presented aim to facilitate decision-making for cost-effective management of pollution by stakeholders.

Table 7. Analysis of cost-effective BMPs.

Cost per Ton of Reduction
BMP Cost per Land Use Total Cost {€) L
Hectare Sediment TN TP
Reforestation 46000 € Abandoned mineral 10212000 24898 33594 85331
extraction sites
Check dam 200000 € 1 - 800000 575 2790 5885
restoration
Fertilizer 100€ Cropland 10800 - 267 -
application
3 m filter strips 30€ Cropland 3240 48 21 91
Contour planting 10€ Cropland 1080 11 & 24
Structural BMPs - - 11012000 7693 32124 79397
Agricultural BMPs - - 15120 132 57 257
All BMPs - - 11027120 7640 18109 55922

1 This cost is per dam.

4. Conclusions

A SWAT model for El Beal watershed was developed to evaluate the effectiveness of selected
BMPs. The SWAT model achieved good performance in calibration and validation processes with
satellite-derived AET data from GLEAM on a monthly basis. The applicability of the assessed BMPs
was tested in a semiarid and highly anthropogenic watershed in the southern region of Spain. Among
the individual BMPs simulated, check dam restoration and reforestation were found to be the most
effective to reduce the loads of sediment and nutrients that flow into the Mar Menor coastal lagoon.
All effectiveness values improved when BMFs were assessed in combination. Despite the model’s
uncertainties and taking into account the high sociceconomic impact of the implementation of these
measures, this study may provide guidance for decision makers to implement the best BMPs to reduce
nutrient and sediment inputs. The results can be extended to similar watersheds.
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A combination of hydrological and hydrodynamic modelling can be applied to understand the hydrology and key
water balance components of lakes and lagoons. In this research, the Soil and Water Assessment Tool (SWAT)
model and the QGIS Water Ecosystems Tool (QWET) were applied for the Mar Menor coastal lagoon and its
watershed known as Campo de Cartagena. First, the SWAT model was calibrated and validated based on remote

g‘zy:;r ds: sensing evapotranspiration data. Results showed an acceptable performance of the SWAT model in both cali-
OWET bration (R? = 0.63, NSE = 0.62, PBIAS = 2.91%) and validation (R? = 0.68, NSE = 0.68, PBIAS = 2.47%) periods

on a monthly basis. The SWAT simulated streamflow was fed into the QWET model to simulate the water balance
of the lagoon. The hydrodynamic model performance was evaluated based on a comparison between simulated

Water balance
Mar Menor
Coastal lagoons and observed water temperatures and also the model estimated evaporation. Simulated daily temperatures
showed a good agreement with observed data by capturing the timing and inter-annual variations, with an NSE
of 0.98, and a BIAS of 2.7%. Our water balance estimation, using the reference period 2003-2019, yields a mean
annual rainfall over the lake of 301 mm and a mean annual evaporation of 1325 mm. The average surface runoff
and groundwater discharge to the lagoon are 49 hm®/year and 11 hm®/year, respectively. Extreme storm events
cause annual surface runoff to vary between 8 hm®/year and 202 hm®/year. The water balance was closed with
the water exchange with the Mediterranean Sea, resulting in an overall positive flow from the Mediterranean Sea
of 82 hm®/year. Our study showed that during summer months, in particular, there is considerable inflow of
Mediterranean water to the lagoon, whereas for some autumn and winter months (November, December and
January) there is a net outflow from the lagoon to the Mediterranean. This novel approach by combining the
SWAT hydrological model and QWET hydrodynamic model complex provides a useful tool for understanding the
hydrology of the lagoon and may also play a role for decision makers when developing strategies for mitigating
eutrophication.

1. Introduction et al., 2005). Among other threats, eutrophication is one of the main

causes of water quality deterioration in coastal lagoons (Le Moal et al.,

Coastal lagoons are shallow water bodies partially or totally isolated
from the open sea by sedimentary or anthropic barriers but linked to the
sea by one or more inlets (I{jerfve, 1994). These types of lagoons are
recognised as one of the most valuable ecosystems for the fishing and
aquaculture industries in the world (Nixon, 1982) with ideal conditions
for the development of recreational and tourism services, which are
often concentrated in these areas (De Pascalis et al., 2012; Velasco et al.,
2018). However, these natural systems are particularly at risk from
increasing anthropogenic pressures, such as intensive agriculture and
urbanization pressures associated with tourism development (Viaroli

* Corresponding author.
E-mail address: jscnent@ucam.edu (J. Senent-Aparicio).

https://doi.org/10.1016/j.jhydrol.2021.127150

2019).

Developed countries are generally exposed to a greater number of
anthropogenic activities, making the accurate modelling of these sys-
tems much more complex. Such modelling allows the analysis and
simulation of different measures, helping to make decisions focused on
the cohabitation between human activity and the preservation of the
environmental values of these territories (Garcia-Ayllon, 2017). In the
Mediterranean Sea, more than a hundred of these coastal lagoons have
been identified (Pérez-Ruzafa et al., 2011) and, in addition to the pre-
viously mentioned activities, there will also be a negative impact on
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these lagoons as a consequence of climate change (Ferrarin et al., 2014),
It is necessary to understand the different components of the system,
how they are connected and the cause-effect relationships between the
drainage basin and the coastallagoon. This paper proposes an integrated
approach to modelling such systems that can be used as a first step to
improve the management of any of the coastal lagoons that are currently
undergoing eutrophication processes around the world.

From this perspective, this research is focused on the Mar Menor
coastal lagoon (Spain) as a representative case of a highly anthropized
area experiencing environmmental pressures that have emerged over the
last few decades. As in many other coastal areas of the Mediterranean,
the surroundings of the Mar Menor, which are catalogued as a wetland
site of international importance under the Ramsar Convention and is
integrated in the Nature 2000 network, has suffered from an expansion
of farming activities in the watershed and a significant increase in the
tourism, which led te an increase in nutrient inputs to the Mar Menor. In
recent years, the process of eutrophication hasresulted in a considerable
reduction in water transparency, affecting the tourism sector and the
local economy (Jimeno-Sdez et al., 2020). The regional government has
responded with a series of legislative actions to guarantee a sustainable
development of the Mar Menor environment (CARM, 2017; CARIM,
2018; CARM, 2019), Some of these measures are fertilizer application
control and adaptation of best management practices (BMPs) in the
watershed draining into the Mar Menor called Campo de Cartagena.
However, no evaluation of the effectiveness of the proposed measures
has yet been carried out due to the complexity of this highly anthropized
system and the uncertainty associated with the quantification of certain
components of the lagoon’s water balance such as the water exchanges
with the Mediterranean sea and not least the surface runoff and
groundwater discharges to the lagoon. Given this situation, a compre-
hensive understanding of the processes that govern the water balance of
the lagoon is an essential foundation to ensure suitable management of
this fragile ecosystem.

Inrecent years, several studies have tried to evaluate the components
of the Mar Menor lagoon water balance, but these studies have been
characterized by addressing only certain components of the water bal-
ance, and not taking a holistic appreach where all the key water balance
components and their relations are quantified in a global framework.
These studies provide some valuable key individual pieces of the hy-
drological puzzle, but do not provide the full picture of the dynamics and
hydrological functioning of the lagoon. Hence, there is a need for a
hoelistic appreach, which combine hydreological and hydrodynamie
models to better understand the big picture, and for reducing un-
certainties related to the water balance.

For instance, previous studies on the Mar Menor included hydrody-
namic modelling of the coastal lagoon (Martinez-Alvarez et al., 2011; De
Pascalis et al.,, 2012; Baudron et al., 2015; Garcia-Oliva et al., 2018;
Garcia-Oliva et al,, 2019) obtaining estimates of certain components of
the water balance like the evaporation or the water exchange with the
Mediterranean sea. However, these studies disregarded the connection
to the Campo de Cartagena area (watershed and aquifer) with the Mar
Menor, or at best, in a very simplified manner. For instance, De Pascalis
et al. (2012), Garcia-Oliva et al. (2018) and Garcia-Oliva et al. (2019)
adopted a homoegeneous runoff coefficient of 6.5% for the entire
drainage watershed to proxy surface runoff.

The contribution of water from Campo de Cartagena aquifer has also
recently been studied (e.g., CIHS, 2015; Jiménez -Martinez et al., 2016;
Domingo-Pinillos et al., 2018; Alcolea et al, 2019) obtaining very
different results, which may be attributed to the complexity of the
aquifer. For example, discharges to the Mar Menor from the aquifer
varies from 6.2 1\/Irr13/yr (CHS, 2015) to 68 Ivhna/yr (Jiménez-Martinez
et al, 2016). This large variability is influenced by the extreme
anthropogenic activity (e.g. groundwater abstractions) and the complex
relation between the different aquifer compartments. For example, more
than 2000 wells exist in the area (i.e. 1.18 wells/km?>) many of which
exploit several aquifers through internal connections — thus connections
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between the aquifers, which is subject to increasing concern (Jiménez-
Martinez et al., 2016).

Hydrological modelling studies of the Campo de Cartagena water-
shed, however, are scarce (Martinez-Alvarez et al., 2011). This is mainly
due to the ephemeral character of the rivers and the lack of reliable data
of daily discharge. Alcolea et al. (2019) combined the Modular
Groundwater Flow (MODFLOW) model (Harbaugh, 2005) with the hy-
drolegical model SPHY (Terink et al., 2015) using available hydraulic
head measurements to calibrate the groundwater model. Lopez-Balles-
teros et al. (2010) applied the Soil and Water Assessment Tool (SWAT)
model in El Beal watercourse, one of the ephemeral streams that drains
to the Mar Menor, using actual evapotranspiration data (AET) from
remote sensing data to calibrate and validate the model. However, the
total surface runoff that drains into the Mar Menor coastal lagoon has
not yet been assessed.

To be able to simulate the hydrology of the Mar Menor watershed,
the SWAT model has been chosen for this study because it is a public
domain medel that run on inputs that can be easily gathered for most
watersheds (Blanco-Gomez et al., 2019). In addition, and despite not
being the goal of this work, the SWAT model can evaluate the effec-
tiveness of agricultural practices on a watershed scale, which could bea
future line of research beyond this study. SWAT is usually calibrated
using sweam discharge stations (Senent-Aparicio et al., 2017; Jimeno-
Sdez et al, 2018). However, when discharge data are not available,
remotely sensed data is an alternative solution for calibration purposes
(Herman et al., 2020). Recent studies proved that the SWAT model can
be calibrated using AET data (Tobin and Bennett, 2017; Ha et al., 2018&;
Odusanya et al,, 2019; Lopez-Ballesteros et al.,, 2019).

To simulate the hydro- and thermodynamics of the Mar Menor
lagoon, the QGIS Water Ecosystems Tool (QWET) has been chosen.
QWET is an open source tool that provides a graphical user interface for
the coupled one-dimensional hydrodynamic-ecosystem model GOTM-
WET (INielsen et al., 2017; Nielsen et al. 2020). The model simulates
mixing processes, the vertical diswibution of temperature and evapo-
ration. QWET also provide a link to the SWAT watershed model,
whereby SWAT output can be utilized as input to the QWET model
setup. To the best of our knowledge, none of the recent studies in the
IMar Menor area have combined hydrelogical and hydrodynamic
models, and only a few similar studies like this have been carried out
world-wide (Inoue et al., 2008; Dargahi & Setegn, 2011; Zhang et al.,
2017; Wu et al., 2017; Munar et al., 2018; Lopes et al., 2018; Coppens
et al,, 2020), of which none of them combined WET and SWAT models.
The modelling approach proposed in this research could guide decision
makers in the development of an integrated environmental management
of the Mar Menor coastal lagoon and is of great interest to similar coastal
lagoons. The objectives of this study were to conduct a holistic, inte-
grated analysis of the different components of the lagoon water balance,
and to identify aspects that should be a research priority in order to
further advance the quantification of the water balance. Since water
flows are one of the main controlling forces of the physical-chemical
and biolegical dynamics of the lagoon, their study and characterization
must be considered as a key task to advance the scientific knowledge of
this case study.

2. Study area

Due to the complexity of the integrated watershed - lagoon hydro-
systemn, we have separated the description of the case study in (1) the
basin that drains into the Mar Menor coastal lagoon, called Campo de
Cartagena; (2) the multilayer aquifer under this watershed and (3) the
IvMar Menor coastal lagoon. An extensive review of human pressures and
impacts on the whole Campo de Cartagena — Mar Menor system can be
found in Conesa & Jiménez-Carceles (2007) and Jiménez-Martinez et al.
(2016).



88

ADRIAN LOPEZ BALLESTEROS

J. Sement-Aparicio et al.
2.1. Campo de Cartagena basin

Located in the Segura river basin (SE Spain), which is characterized
as one of the most water-stressed areas in Europe (Senent-Aparicio et al,,
2016), the Campo de Cartagena watershed covers an area of around
1400 km? and is characterized by its ephemeral streams, usually running
dry, but which can carry large quantities of water and sediment when
torrential rain falls (Garcia-Pintado et al., 2007). This watershed ranks
as one of Europe’s leading vegetable producers (Velasco et al.,, 2006)
mainly due to the construction of the Tagus-Segura Water Transfer
Channel (TSWTC). The TSWTC was completed in 1980 and can provide
a flow rate of up to 122 million cubic meters per year (hm?®/year)
although, in recent years and due to water shortages at the headwaters
of the Tagus river, the flow rate has decreased, elevating the pressure on
groundwater resources and promoting the use of desalination and
wastewater reuse (Rupérez-Moreno et al., 2017). Shortage of water has
led to the implementation of drip irrigation and generally a need to
make good use of the limited water available (Senent-Aparicio et al.,
2015). Tourism on the coast of the Mar Menor lagoon is also a major
contributor to the local economy (Jimeno-Sdez et al., 2020) and mining
in the scuthern part of the basin was one of the main activities in the
past, although it has now ceased (MNavarro et al,, 2008).

According to the weather data used in this study, this basin is one of
the most arid of the Mediterranean area, with an annual precipitation
amount (from 2000 to 2019) that ranges from 166 mm to 469 mm,
where average precipitation is less than 300 mm per year, and the
annual averages for maximum and minimum daily temperatures were
23.7 °C and 13.0 °C, respectively. The precipitation is unevenly
distributed into a few high-intensity events mainly in spring and
autumn. Regarding topography, the altitude ranges from sea level to
1063 m a.s.L., but most of the area is flat, with over 36% of the water-
shed with slopes of less than 2%. The primary land use of the Campo de
Cartagena watershed is intensive irrigated agriculture (around 50% of
the total area). The dominant soil type is Calcaric Cambisols (719%6),
which is mainly composed of sand and silt.

Jowrnal of Hydrology 603 (2021) 127150
2.2, Campo de Cartagena aquifer

The watershed described above is settled over the Campo de Carta-
gena aquifer. This aquifer is a multi-layered system composed of deep,
confined aquifers and an unconfined shallow aquifer (quaternary).
Groundwater is a major contributor to the sustainability of local agri-
culture, along with water supplied by the TSWTC and the recent increase
in public desalinated seawater and private brackish water treatment
plants (Senent-Aparicio et al., 2015).

2.3. Mar Menor coastal lagoon

The Mar Menor is a hypersaline coastal lagoon with an immense
socio-economic and ecological value and a clear case of a severely
anthropized hydroecosystem in southeastern Spain (Velasco et al.,
2018). It has a surface area of 135 kin? covering a coastline of 73 km and
contains five volcanic islands. The Mar Menor is considered a shallow
lagoon, with an average depth of 4.4 m, being the maximum depth
around 7 m(Umgiesser et al., 2014). A 22 km long sandy coastal barrier,
known as La Manga, isolates the lagoon from the Mediterranean Sea and
is intersected by three inlets (Las Encanizadas, Estacio, Marchamalo),
facilitating exchanges of waters between the Mediterranean Sea and the
lagoon (Fig. 1.d). The most important water exchange takes place
through the Estacic channel. In 1973, this chamnel was dredged and
broadened to make it nautical navigable (Baudron et al., 2015)

Among the most significant environmental sites in the Mediterra-
nean area is the Mar Menor, where many economic and industrial ac-
tivities meet (Conesa & Jiménez-Cdrceles, 2007). Its unique weather
conditions and abundant natural resources have attracted tourism,
recreational and fishing uses, without forgetting the relevance of
farming to the local economy. The process of economic, social and urban
transformation that has affected the lagoon in the past half century (and
even before, in the case of mining) has led to a multitude of impacts on
the physical and natural environment and makes the Mar Menor an area
in need of special protection (CARNM, 20109),

The situation, far from improving, has deteriorated in recent years.
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Fig. 1. (a) Location of the study area in Peninsular Spain; (b) Location of the study area in Murcia Region; (¢) Campo de Cartagena watershed; (d) Mar Menor lagoon.
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In 2016, profound eutrophication generated by a severe increase in the
nuwrients occurred. Consequently, chlorophyll concentrations rose,
which was responsible for the loss of 85% of the vegetation cover and a
strong public awareness not only from an ecological peint of view but
also in the tourism sector. (Garcia-Ayllon, 2018; Pérez-Ruzafa et al.,
2019), Dawring 11-14 September 2019, extreme storm events colre-
sponding to a return period of 500 years caused extensive flash flooding
in the Campo de Cartagena basin, causing a strong increase in chloro-
phyll levels and a sudden drop in salinity that caused the death of
thousands of fish.

3. Methodology

3.1. Framework for evaluating the water balance in the Mar Menor
coastal lagoon.

This study combines QWET with SWAT model to assess the Mar
Menor water balance for the period 2003-2019. It includes the following
steps: (1) SWAT model was calibrated and validated in the Campo de
Cartagena watershed on a monthly basis using remote sensing evapo-
transpiration data; (2) hydrodynamic component of QWET model was
simulated using SWAT model ocutputs as an input, comparing the results
obtained with the available observed temperature measurements; (3)
using the calibrated SWAT and QWET models, Mar Menor water balance
was simulated and all its components were analyzed and discussed.

3.2. Hydrological modelling approach

SWAT is a continuous, physically based and semi-distibuted hy-
drological model developed for exploring the effects of agricultural
management practices and climate change on hydrology, sediment, and
water quality (Arnold et al,, 2012), SWAT operates on a daily time step,
and derives key hydrological processes based on Hydrological Response
Units (HRUs), defined as unique combinations of land cover, soil, and
topographic conditions (Neitsch et al., 201 1). Simulations are performed
at the HRU level, aggregated at the subwatershed level, and routed
through the sream network to the watershed outlet. Major components
of the hydrological cycle considered in SWAT include surface runoff,
evapotranspiration, lateral flow, channel routing, infiltration, shallow
and deep aquifer contribution and percolation into a confined deeper
aquifer.

In this study, surface runoff from daily rainfall is estimated using the
Soil Conservation Service (SCS) curve number approach and potential
evapotranspiration is simulated using Penman-Monteith. Infiloated
water is distributed in the soil profile and water that percolates below
the soil profile is assumed to recharge the shallow aquifer. This water
can either percolate deeper or flow laterally towards a steam. More
detailed descriptions of the SWAT model are available in the docu-
mentation provided by the autheors in Neitsch et al. (2011).

Based on the availability of satellite-based remote sensing AET data,
a 13-vear period from 2003 to 2015 was set as the simulated period.
Additionally, three first years (2000-2002) were run as a warm-up
period to allow key model states (e.g. groundwater aquifers) to reach
equilibrium. Based on previous studies (Lopez-Ballesteros et al., 2019),
four SWAT parameters affecting evapotranspiration were selected for
manual calibration from 2003 to 2000 using monthly AET data.
Graphical time series plots were used to assess qualitatively model
performance. In addition, to assess quantitatively SWAT meodel perfor-
mance, three statistical evaluation indices (coefficient of determination
(R2), Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970) and the
percent bias (PBIAS)) were used in this study.

3.2.1. SWAT inputs and model setup

Hydrological modeling was performed using the QGIS interface for
SWAT (QSWAT), version 1.8 (Dile et al., 2016). SWAT model requires
specific meteorological, topographic, land use, and land cover data for
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the study area (Arncld et al.,, 1998). Streams and the drainage basin
were derived based on a DEM of 25 m spatial resolution, obtained from
the National Geographic Institute of Spain. The crops and land use map
of Spain (2000-2010) at a resolution of 200 m, downloaded from the
Spanish Ministry of Agriculture, Fisheries and Food (MAPA, 2010), was
reclassified into SWAT land uses. Related to management practices, crop
rotations with different crop types and fertilizer application intensities
were simulated based on the criteria of Francés (2018). The soil maps
were extracted from the Harmonized World Soil Database (HWSD)
(Machtergaele et al., 2012) which inecludes the physical characteristics of
a large number of typical profiles for each of the soils defined according
to the FAO classification at a spatial resclution of 1 km.

Based on DEM analysis, Campo de Cartagena watershed was dis-
cretized into 152 sub-basins. The SWAT2lake plugin was used to assist in
the watershed’s delineation (IVIolina-Navarro et al., 2018). Afterwards,
520 Hydrological Response Units (HRUs) were defined by SWAT based
on the unique combinations of land use, soil type and slope class (<2%,
2-8%, >8%). A threshold area of 100 ha was applied to optimize pro-
cessing of the computational model. The required daily weather data
were obtained from the weather stations of the Institute of Agriculture
and Food Research and Development of Murcia Region (IMIDA) within
the Campo de Cartagena watershed, for the period 2000 to 2019,

3.2.2. Data used for model validation

In this study, model calibration was conducted by comparing the
SWAT simulated AET data with the Global Land Evaporation Amster-
dam Model (GLEAM) (IMiralles et al.,, 2011) remote sensing evapo-
transpiration dataset. GLEAM was developed by the Vrije University of
Amsterdam and includes several algorithms aimed to estimate terreswial
evaporation and root-zone soil moisture from remeote sensing data
(Martens et al., 2017). In this research, GLEAM version 3b, spanning the
period from 2003 to 2015, was used. The GLEAM evapotranspiration
datasets have been widely validated and applied for many hydro-
meteorological applications (Peng et al., 2019; Laopez-Ballesteros et al.,
2019; Bai and Liu, 2018).

3.3. Hydrodynamic modelling approach

QWET is an interface for application of the coupled one-dimensional
hydrodynamic-ecosystem model GOTM-WET (MNielsen et al., 2017;
Mielsen et al.,, 2020), In QWET, the lake branch of the open-source
General Ocean Turbulence Model (GOTM) is applied to simulate the
vertical water column thermal structure (Burchard et al., 1999), GOTM
is a one-dimensional, physically based turbulence closure model, which
calculates the ansport equations for the turbulent kinetic energy and
the turbulence dissipation rate. The model thereby simulates the vertical
distribution of temperatures, which are influenced by the light attenu-
ation that is derived from the Water Ecosystems Tool (WET). The QWET
model complex can be used to quantify evaporation rates, and may also
be used to close the water balance, by deriving the residual water input
or output required to achieve a certain water level. In ouwr study,
watershed inflows derived from SWAT were read into the QWET model
complex, and the residual in the water balance for the lagoon was
derived as a proxy for the net exchange rate between the Mar Menor
lagoon and the Mediterranean Sea on a daily time step.

3.3.1. QWET inputs

Hydrodynamie simulations by QWET require detailed physical and
meteorological input data. Hypsographic curves were obtained from
Erena et al. (2020). Daily rainfall data were obtained from the IMIDA
weather station named TP22 (Fig. 1) and meteorological observations
(wind speed and direction, air temperatures, air pressure, dew-point
temperature and cloud-cover fraction) were obtained from the newly
released ERAS global reanalysis data produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF) that provides hourly
estimates of the global atmosphere, land surface and ocean waves at a
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horizontal resolution of 31 km (Herbasch et al., 2020). The use of ERAS
data was driven by the unavailability of some of the metecrological
variables at the TP22 station and the demonstrated good agreement of
the wind values provided by ERAL (Ramon et al.,, 2019), SWAT simu-
lations were used as inflows to the Mar Menor through the use of the
QWET built-in option that permits the connection with SWAT outputs.

3.3.2. Data used for model validation

In this study, the hydrodynamic model performance was assessed by
comparing the QWET simulated temperature data with the observed
daily temperature data provided by the Autonomous Regional Govern-
ment of Murcia (http://canalmarmenor.es/). Since the monitored tem-
perature data was only available from 2016, the period 2016-2019 was
used for model evaluation, and the period 2003-2015 was defined as the
initial QWET model warm-up.

4. Results and discussion
4.1. SWAT model performance

SWAT model was manually calibrated from 2003 to 2000 (7-years
period) and validated from 2010 to 2015 (6-years period). Table 1 shows
the initial and calibrated parameter values used for the Campo de Car-
tagena watershed. Some of the calibrated SWAT parameters include:
CN2 and SOL_AWC that were reduced by 5% and 10%, respectively. In
addition, ESCO was decreased from 0.95 to 0.75 and EPCO was
decreased from 1 to 0.3, which leads to an increase in the evaporation
simulated by the model. RCHRG DP was fixed to 0.40 based on previous
studies (Jiménez-Martinez et al,, 2011). Similar parameter values have
been found in watersheds in a Mediterranean climate (IVolina Navarro
et al., 2014).

Monthly AET was satisfactorily predicted by the model. NSE value
was 0.68 in calibration and 0.75 in validation, with PBIAS values of
—11.43% and —7.35%, respectively. Trend of the observed AET was also
simulated with accuracy, with R? values of 0.77 for calibration and 0.78
for validation. Fig. 2 shows that the SWAT model also performs graph-
ically well in the simulation of the actual evapotranspiration on a
moenthly basis.

4.2, QWET model performarnce

Simulated water temperatures spanned the observed water temper-
ature range of approximately 10-30 “C and showed (Fig. 3) an appro-
priate agreement with observed data during the peried 2016-2019 by
capturing the timing and inter-annual variations, with an RMSE of
0.8 °C, a BIAS of 2.7 %, and an NSE of 0.98, which can be considered as
acceptable based on previous modeling studies (Andersen et al., 2020;
Ladwig et al., 2020). Usually, as the hydreo-and thermodynamics in
QWET are based on the physically based GOTM model, there is little
need to calibrate process-parameters in the model. Rather, scale factors
for wind input data may be used if the temperature simulations are not
satisfactory. In our case, the simulated water temperatures were in good

Table 1
Selected parameters for the AET calibration.
Parameter Description Default Calibrated
value value
CH2.mgt Initial SCS runoff curve number for — —5%
moisture condition II
ESCO.hru Soil evaporation compensation 0.95 0.75
factor
EPCO.hru Plant uptake compensation factor 1 0.3
SOL_AWC.sol Soil available water content (mm,” — —10%
mm)
RCHRG_DP. Deep aquifer percolation fraction 0.05 0.4
BW
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agreement with observations, and therefore no further calibration was
needed.

4.3. Water balance

The annual water balance of the Campo de Cartagena watershed for
the period 2003-2019 isreported in Table 2. The average annual rainfall
is about 300 mmm, supplemented by about 200 mm from other sources
(mainly from the TSWTC) that allow crop irrigation in the area. As it was
expected, the semiarid climate of the study area and their intensive
agriculture make AET the main component to water loss from the basin,
with average values above 400 mm. It was also found that the average
surface runoff (35.1 mm) is higher than the groundwater seepage (27.0
mim) and significantly higher than the amount of groundwater discharge
(4.4 mm), considering that a large part of the water that percolates into
the quaternary aquifer connects to the aquifers below (Jiménez-Marti-
nez et al., 2011). The results obtained for the different components of
the water balance are in line with those obtained recenty by Puertes
et al. (2021) in their hydrological modelling of the ephemeral streams
located to the south of the Albujon stream.

Related to the Mar Menor coastal lagoon, water balance analysis
shows that 44.8% and 26.8% of annual inflows originate from water
exchange with the Mediterranean Sea and from surface runoff, respec-
tively (Fig. 4). The direct rainfall contributes around 22.4% on the lake
surface, while the groundwater discharge provides 6.0% of the total
inflow. Water balance results highlight that the surface runoff is
significantly greater than groundwater discharge especially in wetter
years.

The monthly average of simulated water balance components from
2003 to 2019, showed that higher water exchange from the Mediterra-
nean Sea occurred during the dry season (i.e., May-August), with the
highest inflow in July (Fig. 5). In other months, the net water exchange
to the Mar Menoer lagoon was much lower because of a higher precipi-
tation, surface runoff, and groundwater discharge. The net water ex-
change was even negative during November, December and January,
which means that the amount of water draining towards the Mediter-
ranean is greater than that entering from the Mediterranean.

4.3.1. Rainfall

In general, for the years 2003-2019, the average annual amount of
precipitation on the Mar Menor surface was 301 mm. Over the entire
period, the maximum annual amount of precipitation in the TP22 station
was observed in 2019 (567 mm), and the minimum in 2014 (124 mm).
As it is characteristic of Mediterranean and semi-arid climates, on a
monthly scale, 60% of the year’s total precipitation is concentrated in 4
menths (September-December). Another feature of the Mediterranean
climate is the occurrence of high-intensity rainfall events (Castejon-
Porcel et al., 2018). As examples, the torrential precipitation episode of
15-19 December of 2016 had a registration of 275 mm or 12-13
September of 2019 when more than 200 mm were registered.

4.3.2. Evaporation

During 2003-2019, annual evaporation ranged between 1293 and
1368 mm/year, with an average value of 1325 mm/year. Monthly
evaporation reaches its minimum values in December, January, and
February with average values below 50 mm/month. Maximum monthly
evaporation occurs in July and August reaching values elose to 200 mumn/
month. An absolute maximum daily value of over 15 mm/day occurs in
summer while minimum values during winter can be even negative due
to condensation (Martinez-Alvarez et al.,, 2011). Many authors consider
that Penman-Monteith evapotranspiration estimation is a suitable
approach for obtaining annual evaporation in water bodies (Cabezas,
2009; Martinez-Alvarez et al., 2011). In this study, the SWAT model
estimates an average evapotranspiration value of 1305 mm/year, which
is consistent with the evaporation values obtained by the QWET model.
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Fig. 2. Comparison of monthly observed and simulated AET for the calibration and validation periods.
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Table 2
Annual average of each water balance component for the period 2003-2019.

‘Water bal ance components (mm)

Precipitation 293.3

PET 1305.4
AET 410.8
Surface runoff 351
Lateral soil flow 3.4
Groundwater seepage 27.0
Groundwater discharge 4.4
Irrigation 185.3

4.3.3. Surface runoff

Annual average surface runoff to the Mar Menor for the 2003-2010
period is 49 hm®/year. As expected, there is a great variability in runoff
from year to year depending, not only on the amount of precipitation,
but also on the intensity of precipitation events occurring in that year.
Throughout the study period, surface runoff varies from 8.1 hm? in
2011, where annual rainfall barely exceeded 200 mm, to 202.3 hm? in
2019, the wettest year. This large variability is consistent with the
findings of other studies performed in the Campo de Cartagena basin
(Cabezas, 2009). In addition, the application of a disaibuted hydro-
logical model has made it possible to quantify the amount of water
draining from each of the wadis that flow into the Mar Menor. Results
show that Albujon wadi represents 42% of the total drainage water,
while Marana and Miranda wadis account for 17% and 9% of the total
surface runoff, respectively.

In recent years, there have been extreme rainfall events in the study
area, in which significant amount of water drained into the lagoon,
moebilizing in a few hours volumes of water significantly higher than the
annual aquifer discharge, altering the salinity of the lagoon suddenly,
equaling that of the Mediterranean, and dragging a very significant
volume of sediment, with the adverse effects that this can generate. The

impact of these flash floods is another component of the problem that
must be taken into account when making recommendations for action,
and which reaffirms the need for progress in the development of an
integrated hydrolegical and hydrodynamic modelling system to address
the problem. As an example, this study has quantified a total discharge
during the isolated depression at high levels occurred in December 2016
of 162.9 hm? or during the most recent one occurred in September 2019
of 132.1 hm?.

4.3.4. Groundwater discharge

During the last few years, several studies have been conducted to
determine the volume of groundwater discharge from the aquifer into
the Mar Menor, but the results obtained show a high uncertainty with
differences from 8.5 hm3/year (MITECO, 2020) to 68 hma/yea.r
(Jiménez Martinez et al., 2016). The findings from the SWAT model
simulations presented in our study shows an average water transfer from
the aquifer to the Mar Menor lagoon of 11.1 hm?/year for the period
2003-2019. If we focus specifically at the time peried from October
2018 to September 2019 simulated by the most recent study available
(MITECO, 2020), we can see that the groundwater discharge obtained in
this work (8.5 hin®) is very similar to that obtained by our model for the
same period of time (8.64 hm?). It is noteworthy that, in contrast to
surface runoff, the variability of annual groundwater discharges is much
lower, varying between 7.4 hm?/year and 32.2 hm?/year. As a result of
the water ransferred from the TSWT, occurring since the 1980s, there
has been an increase in the aquifers piezometric levels (Senent-Aparicio
et al., 2015), which probably has led to greater groundwater discharges
into the Mar Menor and the generation of a certain flow in the last ki-
lometers of the ephemeral streams, especially in Albujén steam. This
study quantifies the flow in this stream to 4.8 him® /year as an average for
the pericd 2003-2019, which is consistent with the observed stream
flows measured by the Murcia regional government during the last year
(CARM, 2020).
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Fig. 4. Annual water balance of the Mar Menor for a period between 2003 and 2019.
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Fig. 5. Monthly average water balance components for a period from 2003 to 2019.

4.3.5. Water exchange with the Mediterranean Sea

The average annual water exchange with the Mediterranean Sea is
estimated at 82.5 hm?®/year for the period 2003-2019. Martinez-Alvarez
et al. (2011) estimated an average annual water exchange from 2003 to
2006 of around 100 hm®/year. This estimate is lower than water ex-
change estimated in this study where average arnmual water exchange
from 2003 to 2006 was assessed to be 81.8 hm?®/year. Martinez-Alvarez
et al. (2011), however, did not consider surface runoff. Other authors
such as De Pascalis et al. (2012) estimated using the SHYFEM hydro-
dynamic model for the year 1997 a net exchange of water from the
Mediterranean Sea to the Mar Menor of 94 hm?/year, values that are
very close to those obtained in this work.

The water balance simulation of the Mar Menor in our study was
conducted for a peried of time that was much longer than what has been
typical of previous studies (Martinez Alvarez et al,, 2011; Garcia-Oliva
et al,, 2018; Garcia-Oliva et al., 2019). This has allowed us to evaluate
the different components in the water balance in both very dry years and
in very wet vears. From the results obtained, we found that in most of the
simulated years the quantity of water that enters the Mar Menor from
the Mediterranean Sea is greater than the one that goes out from the Mar
Menor to the Mediterranean Sea. However, this does not occur in the
years 2016 and 2019, due to the large storm and rainfall events that

occurred in these years, resulting in a greater flow of water towards the
Mediterranean than the opposite direction. Only in the wettest months,
where the runoff generated is great, water exchange is greater towards
the Mediterranean Sea (Table 3, see November, December, and
January).

It is important to highlight that the approach for deriving the net
water exchange between the Mar Menor and the Mediterranean Sea does
not consider the water level differences. Compared to other lagoon
systems, the Mar Menor generally have littde water level fluctuations
(Ferrarin et al., 2014), and consequently it has also been demonstrated
that wind speed and direction, rather than water level differences, are
key drivers of the water exchange between the Mar Menor and the
Mediterranean (Garcia-Oliva et al. 2018). However, low-frequency-sea-
level fluctuations on a daily, monthly or seasonal scale in the Western
Mediterranean are significant (Gomis et al.,, 2008; Bonaduce et al.,
2016). When determining the average water balance over a long period,
such sea-level influence diminishes, but on a monthly or seasonal basis,
such a contibution can have a significant impact on the water balance.
This consideration must be taken into account in the development of
future models, and given its importance, it is essential to install specific
insttumentation in the Mar Menor lagoon to measure these water ex-
changes for an accurate model calibration.
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Table 3
Monthly and annual average water exchange (hm”) with the Mediterranean Sea during rhe period 2003 to 2019. Positive values mean water entering into the Mar
Menor.
Jan Feb Mart Apt May Jun Jul Aug Sep Oct Nov Dec Annual
Min —253 —10.5 —16.4 —46.5 4.4 10.6 231 4.3 —129.8 4.6 —28.6 —178.9 —77.3
Mean —-5.1 2.1 1.7 3.4 14.9 20.5 25.8 23.3 1.6 7.6 —0.4 —13.0 82.5
Max 7.8 8.3 11.6 15.2 20.6 23.5 27.7 28.0 20.7 15.4 10.0 7.1 159.5

4.4. Limitations and relevance for policy makers and environmental
managers

In recent years, and because of the serious environmental deterio-
ration of the Mar Menor, great efforts have been made to monitor the
lagoon (Erena et al., 2020; Pérez-Ruzafa et al., 2019). However, the
situation in the Mar Menor watershed is totally different. Here, hardly
any gauging stations are present to measure flows caused by storms,
besides recently installed gauges in the Albujdn streams. In all the other
streams that drains into the lagoon there is no point of measurement. No
systematic information is available on sediment and nutrients transport
in the basins, except some occasional measures usually in low water
levels (Garcia-Pintado et al., 2007; Velasco et al., 2006). Hence, no
registration of flooding episodes is carried out, despite this is when most
of the load is mobilized of sediments and surface contaminants from the
basin to the lagoon.

If other key elements of the water balance are examined as the water
exchange with the Mediterranean Sea, the situation is similar, and sys-
tematic measurements using pressure sensors and Acoustic Doppler
Currents Profiles (ADCP) have been deployed only very recently (Lopez-
Castejon, 2017). In short, the level of data monitoring is very limited and
requires an important effort to improve the information needed by de-
cision makers, especially in extreme storm events. Given the current
sensitivity of the regional society to the problem of pollution in the Mar
Menor, the implementation of eitizen science projects could be very
effective for hydrological moenitoring (Ijue et al., 2019)., The model
obtained based on the methodology presented in this study, is a good
starting peint, but future improvements require obtaining more data to
reduce the uncertainties inherent in the modelling processes.

Nevertheless, as demonstrated in this study, the combined applica-
tion of the SWAT and QWET models is an effective tool for stakeholders
to estimate the components of the water balance. The ability to import
the SWAT-simulated series of flows, sediments or nutrients into the
QWET moedel provides an innovative and easy-to-use tool for decision
makers, and can be utilized to simulate the impacts and land use man-
agement scenarios on the water quality of the Mar Menor lagoon.

5. Conclusions

This study is the first methodological attempt to integrate the widely
used SWAT hydrological model with the QWET hydrodynamic-
ecosystem meodel. This holistie, integrated approach has been applied
to evaluate the water balance of the Mar Menor lagoon, which is one of
the largest lagoon in Europe and is characterized by its high environ-
mental value. Annual rainfall over the Mar Menor is about 41 hm? /year,
compared to evaporation from the lagoon of 183 hm?®/year and total
runoff from the watershed is very variable, between 8 and 202 hm?/
year. The groundwater discharge is of little relative magnitude (about
11 hm3/year) and variable (maximum values reached 32 hm3/year)
compared with surface runoff. The water exchange with the Mediter-
ranean Sea varies between 160 hm®/year coming into the Mar Menor in
the driest year and 77 hm®/year leaving from the Mar Menor to the
Mediterranean Sea as a result of the extraordinary storm events in 2019,
On average, the net water exchange between the Mar Menor and the
Mediterranean Sea is 82 hm? /year towards the Mar Menor lagoon.

The results of this study can be relevant for stakeholders due to its
contribution to a deeper understanding of the water cycle of Mar Menor.

Despite the scarcity of data and the high degree of anthropization of the
study area, it has been possible to evaluate the different components of
the water balance. Therefore, the model complex developed in our
study, which focused on hydrology, could provide a strong basis for
further development with foecus on nutrient and ecosystem dynamics.
Such further developed model could be used for scenario simulations
and help to better understand how climate and nutrient changes affect
the aquatic ecosystem. Beyond the Mar Menor study, the methodolog-
ical approach applied in the present study can also be useful for many
other highly anthropized sites where observed data are scarce.
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considering effectiveness in reducing NPS pollution loads and BMP implementation costs. Thus, we have demonstrated
a way forward for enabling science-informed decision-making when choosing strategies to control NPS contamination

at the watershed scale.

1. Introduction

Coastal lagoons are shallow water bodies generally separated from the
open sea by a sandy bar, characterised by low water renewal ratios due to
their limited water exchange with the sea and reduced freshwater inputs
(Soria et al., 2022). According to the Habitats Directive of the European
Union (EU, 1992), coastal lagoons are threatened sites declared as a priority
for environmental protection, as they support ecosystems that are very vul-
nerable to hydrological alterations, water pollution and habitat loss (Pérez-
Ruzafa et al., 2005). Coastal lagoons and their surroundings are often under
high anthropogenic pressures and undergo significant socio-economic and
environmental changes over the years (Upadhyay et al., 2022). The coastal
lagoon areas exemplify the conflict of interest between the development of
human activities and the ecological requirements of aquatic ecosystems
(Flower and Thompson, 2009). Soria et al. {2022) identified thirty-seven
coastal lagoons with a surface area larger than 10 km? in the Mediterranean
region, and concluded that most of them showed eutrophication problems
due to the pollution of their inflows. To cope with this issue, the European
Green Deal developed a list of goals and actions to preserve biodiversity, re-
verse the environmental degradation and protect ecosystems (EC, 2019).
Since eutrophication has been one the main environmental issues reported
for coastal lagoons (Viaroli et al., 2010; Rodriguez-Gallego et al., 2017),
this study focuses on the case of the highly anthropised Mar Menor coastal
lagoon as a representative case to assess potential solutions for controlling
contamination in coastal lagoons at the watershed scale.

Mar Menor is one of the largest coastal lagoons of the Mediterranean re-
gion (135 km?), with significant cultural, socio-economic and ecological
value. The lagoon and its adjacent areas are protected at the national and
international levels. Mar Menor is included in the Ramsar wetland sites of
international importance and the Specially Protected Areas of Mediterra-
nean Importance (SPAMI; Boletin Ofical del Estado [BOE], 2020). More-
over, Perni et al. {(2011) estimated the total economic value of the Mar
Menor coastal lagoon under good ecological conditions to approximately
45M € per year. During the last few decades, the surroundings of Mar
Menor have undergone significant changes because of tourism intensifica-
tion and intensive agricultural expansion (Alvarez-Rogel et al., 2020).
These changes have led to an increase in non-point source {NPS) pollution
loads into the lagoon, negatively impacting its ecological status, exempli-
fied by increasing algal levels, more frequent hypoxia events, and subse-
quent fish kills. Among major NPS sources, agriculture has been
recognised as a main source of nutrients {Liu et al., 2013), such as nitrogen
and phosphorus. Eutrophication is the main cause of water quality degrada-
tion in coastal lagoons {Le Moal et al.,, 2019), and its consequences ad-
versely impact the local economy, mainly in the fishery and tourism
sectors (Jimeno-Sdez et al., 2020). In the Mar Menor watershed, surface
runoff can be very high due to common torrential rainfall events {(Senent-
Aparicio et al., 2021a), generating massive inflows of water and pollution
loads into the coastal lagoon {Garcia-Pintado et al., 2007) and further ag-
gravating its vulnerability. Therefore, reducing NPS pollution from anthro-
pogenic activities {s required to avoid and reduce the severe environmental
degradation of the Mar Menor coastal lagoon.

Throughout recent years, Spanish and regional governments have de-
veloped several legislations (BOE, 2020; Boletin Oficial de la Regién de
Murcia [BORM], 2019, 2018, 2017) to counteract the degradation of Mar
Menor. Thus, the most recent Mar Menor laws have suggested imple-
menting specific measures to achieve environmental goals, including a
range of best management practices {(BMP) in the complex and highly an-
thropogenic Mar Menor watershed known as Campo de Cartagena (CC).
The CC is characterised by a semi-arid climate and ephemeral streams

combined with intensive agriculture, mainly supported by groundwater
pumping and the Tagus-Segura water transfer scheme (Alcolea et al.,
2019). Vegetative filter strips, shoreline buffers, contour farming, removal
of illegal agriculture, crop rotation management, waterway vegetation res-
toration, fertiliser management and greenhouse rainwater harvesting are
some of the BMPs proposed by the regional government to limit NPS load-
ing into the coastal lagoon. However, no efficiency assessment of the above-
mentioned actions has yet been conducted at the whole watershed scale
due to the complexity of the study area and the scarcity of reliable gauging
data {Senent-Aparicio et al., 2021a). Therefore, there is a great need to an-
alyse the potential effectiveness of the different BMPs in reducing NPS pol-
lution at the watershed scale to support science-informed decision-making.
Thus, a comprehensive understanding of cost-effectiveness and environ-
mental benefits is essential for decision-makers and farmers to select the
most appropriate BMPs (Wu et al., 2022).

Watershed modelling is a useful and practical approach for evaluating
BIMPs since it can assess their efficiency with few spatial and temporal lim-
itations {Lee et al., 2020). Hydrological models, such as the Soil Water As-
sessment Tool (SWAT; Arnold et al., 1998), have been widely adopted as
powerful science-based tools to analyse the role of BMPs in reducing sedi-
ment and nutrient losses {Martin et al., 2021; Shi and Huang, 2021; Liu
et al.,, 2019; Uniyal et al., 2020). Moreover, a few studies on surrounding
areas of the Mar Menor coastal lagoon have assessed the effectiveness of
certain BMPs in reducing NPS pollution with the above-mentioned ap-
proach {Puertes et al., 2021; Lpez-Ballesteros et al., 2019). However,
these studies have only addressed specific sub-basins of the CC, not consid-
ering the entire watershed.

This study is the first to analyse BMPs at the entire watershed scale of
the highly important Mar Menor lagoon. The study builds further on the
model developed in the study by Senent-Aparicio et al. (2021a), who
analysed the different components of the hydrological cycle of the Mar
Menor using a combination of the SWAT and the QGIS Water Ecosystems
Tool {QWET; Nielsen et al., 2017; Nielsen et al., 2020). Following the rec-
ommendations of Senent-Aparicio et al. {2021a), a new line of research
based on evaluating the efficiency and cost-effectiveness of BMPs at the wa-
tershed scale was conducted using an enhanced and more accurate SWAT
model of the CC for agricultural practices.

The main objectives of this research are to (1) improve hydrological
modelling of the CC, including more accurate agricultural information,
(2) evaluate the effect of individual and combined BMPs on NPS pollution
loads that flow into the Mar Menor coastal lagoon at the watershed scale
and {3) assess the cost-effectiveness of BMP implementation for controlling
NPS pollutants. Additionally, this work intends to help stakeholders and
policymakers achieve a better science-based understanding of the Mar
Menor environmental issue and identify an effective management strategy
at the watershed scale.

2. Materials and methods
2.1. Study area

The Mar Menor coastal lagoon watershed, CC, is located in the Segura
River Watershed, a semi-arid region of the southeast portion of the Iberian
Peninsula (Fig. 1).

This region has one of the highest structural water deficits in Europe
(Senent-Aparicio et al.,, 2016), further aggravated by economic activities.
The CC covers 1244 km?, most of which is agricultural land {approximately
75 9%). This area is considered one of the main national and international
producers of agricultural products in Europe (Castején-Porcel et al.,
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Fig. 1. a) Location of the Segura River Watershed; b) Location of the Campo de Cartagena (CC) within the Segura River Watershed; ¢) the CC.

2018). In addition, tourism has great relevance in the closest surrounding
areas to the lagoon. Intensive irrigated agriculture in this region is mainly
maintained by a combination of groundwater resources, reused wastewa-
ter, seawater desalination and the Tagus-Segura water transfer scheme
(Alvarcz-Rogcl et al., 2020). The Tagus-Segura water transfer scheme, es-
tablished in 1979, is one of the major water providers of the CC, with an av-
erage of 122 10° m* yeal‘_l. However, recent studies (Senent-Aparicio
et al., 2021b) have demonstrated that water availability from this source
could decrease in upcoming years due to the impact of climate change on
water resources at the headwaters of the Tagus River. Additionally, the
water scarcity issues in this region have led to a high level of agricultural
technification, with drip irrigation applied to approximately 90 % of
crops (Alcon et al., 2011).

The semi-arid climate of the study area, corresponding to cold semi-arid
climate (BSKk) according to Koppen-Geiger climate classification, is
characterised by an average annual temperature of approximately 17 °C
(range 13°-24 "C) and average annual precipitation of 300 mm with high
inter-annual variability. Ephemeral streams are the main drainage system
of the CC, flowing only during intense rainfall events (Alcolea et al.,
2019; Senent-Aparicio et al., 2015). Among all ephemeral streams, the
cight most relevant in the CC are shown in Fig. 1: Mirador, Peraleja, La
Marana, Albujon, Miranda, Miedo, Beal and La Carrasquilla. Extreme rain-
fall events are common in Mediterranean watersheds and can produce se-
vere floods (Garcia-Ayllon and Radke, 2021). During these extreme
rainfall episodes, large amounts of water and NPS pollution loads are
moved through ephemeral streams into the Mar Menor coastal lagoon
(Velasco et al., 2006).

The CC's topography is characterised by gentle slope gradients (approx-
imately 40 % of the slopes are <2 %) and altitude ranges from O to 1063 m
above sea level. The dominant soil type is Calcaric Cambisols (FAO-ISRIC,
1990), a loam textural class mainly composed of silt and sand. Regarding
land use, intensive irrigated agriculture is the dominant land use (45 %),
followed by rain-fed agriculture (30 %) and forest and shrub lands (15
%). Intensive agriculture mainly consists of horticultural crops, citrus
trees and greenhouses. In the horticulture of the CC, common agricultural
practices are an annual three-crop rotation (broccoli, cantaloupe and let-
tuce) and the application of fertilisers (nitrogen and phosphorus) by
fertigation.

2.2. Soil and water assessment tool

The SWAT model is one of the world's most extensively applied hydro-
logical models (Gassman and Wang, 2015), and the one selected for this
study. SWAT is a physically-based, semi-distributed, continuous-time hy-
drologic model developed by the United States Department of Agriculture
(USDA) and Texas A&M University (Arnold et al., 1998). The SWAT
model allows users to simulate water quality and quantity, nutrient
and sediment loss and management practices at the watershed scale
(Neitsch et al., 2011). Furthermore, SWAT can predict the effects of an-
thropogenic changes in complex watersheds (Lee et al., 2020) and is
considered an effective tool for evaluating the impacts of NPS pollution
on water quality variables such as sediment and nutrients (Liu et al.,
2013). SWAT has also been widely used to evaluate water policies
(Ricci et al., 2022; Cerkasova et al., 2021; Gassman et al., 2014). The
SWAT model delineates streams and sub-basins based on a digital eleva-
tion model (DEM); each sub-basin is further divided into hydrologic re-
sponse units (HRU) based on unique intersections of land uses, soil types
and slopes. A water balance is derived for each HRU (Eq. (1)), and their
outputs are aggregated through the channel network to obtain the
hydrologic cycle of the watershed:

SWii=58Woi+2(Raay: — Qsuri — ETi — Woeep i — Qg ) 8]
where SW, is the final soil water content (mm); SW, is the initial soil
water content on day i (mm); Ryqy is the precipitation on day i (mm);
Qquwr is the surface runoff on day i (mm); ET is the evapotranspiration
on day i (mm}); W, is the percolation on day i (mm) and Qg is the
groundwater return flow on day i (mm).

In SWAT, surface runoff is simulated by the Soil Conservation Service
(SCS) Curve Number (CN) method (USDA-SCS, 1972), soil erosion is esti-
mated by the Modified Universal Soil Loss Equation (MUSLE; Williams,
1975) and water quality variables are calculated by equations from the
QUALZ2E model (Brown and Barnwell, 1987). In this study, the Penman-
Monteith method was selected to estimate potential evapotranspiration
(PET). Detailed documentation of the SWAT model is found in Neitsch
et al. (2011).
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Table 1 Table 2
SWAT input maps of the CC. Standard crop schedule of the CC.
Map Spatial Source Year Date Operation Application Rate Crop
resolution Month Day
DEM 25m »x 25m National Geographic Institute of Spain 1 Janu 1 Sowin. Broceoll
Land uses 200m x 200m  Spanish Ministry of Agriculture, Fisheries and Food ay N g -1 ;
(2000 2010) 1 January 1 Irrigation ~28 mm month Broceoli
- a1 Frd -1 -1 :
Soil properties 1 km x 1km Harmonized World Soil Database 1 Jamuary 1 Fertilisation 245 KgN ha_l yea_r_l Broceoli
100 KgP ha™" year
1 April 30 Harvest and kill Broceoll
1 May 1 Sowing Cantaloupe
. 1 May 1 Irrigation ~-48 mm month ™t Cantaloupe
2.3. Model inputs and setup 1 May 1 Fertilisation® 225 KgNha~' year ™!  Cantaloupe
105 KgP ha ™! year !

SWAT is a hydrological model requiring a large amount of input data, 1 August 31 Harvest and kill Cantaloupe
such as meteorological variables, topography, land uses, soil maps and 1 September 1 Sowing Lettuce
management practices (Neitsch er al., 2011). Meteorological variables in 1 September 1 frrigation ~25 mmmonth ™ Lettuce

ag_ P _ o e ) . 2 1 September 1 Fertilisation® 100 KgNha ' year™!  Lettuce
SWAT include daily precipitation, maximum and minimum temperature, 58 KgP ha~* year™>
solar radiation, relative humidity, and wind speed. In this study, the cli- 1 December 31 Harvest and kill Lettuce

matic information was collected from six weather stations of the Murcian
Institute of Agrarian and Food Research and Development located in and
around the study area {Fig. 1). These weather stations provided observa-
tions of all meteorological variables from 2000 to 2021. Detailed informa-
tion about the input maps used to set up the SWAT model of the CC is
listed in Table 1.

This study used the open-source geographic information system (GIS)
interface for SWAT {QSWAT; Dile et al., 2016) to prepare and execute the
SWAT model. Based on the SWAT input maps, after applying the
SWAT2lake tool {(Molina-Navarro et al., 2018), which is a plugin to assist
in the delineation of the entire watershed that flows into a reservoir or la-
goon, the CC was discretised by 152 sub-basins. Subsequently, slope classes
of <2 %, 2 %8 % and >8 % combined with a minimum area threshold of
100 ha (any HRU below this threshold was disregarded) were selected, re-
sulting in a total of 520 HRUs {Senent-Aparicio et al., 2021a).

In irrigated agricultural areas, a realistic representation of agricultural
management practices is an important requirement to achieve good perfor-
mance when simulating water quantity and quality (Samimi et al., 2020).
Therefore, the main agricultural management practices of the dominant
CC land use (irrigated agriculture) were included in the SWAT model.
The intensive irrigated land use in the study area was mainly composed
of horticultural crops, citrus trees and greenhouses. For horticultural
crops, an annual three-crop rotation (broceoli, cantaloupe and lettuce)
was the standard crop schedule implemented (Table 2). Fertilisation rates
for each crop were obtained from official government documentation
(BORM, 2012a, 2012b, 2012c; BOE, 2004). Additionally, irrigation vol-
umes of the intensive agricultural area were extracted from the Hydrologi-
cal Plan of the Segura River Watershed.

2.4. Model calibration and validation

Simulating the hydrologic response of semi-arid agricultural areas is
challenging due to complexities related to anthropogenic alterations and,
hence, model calibration in these regions {Samimi et al., 2020). Further-
more, the calibration process is hampered by the lack of reliable gauging
data, as in the CC study case. Therefore, a calibration and validation ap-
proach based on satellite-based actual evapotranspiration (AET) data ob-
tained from Global Land Evaporation Amsterdam Model version 3b
{GLEAM v3b; Miralles et al., 2011)was carried out in this study, and for nu-
trient exports, we compared our baseline estimates with those estimated in
other studies.

In agricultural areas, evapotranspiration is a key variable in the hydro-
logic cycle of the watershed {Odusanya et al., 2019). GLEAM v3b is an
AET dataset generated by a combination of remote sensing observations
from several satellites, highly validated with eddy-covariance towers and
in-situ sensors {Martens et al., 2017), covering a data period from 2003 to
2015 at a spatial resolution of 0.25" regular grid. In recent years, several
studies have satisfactorily applied and validated the satellite-based AET

# Total amount applied throughout the erop schedule.

calibration and validation process with GLEAM (Bennour et al., 20232;
Odusanya et al., 2021; Puertes et al., 2021; Lopez-Ballesteros et al., 2019).

The SWAT simulation period for the CC included a warm-up period of 3
years (2000 — 2002), a calibration period of 7 years (2003-2009) and a val-
idation period of 6 years {2010-2015). Manual calibration was first con-
ducted by selecting a SWAT parameter set relevant to AET (CN2, ESCO,
EPCO, SOL_ AWC and RCHRG_DP), comparing AET values from the SWAT
with satellite-based AET values. Furthermore, the values of the calibrated
AFET parameters were preserved for consistency with the previous study
{Senent-Aparicio et al., 2021a). Finally, the SWAT model performance of
the CC was evaluated graphically and statistically. Originally, three well-
established statistical evaluation indices were used: the coefficient of deter-
mination (RZ), the percent bias {PBIAS) and the Nash-Sutcliffe efficiency
(NSE; Nash and Sutcliffe, 1970). Moreover, the Kling-Gupta efficiency
(KGE; Gupta et al., 2009) was included to comprehensively assess the
SWAT model performance. R ranges from O to 1, with a value closer to 1
producing the most accurate model. The PBIAS indicates model overesti-
mation or underestimation, with an optimum value of 0. NSE and KGE
ranges from — = to 1, where 1 is the optimal value. For classifying the
model performance, the rating proposed by Moriasi et al. (2015) and
Kouchi et al. {(2017) for a monthly time step were applied, where satisfac-
tory thresholds were R > 0.6, PBIAS = +25 9% and NSE and KGE = 0.5.
The calibrated and validated SWAT model of the CC was considered the
baseline scenario for the next sections of this study.

2.5. Modelling individual BMP scenarios

The selection of BMPs was mainly based on the official legislation devel-
oped by the Spanish and regional governments (BOE, 2020; BORM, 2019,
2018) to counteract the degradation of Mar Menor. BMPs are expected to
play a key role in the recovery process of Mar Menor (Alvarez-Rogel
et al., 2020). In this study, vegetative filter strips, shoreline buffers, contour
farming, removal of illegal agriculture, crop rotation management, water-
way vegetation restoration, fertiliser management and greenhouse rainwa-
ter harvesting were the BMPs selected and implemented based on the
baseline scenario. Although eight BMP types were assessed in this study,
13 individual BMP scenarios were simulated with SWAT as some BMPs
were evaluated under several settings such as filter strips, shoreline buffers
and contour farming. Therefore, 13 different individual BMP scenarios
were designed and simulated in SWAT to estimate the reduction of NPS pol-
lution loads flowing from the CC into the Mar Menor coastal lagoon.

2.5.1. Vegetative filter strips (VFS)
Vegetative filter strips (VFS) consist of installing a vegetated area along
the edge of agricultural land to slow surface runoff, trap sediments and
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absorb nutrients. The SWAT model simulated the filter efficiency (trap.g of
the VFS using Eq. (2) (Neitsch etal., 2011),

trap,; = 0.367 - FILTERW 27 (3]

where FILTERW is the width of the VFS in mefres.

According to BOE (2020), all agricultural land uses in the CC {approxi-
mately 75 % of the watershed) are forced to implement VFS. A filter strip
width of 2-3 m is required for intensive irrigated agriculture, whereas for
rain-fed agriculture, a filter strip width of 1 m is required in fields with av-
erage slopes <2 % and a filter strip width of 2 m in remaining slope classes.
Therefore, two VFES scenarios were simulated in the SWAT. The first sce-
nario applied the least restrictive filter strip width {2 m) in intensive irri-
gated land, while the second applied the 3 m filter strip width. In both
scenarios, the VES width of rain-fed land was applied as described above.

2.5.2. Shoreline buffers (SB}

Shoreline buffers (SB) can reduce NPS contamination by changing land-
use patterns {Wang et al., 2013). SB consists of a band around the shore of
the lagoon where land uses are modified according to the limitations im-
posed by law. Three SB scenarios were simulated with the SWAT model
of the CC based on SB areas proposed by government regulations: (1) a
buffer of 500 m from the Mar Menor shoreline (SB500; BORM, 2019);
{2) a buffer of 1500 m {SB1500; BOE, 2020); and {3) a buffer including
the special protection SB area established by BOE (2020) known as Zone
1 {SBzonel). These scenarios were implemented in SWAT by changing
the intensive irrigated agriculture land uses inside the SB area to forest
and shrub land use. The percentages of land-use change at the watershed
scale are listed in Table 3.

2.5.3. Contour farming (CF}

Contour farming (CF) is an agricultural practice entailing planting,
tilling and harvesting following the terrain contour lines. CF increases soil
infiltration and decreases surface runoff, reducing soil erosion and NPS pol-
lution loads that flow into streams, especially during intense rainfalls {(Liu
et al.,, 2013). CF was represented by changing the parameters CONT CN
and CONT P to 65 and 0.8, respectively, in the SWAT operations module
{.ops; Arnold et al., 2012). In this study, three CF scenarios were simulated
to evaluate their effect on NPS pollution loads reduction for three different
sloperanges (<2 %, 2 %8 % and >8 9). Following the BOE {2020) require-
ments, CF was only applied for agricultural non-woody land uses of the CC.

2.5.4. Removal of illegal agricultire (RIA}

According to official data from SIGPAC (2016), farmers have officially
declared approximately 474 km?® of the CC as irrigated land with irrigation
rights. However, according to the land-use map, the irrigated area in the CC
is approximately 90 km? larger than the official data. Other reports have
also identified these irregularities (Mar Menor Scientific Advisory Group,
2017), which are being prosecuted by law (BOE, 2020). Therefore, a sce-
nario called the removal of illegal agriculture {(RIA) has been simulated
with SWAT to evaluate the impact of removing these illegal land uses on
NPS pollution loads to the Mar Menor watershed. Thus, a new land-use
map was created to simulate this RIA scenario, where approximately 90
km? of intensive irrigated land use was randomly removed and changed
to forest and shrub lands. After introducing the modified land-use map,

Table 3
Land-use changes of shoreline buffers (8B) scenarios at the watershed scale.

Scenatio Intensive irrigated land use Forest and shrub land use
Area (km?) Percentage® (%) Area (km?®) Percentage® (%)
Baseline 562.26 45.19 193.43 15.54
8B500 558.40 44.88 197.29 15.85
5B1500 538.07 43.25 217.62 17.49
SBzonel 484.08 38.91 271.61 21.83

# Percentage of total study area.
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the calibrated SWAT model was re-established, and the RIA scenario was
simulated.

2.5.5. Crop rotation managerent (CRM}

Crop rotation management (CRM) consists of modifying the annual
crop schedule from three-crop to two-crop rotation, as the BOE (2020) es-
tablished. This CRM limitation mainly affects horticultural crops, where
the standard crop schedule is as follows: brocceoli, cantaloupe and lettuce.
In this study, the CRM scenario was implemented in the SWAT model of
the CC by removing the cantaloupe crop due to its market price instability
{Puertes et al., 2021). Additionally, a vegetation cover (representing a catch
crop) was established during the non-crop period to prevent soil erosion.

2.5.6. Waterway vegetation restoration (WVR)

Waterway vegetation restoration (WVR) consists of recovering the au-
tochthonous vegetation of streams to reduce flow velocity and channel ero-
sion, enhancing NPS pollution loads retention. This WVR measure has been
contemplated in the government regulations (BOE, 2020) and is expected
to be carried out in the main ephemeral streams of the study area in the
next years (BOE, 2021). In this study, the WVR scenario was simulated by
re-vegetating the last kilometre of the main ephemeral streams of the CC
{Fig. 1). This BMP was implemented in SWAT by using its operations mod-
ule {.ops), where grassed waterway parameters were established, such as
Manning's n value for vegetated surfaces (GWATN = 0.1) and length of wa-
terways with vegetation {GWATL = 1 km).

2.5, 7. Fertiliser management (FM)

Water quality can be improved by reducing applied fertiliser from agri-
cultural watersheds (Risal and Parajuli, 2022). This study represented the
fertiliser management (FM) scenario by reducing fertiliser application
rates in intensive agriculture areas of the CC. Hence, the applied nitrogen
and phosphorus amounts were reduced by 20 96, as suggested in the guide-
lines provided by the Code of Good Agricultural Practices of Murcia
{BORN, 2018) and the Furopean Commission {EC, 2020).

2.5.8. Greenhouse rainwater harvesting (GRH}

The BOE (2020) established that all greenhouses inside the CC must im-
plement rainwater harvesting systems with a capacity of at least 10¢ 1 m ™~ 2,
Rainwater harvesting consists of the interception and storage of rainwater
for irrigation and stormwater reduction (Waidler et al., 2009). Thus, a
greenhouse rainwater harvesting (GRH) scenario was simulated in this
study to evaluate the effect of GRH in reducing NPS pollution loads at the
watershed scale. The GRH scenario was simulated using the pond module
{.pnd; Arnold et al., 2012) in the SWAT model of the CC. First, a supervised
classification of the CC orthophotos obtained from digital aerial
orthophotographs of the Spanish National Orthophoto Program (PNQOA)
was carried out in QGIS with the maximum likelihood algorithm
{Basukala et al., 2017) to identify the location and estimate the area of
each greenhouse per sub-basin (Fig. 2). A total greenhouse area of 23.74
km? was quantified in the CC. Finally, pond parameters were adjusted
using the previous GIS information, such as the fraction of sub-basin cov-
ered by greenhouses {PND_FR), the volume of water to fill the deposit
{PND_PVOL) and the water surface area of the filled deposit (PND_PSA).

2.6, Modelling combined BMP scenarios

Considering synergistic effects, combining BMPs may provide better re-
sults than individual BMPs at the watershed scale {Liu et al., 2019; Lépez-
Ballesteros et al., 2019; Mtibaa et al., 2018). In practice, several BMPs are
often implemented simultanecusly in agricultural areas to control NPS con-
tamination (Uniyal et al., 2020). BMPs are usually classified as agricultural
or structural. Agricultural BMPs {AgriBMPs) are practices carried out at the
field scale by farmers, while structural BMPs (StruBMPs) are artificial or
natural practices implemented outside the field borders. As can be observed
in Table 4, this study simulated three different combined BMP scenarios,
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Fig. 2. Location of greenhouses and sub-basins in the CC.

two of them based on the previous BMP classification (AgriBMPs and
StruBMPs) and the last one combining both scenarios (AIIBMPs).

For the AgriBMPs scenario, the selected BMPs were: VFS of 2-metre width
(VES2m), CF for the slopes between 2 % and 8 % (CF2-8), CRM and FM. For
the StruBMPs scenario, the selected BMPs were: RIA and WVR. This selection
was carried out considering the BMP implementation responsibility, which
for the AgriBMPs lied with the farmers, while the responsibility for the
StruBMPs lied with the government. Finally, for the last scenario, AIIBMPs,
a combination of all the above-mentioned BMPs was simulated.

2.7. Assessing BMP scenarios and cost-effectiveness

Annual NPS pollution loads, such as sediment (S), total nitrogen (TN)
and total phosphorus (TP), discharged into the Mar Menor were compared

Table 4
Combined BMP scenarios simulated.
Combined BMP scenario Classification Applied BMPs
AgriBMPs Agricultural VFS2m
CF2-8
CRM
FM
StruBMPs Structural RIA
WVR
AlIBMPs Agricultural + structural VFS2m
CF2-8
CRM
FM
RIA
WVR

with those of the baseline scenario to evaluate the impact of implemented
BMP scenarios at the watershed scale. The total amount of NPS pollution
loads flowing into the Mar Menor through the ephemeral streams network
was obtained by aggregating the outputs of all surrounding Mar Menor sub-
basins. Following the approach proposed by Lopez-Ballesteros et al. (2019),
the effectiveness (%) of the BMPs scenarios was computed using Eq. (3) for
2003-2021.

(Ybaseline = YBMP)

Effectiveness —
Yhaseline

-100 3)

where Yppp and Ypgenne are the annual NPS pollution loads (t year ~1) pro-
duced by the selected BMP scenario and the baseline scenario, respectively.
All final average effectiveness values were discussed with experts in the
field.

Implementing BMPs also impacts farmers and society economically
(Ricci et al., 2020). Therefore, a cost-effectiveness assessment was con-
ducted to select the most effective BMPs at a reasonable economic cost.
The cost-effectiveness (CE) ratio was calculated using the following expres-
sion (Eq. (4):

. Total Cost
CE ratio = Eechencs @

where Total Cost is the implementation cost in euros (€) of the simulated
BMP scenario (Table 7) and Effectiveness is the percentage of change (%).
The CE ratio represents the cost per percentage unit of change in NPS pol-
lution loads. Therefore, a lower CE ratio means a more cost-effective
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Table 5
Cost per hectare of each assessed BMP.
BMP Cost per hectare  Source
(t/ha)
Vegetative filter strips i (Lopes-Ballesteros et al., 20019)
Shoreline buffars 000 [MITECO, 2019)
Contour farming 0 [Lopez-Ballesteros et al., 2009)
Ulegal agriculture reimoval 390 (MITERD, 20211
Crop rotation management T0=100 [Amin et al., 2020)
Watcrway vegetation restoration  S000 (MITECO, 20149)
Fertiliser managemeant 1040 [Lapes-Ballesteros et al., 20019)
Greenhouse rainwaber aa00" [Sanches-Fernandes at al.,

harvesting 2015

* Cost per installed metre width.
¥ (ost per rainwaler harvesting system of 100 m®.

scenario. Table 5 shows the cost per hectare estimated from the literature of
cach assessed BMP.

3. Results
3.1. SWAT model performance

The SWAT model of the CC achieved a good performance (Fig. 3) both
in the calibration (% = 0.73, PBIAS = —9.11 %, NS = 0.67 and KGL =
0.81) and the validation period (R? = 0.74, PBIAS = —5.22 %, N§ =
0.71 and KGE = 0.82) for monthly AET according to the statistics criteria
proposed by Moriasi et al. (2015) and Kouchi et al. (2017). A slight im-
provement in PBIAS was achieved compared to the previous SWAT model
due to the more accurate information about agricultural management prac-
tices. More details about the AET manual calibration and selected SWAT pa-
ramoters appear in Senent-Aparicio et al. (2021a).

In the SWAT model of the CC, the annual average values of the hydro-

logic cycle components for 2003-2021 were precipitation = 301 mum,
PET = 1296 mm, AET = 408.5 mm, surface runoff = 38.1 mm, lateral
flow = 7.25 mm and groundwater discharge = 4.7 mm. Similar water bal-

ance values were validated in a previous study by Senent-Aparicio et al.
(2021a). AL was greater than precipitation, aligned with the distinctive
agricultural nature of the CC.

Due to the lack of reliable gauging data to assess the SWAT model per-
formance in simulating NPS pollutants, a soft validation (Amnold et al.,
2015) was conducted for sediment and nutrient loads by comparing our an-
nual estimates with those in other studies. Regarding sediment loads, the
SWAT model of the CC estimated an average sediment yield of 2.52 t
ha ! year ', which is within the range of 0-5 tha ! year ! quantificd
by the National Soil Erosion Inventory 2002-2012 (MIMAM, 2012) for
the study area and in line with the average estimation of approximately 2
tha * year ! of Romero-Diaz et al. (2011) for this region. Regarding nutri-
ent loads, SWAT estimated an average TN inflow to the Mar Menor coastal
lagoon of 482.4 t year ! for 2003-2021, which is in agreement with the
range (515 + 176 tyear '} of nitrogen inputs to Mar Menor obtained by
Garcia-Pintado et al. (2007). The average TP inflow simulated by SWAT

Scierice of the Total Ernvdrornment 859 (2023) 160144
was 242.2 t year™ !, similar to the TP value of approximately 240 t
year | estimated in other studics of the Mar Menor coastal lagoon (Mar
Menor Scientific Advisory Group, 2017).

3.2. tifficiencies of individual BMP scenarios in redicing NPS pollution loads

The impact of each BMP on NPS pollution loads that flow into the Mar
Menor is listed in Table 6 based on its effectiveness.

In the CC, VFS3m was the most effective individual BMP scenario in re-
ducing TN and TP, with effectiveness values of 30.3 % and 41.3 %, respec-
tively. For reducing S loads into the Mar Menor, WVR was found morce
effective than all other individual BMP scenarios, with a reduction of 20.4
%, In terms of land-use management practices, restoration of illegal agricul-
ture to forest and shrub lands was the most effective scenario in abating TN
and TP, with a reduction of 17.6 % and 19 %, respectively. Regarding CF
scenarios, the results of this study showed that CF was most effective in
the slope range of 2 %—8 %. Similar results about CF were found in other
studies (Wu et al., 2022; Liu ct al., 2013). Two agricultural BMP scenarios
farmers can easily implement, CRM and FM, showed a low effect on 5
loads but reduced TN and TP discharge into the Mar Menor by 14.3 %
and 25.2 %, and 7.7 % and 12.4 %, respectively. These results were consis-
tent with the BMP trends of other studies in small parts of the study arca
(Puertes et al., 2021; Lopez-Ballesteros et al., 2019).

3.3. Efficiencies of combined BMP scenarios in reducing NPS pollution loads

Fig. 4 shows the effectiveness of the combined BMP scenarios for the
assessed NPS pollution loads in this study.

As can be observed in Fig. 4, all combined BMP scenarios simulated a
reduction in NPS pollution in the Mar Menor. For sediment loads, 17.8 %,
21.9 % and 38 % cffecctiveness were estimated for the AgriBMWPs, StuBMPs
and AlIBMPs scenarios, respectively. TN effectiveness was 59.6 % for the
AgriBMPs scenario, 22.6 % for the StruBMPs scenario and 67.2 % for the
AlIBMPs scenario. TP effectiveness showed the highest reduction values,
with 69.5 %, 23.1 % and 75.3 % for the AgriBMPs, StruBMPs and AlIBMPs
scenarios, respectively.

3.4. BMP cost-effectiveness

Table 7 shows the cost-cffective assessment carricd out in this study for
all simulated BMP scenarios. CE ratios were obtained from the effectiveness
results in both individual and combined BMP scenarios and BMP imple-
mentation costs shown in Table 7. The total cost considers the investment
to implement cach BMP at the watershed scale.

Among the individual BMP scenarios, CF2-8 was the most cost-effective
with CL ratios of 19,175 for 5, 9259 for TN and 6258 for 1P. Regarding
land-use changes, the buffer area of Zone 1 (SBzonel) showed a higher
cost-effectiveness than the buffer area of 1500 m (SB1500) with CE values
of 1,979,190, 2,282,569 and 2,171,611 for S, TN and TP, respectively.
Howewver, RIA was still the best BMP scenario for land-use changes in reduc-
ing nutrient inputs with CE ratios of 198,864 for TN and 184,211 for TP.

Actual evapotranspiration (mm)

Calibration

—— Observed
= = Simulated
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Fig. 3. Graphical comparison of AET for the calibration and validation periods.

7



CAPITULO IV: PUBLICACIONES

105

A. Lopez-Ballesteros et al.

Table 6
Summary of the effectiveness of individual BMP scenarios.

Science of the Total Enviromment 859 (2023) 160144

Individual BMP Scenario details Scenario 1D Effectiveness (%)
Sediment (S) Total nitrogen (TN) Total phosphorus (TP)
Vegetative filter strips 2 m width in irrigated agriculture VFS2Zm 6.5 27.0 36.9
3 m width in irrigated agriculture VFS3m 7.2 30.3 41.3
Shoreline buffers 500 m buffer from the shoreline SB500 - - -
1500 m buffer from the shoreline SB1500 2.5 2.1 2.4
Zone 1 buffer from the shoreline SBzonel 15.8 13.7 14.4
Contour farming Slopes < 2% CF<2 2.2 6.9 8.2
Slopes between 2 % and 8 % CF2-8 14.1 29.2 43.2
Slopes > 8 % CF>8 0.1 6.6 11.3
Illegal agriculture removal RIA 1.3 17.6 19.0
Crop rotation management CRM 4.1 14.3 25.2
Waterway vegetation restoration WVR 20.4 2.0 2.3
Fertiliser management FM - 7.7 12.4
Greenhouse rainwater harvesting GRH 0.3 0.1 0.1

VFS was the second most cost-effective BMP, with CE ratios of 266,912 for
S, 64,257 for TN and 47,017 for TP in the VFS2m scenario and approxi-
mately 15 % higher values in the VES3m scenario. The WVR scenario, al-
though being one the most expensive with a total cost of 10M €, had a
remarkable performance in the CE ratio of S with a value of 490,196.

Regarding combined BMP scenarios, the initial investment to apply
structural or agricultural BMP scenarios was similar with a total cost of
>10M €. However, the CE ratio in reducing nutrients was better in the
AgriBMPs scenario with values of 169,381 and 145,188 for TN and TP, re-
spectively, than in the StruBMPs scenario with values of 597,708 for TN
and 583,432 for TP. Despite the high implementation cost of the AIIBMPs
scenario (approximately 24M €), its CE ratio was satisfactory from a cost-
effective point of view with values of 620,770, 351,143 and 313,401 for
S, TN and TP, respectively.

4. Discussion

4.1. Efficiencies of individual and combined BMP scenarios in reducing NPS pol-
tution loads

All the assessed BMP scenarios showed a reduction in S, TP and TN at a
watershed scale except for FM, which only affected nutrients, and SB500,
which had no effects on sediment and nutrients, likely since the coast of

Mar Menor is mainly urban land use. VFS3m was one of the most effective
individual BMP scenarios for reducing TN and TP. This could be attributed
toits high level of implementation in the watershed (approximately 75 % of
the CC). Similar efficiencies in reducing TN and TP were found for the
CF2-8 scenario, because 2 %—8 % is the slope range where CF is usually
most effective (Wu et al., 2022). Furthermore, WVR was found more effec-
tive than all other individual BMP scenarios for reducing S loads. This result
is likely due to this kind of structural BMP usually works by promoting sed-
imentation and avoiding in-stream erosion (Nepal and Parajuli, 2022). The
impact of GRH on NPS pollution loads was almost negligible at the water-
shed scale, possibly due to the greenhouse areas inside the CC only covering
approximately 2 % of the watershed. It should be noted that the effective-
ness of the BMPs could vary within the CC, as their effects are dependent
on the slope, soil and land use types within CC. For example, most of the
steeper slopes are located in the north-western part of CC, which means
that this part could react somewhat differently to a specific BMPs compared
to the flatter areas in the south-eastern part of CC near the coastal lagoon.

An optimal combination of BMPs can potentially result in a greater im-
pact on the control of NPS contamination (Lopez-Ballesteros et al., 2019)
and an adequate number of BMPs must therefore be selected to achieve
an efficient solution (Uniyal et al., 2020). As expected, combined BMPs
also showed a higher effectivity in reducing NPS pollution loads than indi-
vidual BMPs. However, the effectiveness of the combined BMP scenarios
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Fig. 4. Boxplot of the effectiveness of the combined BMP scenarios for the 19-year period (2003 —2021).
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Table 7

Assessment of BMP cost-effectiveness for controlling NPS contamination.
Scenario I Area(ha) Total cost (€} CErmtio

5 TN TP

VF52m 03,446 1,734,928 266,912 654,257 47,017
VFS3m 93,446 2,297,188 319,054 75,815 55,622
SB500 386 1,544,000 - - -
SB1500 2418.5 9,674,000 3,869,600 4,606,667 4,030,833
SBzonel 7817.8 31,271,200 1,979,190 2,282,569 2,171,611
CF<2 21,800.7 218,007 99,004 31,595 26,586
CF2-8 27,036.6 270,366 19,175 9259 6258
CF=8 11,973.6 119,736 1,197,360 18,142 10,596
RIA 8974.3 3,500,000 2,602,308 198,864 184,211
CRM 44,852 2 466,860 601,673 172,508 97,891
WVR 2000 10,000,000 490,196 5000,000 4,347,826
™ 56,226 5,622,600 - 730,208 453,435
GRH 2374 1,543,100 5,143,667 15,431,000 15,431,000
AgriBMPs 03,446 10,004,754 566,388 169,381 145,188
StruBMPs 10,974.3 13,500,000 617,480 597,708 583,432
AllBMPs 95,446 23,594,754 620,770 351,143 313,401

differed greatly. The AgriBMPs scenario was found to be more effective in
reducing nutrient inputs than the StruBMPs scenario. This higher effective-
ness of the AgriBMPs scenario in reducing TN and TP can be attributed to
the fact that it operates at the source of the nutrient production. On the
other hand, the StruBMPs scenario had the best performance in reducing
sediment inputs into Mar Menor, which is in accordance with the results
of the individual BMPs. Finally, the AIIBMPs scenario showed the synergis-
tic effects of implementing all the BMPs at the same time. As can be ob-
served in Fig. 4, it had the highest effectiveness in controlling the NPS
contamination. The results of this study suggest that implementing a com-
bination of BMPs can be a better solution to reduce the NPS pollution
loads inputs into the Mar Menor coastal lagoon at a watershed scale than in-
dividual BMPs. Gverall, the results of this study can provide information for
a better management of nutrients, which is relevant to 16 of the 17 Sustain-
able Development Goals (SDG) proposed by the United Nations (UN)
{Kanter et al., 2016), especially the SDGs that focus on tackling environ-
mental problems (SDG 3, 6, 11-15). An effective nutrient management
could also help reach a balance in the trade-offs between environmental
sustainability and economic development.

In this study, all the assessed BMPs have been extracted from the gov-
ernment regulation (BOE, 2020) and thereby their implementation is man-
datory. However, most of them have not been applied yet due to the lack of
consensus between the stakeholders and the absence of coordination in the
public administration {Guaita-Garcia et al., 2022). One reason for the lack
of consensus could be the assessment of the effectiveness of these BMPs,
which has not been evaluated until now. Therefore, the effectiveness of
BMPs should be scientifically demonstrated to gain the trust of stakeholders
and, in that way, to reach a consensus to prioritize the better measures to
protect the Mar Menor coastal lagoon.

4.2. BMP cost-effectiveness

BMPs are critical for reducing NPS contamination, but a balance be-
tween their implementation cost and their effectiveness should be
achieved. The CF2-8 scenario showed the best CE ratio because the imple-
mentation of CF is inexpensive, only involving changes in how the land is
managed. With regards to the land use change BMPs, RIA was the best sce-
nario in terms of CE, since its implementation cost wasnegligible compared
to the other land-use management practices. The differences of CE values
berween the VFS2m and the VFS3m scenario showed that 2 m filter strip
width was more profitable than 3 m width. Restoration of vegetation in
the main ephemeral streams of the CC was an expensive measure. However,
this scenario (WVR) showed an acceptable CE ratio in reducing sediments
inputs to Mar Menor. A similar action was proposed by the Spanish govern-
ment with an investment of 70M € (MITERD, 2021), although that proposal
included a larger scope than the one simulated in this study. The assessment
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of cost-effectiveness carried out in this study is expected to help decision-
makers when selecting the most appropriate BMPs, it is important to note
that the priority order of these measures could change if subsidies were pro-
vided, which would likely lead to better acceptance of BMP implementation
by farmers {Ricci et al., 2022).

The differences in the CE ratios between StruBMPs and AgriBMPs can
be attributed to the fact that the AgriBMP scenario had a higher effective-
ness in reducing TN and TP loads that flow into the coastal lagoon. The
AlIBMPs scenario was considered economically sustainable and its benefits
can have a major impact on improving the envirormental situation of the
Mar Menor coastal lagoon. Although in general terms, the implementation
cost of the assessed BMP scenarios may seem expensive, it is negligible in
comparison with the economic value of the Mar Menor under good status,
which amounts to 45M € per year according to Perni et al. {2011), is a neg-
ligible cost. Therefore, private and public investments are necessary to get
the implementation of BMPs at the watershed scale.

4.3. Limitations and uncertqinties

Model results are affected by several uncertainties, including errors in
input data, simplification of complex processes and non-unique model pa-
rameter values (Evenson et al., 2021). In this study, input data uncertainty
could be significant due to the lack of reliable gauging observations. Al-
though weather records are very complete, gauging data of streamflow,
sediment and nutrient loads are missing. This puts a major constraint on
the calibration and validation of the model. This limitation was overcome
to some extent by using satellite-based AET data, although the spatial reso-
lution may result in an additional error. In areas characterised by a semi-
arid climate and an agricultural nature such as CC, AET is the main driver
of the water balance {Odusanya et al., 2019). Remote sensing data allow
to deal with the limited availability of hydrological data (Bennour et al.,
2022). In this study, it was assumed that water balance components and nu-
trient and sediment loads were well estimated and a soft-validation was car-
ried out to validate these estimates. However, some uncertainties remain
and the results should be cautiously interpreted. All BMP scenarios were de-
signed based on literature, thus their effectiveness were not validated with
field observations. However, a study by Arabi et al. {2007) demonstrated
that a relative intercomparison between different BMP scenarios is affected
by lower uncertainty, providing consistent results when ranking their effec-
tiveness.

5. Conclusions

Drespite the scarcity of reliable data and the high complexity of the study
area, an improved SWAT model of the CC for agricultural practices was
achieved in this study. This more accurate modelling of the Mar Menor wa-
tershed provided a useful tool to simulate BMP scenarios and estimate their
impact at the watershed scale. Moreover, this model could assist with a bet-
ter global understanding of the Mar Menor environmental issues. As its
main objective, this study simulated several BMP scenarios at the water-
shed scale to evaluate their impact on controlling NPS pollution in the CC
and test possible solutions to improve the Mar Menor ecological status.

Regarding individual BMPs, VFS and CF were the most effective in re-
ducing nutrients exports at the watershed scale. In terms of land-use man-
agement practices, RIA showed the highest reduction of nutrients and
also the best CE ratio for this type of BMPs. Therefore, prosecuting illegal
agriculture can be a relevant action to improve the Mar Menor ecological
status. The combination of several BMPs showed a synergistic effect and
was the best solution for reducing NPS pollution loads inputs into the Mar
Menor. The scenario with the most implemented BMPs of this study
{(AlIBMPs) gave the highest reduction percentages. Thus, the results ob-
tained in this study can have important implications in selecting the most
appropriate BMPs to effectively reduce the NPS pollution loads that flow
into the Mar Menor coastal lagoon. Mar Menot's law enforcement may pos-
itively impact the ecological status of Mar Menor, although the most effec-
tive and cost-effective measures should be prioritised over others. Future
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research could consider identifying critical areas of intervention for a more
effective implementation of BMPs and simulating other potential scenarios.
The modelling approach, simulated BMP scenarios and outcomes of this
study can be applied to similar coastal lagoon areas also affected by highly
anthropogenic watersheds, guiding decision-makers in controlling NPS
contamination issues.
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4.4 SINTESIS DE RESULTADOS Y DISCUSION

4.4.1 Bondad del ajuste de la modelizacion

La bondad del ajuste de la modelizacion fue satisfactoria tanto grafica como
estadisticamente para todos los modelos desarrollados en los articulos de la tesis
de acuerdo a los criterios propuesto por Moriasi et al. (2015). La Tabla 6 muestra el
valor final de los parametros del modelo SWAT obtenidos durante la calibracion
automatica con SWATCUP (Lépez-Ballesteros et al., 2019) y la calibracion manual
(Senent-Aparicio et al. 2021; Lopez-Ballesteros et al., 2023).

Tabla 6. Valor final de los parametros calibrados del modelo SWAT.

Publicacion Parametro Valor

Lopez-Ballesteros et al. (2019) CN2.mgt -7.24%
ESCO.hru 0.86
EPCO.hru 0.14
SOL_AWC.sol +14.84
SOL_BD.sol -8.2%
SOL_K.sol -5.32%
CANMX.hru 12.1
ALPHA_BF.rte 0.16

Senent-Aparicio et al. (2021)

Lopez-Ballesteros et al. (2023) CN2.mgt -5%
ESCO.hru 0.75
EPCO.hru 0.3
SOL_AWC.sol -10%
RCHRG_DP.gw 0.4

Durante la calibracion automatica se realiz6 un analisis de sensibilidad con
SWATCUP que identific a los pardmetros ESCO, CN2 y EPCO como los de mayor
influencia en la calibracién con datos de evapotranspiracion real. Estos pardmetros

del modelo SWAT se encuentran estrechamente relacionados con la evaporacion
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del suelo y la cantidad de agua en el mismo. Con respecto a la bondad del ajuste
grafica, las Figuras 7, 8 y 9 muestran los resultados del proceso de calibracion y
validacion llevado a cabo en cada uno de los modelos desarrollados en esta tesis

tanto los hidroldgicos como la parte hidrodinamica.
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Figura 7. Gréafico de comparacion de la evapotranspiracion observada y simulada con
SWAT para la cuenca de la rambla del Beal. Fuente: Lépez-Ballesteros et al. (2019).
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Figura 9. Grafico de comparacién de la evapotranspiracién observada y simulada con
SWAT para la cuenca hidrografica del Mar Menor. Fuente: Lépez-Ballesteros et al. (2023).

Con respecto a la bondad del ajuste estadistica, la Tablas 7 y 8 muestran
informacién sobre los valores de los estadisticos evaluados en cada una de las
publicaciones de la tesis. En todos los modelos con SWAT se utilizé un periodo

inicial de calentamiento de tres afios (2000 — 2003).

Tabla 7. Valor de los estadisticos durante la calibracién y validacién con SWAT.

Estadisticos

Publicacion Proceso Periodo
KGE NSE R2 PBIAS

Lopez-Ballesteros et al. (2019)  Calibracion 2003 -2011 0.78 0.58 0.81 3.9%
Validacion 2012-2015 0.67 053 0.83 -25.3%

Senent-Aparicio et al. (2021) Calibracion 2003 - 2009 - 0.68 0.77 -11.43%
Validaciéon ~ 2010-2015 - 075 0.78 -7.35%

Lopez-Ballesteros et al. (2023)  Calibracion 2003 -2009 0.81 0.67 0.73 -9.11%
Validacion 2010-2015 0.82 0.71 0.74 -5.22%

Tabla 8. Valor de los estadisticos durante la validacién con WET.

Estadisticos

Publicacion Proceso Periodo
KGE NSE R2 PBIAS

Senent-Aparicio et al. (2021) Validacion 2016 -2019 - 098 - 2.7%
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Como puede observarse en la Tabla 8, el modelo SWAT del Campo de
Cartagena desarrollado en Senent-Aparicio et al. (2021) muestra unos estadisticos
ligeramente diferentes con respecto al mismo modelo de Lopez-Ballesteros et al.
(2023). Este hecho se debe a que en Lopez-Ballesteros et al. (2023) se afiadid
informacion mas detallada sobre las practicas agricolas llevas a cabo en la zona de
estudio. Esta informacidn agricola fue extraida de la documentacién oficial (BORM,
2012a, 2012b, 2012¢; BOE, 2004) y su efecto se vio reflejado en una mejora del PBIAS.
Los mejores valores estadisticos de KGE con respecto a NSE se deben a que este

ultimo pone un mayor énfasis en la captura de los valores punta (Gupta et al., 2009).

4.4.2 Ciclo hidrolégico y balance hidrico de las zonas de estudio

Conocer la magnitud de las componentes del ciclo hidrolégico o del balance
de agua es importante para poder conocer la influencia de cada una de ellas sobre
la zona de estudio y poder llevar a cabo una mejor gestion de los recursos hidricos.
La Figura 10 muestra el ciclo hidrolégico extraido de la modelizacién con SWAT
correspondiente a la rambla del Beal (Lopez-Ballesteros et al., 2019) para el periodo
2003-2015.
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El ciclo hidrolégico de toda la cuenca vertiente al Mar Menor fue calculado
tanto para el modelo de Senent-Aparicio et al. (2021) (Figura 11) como para su

version mejorada en Lopez-Ballesteros et al. (2023) (Figura 12).
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En las Figuras 10, 11 y 12 se puede observar uno de los aspectos mas
caracteristicos del ciclo hidrolégico en zona semidridas, el cual consiste en la
evaporacion de casi la totalidad de la precipitacion. Ademas, debido al marcado
caracter agricola del Campo de Cartagena, también se observa una
evapotranspiracion real mayor que la precipitacion. Este hecho muestra claramente
la gran influencia del regadio en la zona de estudio. Las ligeras diferencias
observadas entre las Figuras 11 y 12 se deben principalmente a la ampliacion del
periodo de estudio y a la mejora de la parte agricola del modelo del Campo de

Cartagena en Lopez-Ballesteros et al. (2023).

La estimacion del balance hidrico de la laguna costera del Mar Menor fue
uno de los objetivos principales en Senent-Aparicio et al. (2021). La Figura 13
muestra los valores obtenidos de la componentes del balance hidrico del Mar
Menor para el periodo 2003 - 2019.
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Figura 13. Balance hidrico de la laguna costera del Mar Menor (2003 — 2019). Fuente:
Senent-Aparicio et al. (2021).

Durante el cdlculo del balance hidrico (Figura 13) se observé una entrada
generalizada de agua desde el Mar Mediterraneo al Mar Menor. Sin embargo, esta
entrada positiva se vio modifica los afios en los que se produjeron los grandes
eventos de precipitacion extrema o DANA (2016 y 2019). Conocer con mayor
detalle la dindmica hidrica tanto de la cuenca hidrografica como de las masas de
agua permite una toma de decisiones mas efectiva ante la busqueda de posibles
soluciones para los problemas ambientales que enfrenta las zonas de agricultura

intensiva.

4.4.3 Efectividad de los escenarios de BMP

El objetivo principal de los estudios Lépez-Ballesteros et al. (2019) y Lopez-
Ballesteros et al. (2023) consistio en la evaluacion de la efectividad de distintas

BMPs en la reduccion de sedimentos y nutrientes entrantes a la laguna costera del
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Mar Menor. Las Tablas 9 y 10 muestran la efectividad de los escenarios de BMPs
simulados para S, TN y TP.

Tabla 9. Efectividad de los escenarios de BMPs simulados en Lopez-Ballesteros et al.

(2019).
BMP Escenario Efectividad (%)
Sedimentos  Nitrogeno Fosforo
(S) total (TN) total (TP)
Implantacién de barreras 2 m de ancho 4 7 5
vegetales
3 m de ancho 4 8 7
5 m de ancho 5 10 7
Cambios de usos del suelo  Reforestacion 27 16 20
Plantacion siguiendo las 6 10 8
curvas de nivel
Reduccion de la aplicacion - 2 -
de fertilizantes
Construccidn y restauracion 90 15 22
de diques
BMPs agricolas 7 14 10
BMPs estructurales 93 18 23
Todas las BMPs 93 32 33

Tabla 10. Efectividad de los escenarios de BMPs simulados en Lopez-Ballesteros et al.

(2023).
BMP Escenario Efectividad (%)
Sedimentos  Nitrogeno Fésforo
(S) total (TN) total (TP)
Implantacion de barreras 2 m de ancho 6.5 27.0 36.9

vegetales



curvas de nivel

de fertilizantes
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3 m de ancho 7.2 30.3 41.3
Cambios de usos del suelo Buffer 500 m - - -
Buffer 1500 m 2.5 2.1 24
Buffer Zona 1 15.8 13.7 14.4
Agricultura ilegal 1.3 17.6 19.0
Plantacion siguiendo las Pendientes < 2% 2.2 6.9 8.2
Pendientes entre 14.1 29.2 43.2
2%y 8%
Pendientes > 8% 0.1 6.6 11.3
Cambios en la rotacién 4.1 14.3 25.2
anual de cultivos
Restauracion de la 20.4 2.0 2.3
vegetacion de los cauces
Reduccion de la aplicacion - 7.7 124
Recoleccion de aguas de 0.3 0.1 0.1
Iluvia en los invernaderos
BMPs agricolas 17.8 59.6 69.5
BMPs estructurales 21.9 22.6 23.1
Todas las BMPs 38 67.2 75.3

La mayoria de las BMPs simuladas de forma individual mostraron ser

efectivas para la reduccion de sedimentos y nutrientes en mayor o menor grado.

Sin embargo, esta efectividad se vio aumentada en todos los escenarios de

combinacion de BMPs. Las diferencias entre los valores de BMPs de las Tablas 9 y

10, se deben principalmente al &mbito de aplicacion de las mismas. Mientras que la
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cuenca del Campo de Cartagena es mayoritariamente agricola (alrededor del 75%),

la pequefia cuenca de la rambla del Beal presenta un uso principal del suelo de

extracciones mineras abandonadas. Por tanto, de forma general se puede observar

que mientras en cuencas de gran porcentaje de uso de suelo agricola las BMPs

aplicadas sobres los cultivos poseen una gran influencia, en cuencas con un menor

porcentaje agricola la aplicabilidad de las BMPs sobre otras zonas resulta mas

efectiva.

4.4.4 Andlisis de coste-eficacia

Como se ha demostrado a lo largo de la presente tesis, la implantacion de

BMPs es necesaria para poder reducir la cantidad de sedimentos y nutrientes

entrantes al Mar Menor. Sin embargo, también es necesario encontrar un equilibrio

entre su coste de implementacion y su efectividad. Para ello las Tablas 11 y 12

muestran la evaluacidn de coste-eficacia realizada tanto en Lopez-Ballesteros et al.

(2019) como en Lopez-Ballesteros et al. (2023). En este andlisis de coste-eficacia se

estimo el coste total de implantacion de los escenarios de BMPs utilizando para ello

valores extraidos de la bibliografia consultada.

Tabla 11. Coste-eficacia de los escenarios de BMPs evaluados en Lopez-Ballesteros et al.

(2019).
BMP Escenario Coste CE ratio
total (€)

Sedimentos Nitrdgeno total  Fdsforo

(S) (TN) total (TP)
Implantacién de 3mdeancho 3,240 48 21 91
barreras vegetales
Cambios de usos Reforestacion 10,212,000 24,898 33,594 85,331
del suelo
Plantacion 1,080 11 6 24

siguiendo las

curvas de nivel
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Reduccion de la 10,800 - 267 -
aplicacion de
fertilizantes
Construccién y 800,000 575 2,790 5,885
restauracion de
diques

BMPs 15,120 132 57 257
agricolas
BMPs 11,012,000 7,693 32,124 79,397
estructurales
Todas las 11,027,120 7,640 18,109 55,922
BMPs
Tabla 12. Coste-eficacia de los escenarios de BMPs evaluados en Loépez-Ballesteros et al.
(2023).
BMP Escenario Coste CE ratio
total (€)
Sedimentos Nitrogeno Fosforo
(S) total (TN) total (TP)
Implantacion de 2mde 1,734,928 266,912 64,257 47,017
barreras vegetales ancho
3mde 2,297,188 319,054 75,815 55,622
ancho
Cambios de usos del Buffer 500 m 1,544,000 - - -
suelo
Buffer 1500 9,674,000 3,869,600 4,606,667 4,030,833
m
Buffer Zonal 31,271,200 1,979,190 2,282,569 2,171,611
Agricultura 3,500,000 2,692,308 198,864 184,211

ilegal
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Plantacion siguiendo

las curvas de nivel

Cambios en la rotacién
anual de cultivos
Restauracion de la

vegetacion de los

cauces

Reduccion de la

aplicacion de

fertilizantes

Recoleccion de aguas

de lluvia en los

invernaderos

Pendientes <
2%
Pendientes
entre 2%y
8%
Pendientes >
8%

BMPs
agricolas
BMPs
estructurales
Todas las
BMPs

218,007

270,366

119,736

2,466,860

10,000,000

5,622,600

1,543,100

10,094,754

13,500,000

23,594,754

99,094

19,175

1,197,360

601,673

490,196

5,143,667

566,388

617,480

620,770

31,595

9,259

18,142

172,508

5,000,000

730,208

15,431,000

169,381

597,708

351,143

26,586

6,258

10,596

97,891

4,347,826

453,435

15,431,000

145,188

583,432

313,401

Tanto en Lopez-Ballesteros et al. (2019) como en Lopez-Ballesteros et al.

(2023) se demostré que las BMPs agricolas son las que presenta una mayor coste-

eficacia en cuanto a la reduccién de sedimentos y nutrientes. Esto se debe

principalmente a su bajo coste de implementacion en comparacion con las BMPs

estructurales. Sin embargo, su implementacion no es tan rentable al ser los

agricultores los encargados de su instalacion, si se compara con el poder econémico

de los gobiernos encargados de la implementacion de los otros tipos de BMPs. Perni

et al. (2011) estim¢ el valor econdmico total de la laguna costera del Mar Menor bajo

buenas condiciones ecoldgicas en aproximadamente 45 millones de euros por afio.



CAPITULO IV: PUBLICACIONES 123

Este dato refleja que la implementacion de escenarios combinados de BMPs supone
un coste asumible al compararse con el valor de la laguna costera bajo condiciones

aceptables.

Todos los resultados obtenidos durante la evaluacion de las BMPs permiten
a los encargados de la toma de decisiones realizar su trabajo basandose en
demostraciones cientificas y asi poder implementar soluciones efectivas para poder
tener mayor control sobre la contaminacién procedente de fuentes difusas a escala
de cuenca. La presente tesis supone a su vez una mejora en el conocimiento
cientifico de la zona de estudio, tanto en el funcionamiento hidroldgico de la cuenca

como en la hidrodinamica de la laguna costera del Mar Menor.
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V - CONCLUSIONS AND FUTURE RESEARCH

Since this is an international PhD thesis, the conclusions and future research

are exposed in English.

Despite several challenges, such as the scarcity of data and the high
complexity of the study area, a holistic model for science-informed decision
support in intensive agricultural areas was achieved in this study. In particular, an
integrated SWAT model of the Campo de Cartagena watershed was provided in
combination with the hydrodynamic part of the WET model. Therefore, the main
objective of this PhD thesis was successfully fulfilled. All the developed models
showed a good performance in calibration and validation processes. In the SWAT
model, the novel approach of calibrating with satellite-derived evapotranspiration
data, provided a useful tool to evaluate the performance of hydrological models in
ungauged areas. Moreover, the successful simulation of the Mar Menor water
balance enhanced the confidence in the holistic model results. However, these
results should be interpreted as possible trends and not as exact values due to the

model uncertainties and limitations.

The developed model, apart from assisting with a better global
understanding of the Mar Menor environmental problem, provided the possibility
of assessing the effectiveness of potential BMP scenarios. Therefore, an evaluation
of the impact of BMPs on reducing non-point source pollution, such as sediments
and nutrients, was carried out in this study. This assessment was first conducted in
a small basin located within the Mar Menor watershed, known as “El Beal”. In this
first phase, ten BMPs scenarios were simulated and findings showed that the most
effective BMPs were the check dam restoration and the reforestation. It was also
observed a synergistic effect where all effectiveness values improved when BMPs
were combined. The final phase consisted of extending the BMP assessment to the

whole watershed of the Mar Menor coastal lagoon. In this part, a total of 16 BMP
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scenarios, extracted from official legislation, were simulated and evaluated. At the
watershed scale, the most effective BMPs in reducing sediment and nutrient loads
flowing into the coastal lagoon were vegetative filter strips, contour farming and
prosecuting illegal agriculture. Moreover, the synergistic effects of the combination
of BMPs was observed again. Regarding the cost-effective assessment, agricultural
BMP scenarios proved to be the best solution from an economical point of view.
This result is attributed to fact that implementation of agricultural BMPs is less
expensive than other BMP implementation such as structural. Moreover, it is
expected that the socio-economic benefits will be higher than total implementation

cost in all assessed BMP scenarios.

In summary, results from this PhD thesis may guide decision-makers to
select and prioritize the implementation of the most appropriated BMPs to
effectively counteract the environmental degradation of the coastal lagoon. Other
important outcome of this Phd thesis is the holistic approach applied to estimate
the water balance of the Mar Menor coastal lagoon. The combination of hydrologic
and hydrodynamic models provided an innovative tool to simulate the water
balance components. Moreover, the results could help in a better understanding of
the processes that govern the hydrology of the coastal lagoon and thereby advance
the scientific knowledge of this study case. The developed model complex could
provide a strong basis for further studies focus on identifying potential solutions
to improve the Mar Menor environmental issues. Future research could be
addressed to indicate and assess critical areas of intervention inside the “Campo de
Cartagena” for a more effective BMPs implementation. A coordination and
consensus between stakeholders is necessary to effectively apply measures to
return the Mar Menor coastal lagoon to its good ecological status. Additionally, the
modelling and methodological approaches, simulated BMP scenarios and
outcomes of this PhD thesis can be extended to similar anthropogenic areas where

observed data are scarce.
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