Héctor Aguilera y Luis Moreno Merino, 2019. Lessons learnt from semi-arid wetland degradation. Las Tablas de Daimiel National Park. Boletin Geoldgico y
Minero, 130 (4): 711-728

ISSN: 0366-0176

DOI: 10.21701/bolgeomin.130.4.007

Lessons learnt from semi-arid wetland degradation.
Las Tablas de Daimiel National Park

Héctor Aguilera y Luis Moreno Merino

Instituto Geologico y Minero de Espana IGME. C/ Rios Rosas 23. 28003 Madrid.
h.aguilera@igme.es, . moreno@igme.es

ABSTRACT

The Tablas de Daimiel National Park wetland developed in an area characterized by the cyclic nature of
droughts, excessive aquifer exploitation and an evident aridification trend driven by climate change.The park
and its surroundings have been exploited since prehistoric times and they are currently deeply anthropized
to the point that both the physical survival of the wetland as well as its ecological function entirely depend
on human action. A severe drought between 2006 and 2009 together with the drawdown of the water table
caused the dry out of the system, reed overgrowth, disappearance of cut-sedge and sub-aquatic Chara spp.
meadows and a smouldering peat fire. During this same period surface water, soil and groundwater were
sampled for physical, hydrological and hydrochemical characterization. Upon drainage, the system functions
as an artificial recharge system and becomes eutrophic showing large nutrient and salt content in soils and
water. High water transmissivity capacities in the unsaturated zone and anthropic park management (soil
compacted by heavy machinery, recirculation of low quality groundwater, reed reaping, water transfers, etc.)
condition groundwater pollution. Increased knowledge of the physical-environment has allowed us to build
a conceptual model of the surface water — groundwater interactions and to develop management tools to sup-
port the park management during a system dry out. Amongst these actions, we propose an unsaturated flow
model for soil moisture simulation than can be used to predict critical soil water content for reed overgrowth
or peat combustion risk.

Keywords: semi-arid wetland, groundwater, management, conceptual model, anthropization.

Lecciones aprendidas de la degradacion de un humedal semiarido.
Parque Nacional de las Tablas de Daimiel

RESUMEN

El Parque Nacional de Las Tablas de Daimiel se ha desarrollado en una zona caracterizada por la naturaleza
ciclica de las sequias, la explotacion excesiva del acuifero y una tendencia hacia la aridificacion impulsada
por el cambio climatico. El entorno del parque ha sido explotado desde tiempos prehistdricos y en la actua-
lidad se encuentran profundamente antropizado. Como consecuencia se ha llegado a una situacion en la que
tanto la supervivencia fisica del humedal como su funcion ecoldgica dependen totalmente de la accion huma-
na. Entre los anos 2006 y 2009 una fuerte sequia, junto al descenso de los niveles piezométricos, provocaron
la desecacion completa del humedal, la invasion del carrizo, la desaparicion de la masiega y las praderas de
Chara spp., y el incendio de las turberas. Coincidiendo con este periodo se muestrearon suelos y aguas sub-
terraneas y superficiales para su caracterizacion fisica, hidroldgica e hidroquimica. Durante la desecacion, el
parque opera como un sistema de recarga artificial y se eutrofiza, presentando una gran abundancia de
nutrientes y elevada salinidad en suelos y aguas. La elevada transmisividad de la zona no saturada, y las
medidas de gestion (compactacion del suelo por maquinaria pesada, recirculacion de aguas subterraneas,
siega de carrizo, etc.), condicionan la contaminacion del agua subterranea. El incremento del conocimiento
del medio fisico-quimico ha permitido desarrollar un modelo conceptual de funcionamiento hidroldgico y
medidas de apoyo a la gestion en periodos de sequia. Entre éstas destaca un modelo de simulacion de la
humedad del suelo que permite prever el riesgo de incendio de turbas o de expansion del carrizo.

Palabras clave: humedal semiarido, agua subterranea, gestion, modelo conceptual, antropizacion.
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VERSION ABRAVIADA EN CASTELLANO
Introduccion

La antropizacion de los sistemas naturales es un proceso global que puede considerarse mas una regla que
una excepcion. El Parque Nacional de Las Tabla de Daimiel (TDNP) es un perfecto ejemplo de ello en el que
se observan con facilidad los cambios inducidos en el medio bidtico y abidtico por el manejo artificial del
humedal y la degradacion del ecosistema. La antropizacion se debe a numerosas acciones, como el encau-
zamiento de los rios, la construccion de diques, los vertidos de aguas residuales, los drenajes artificiales o el
excesivo bombeo del acuifero. A esto se une la irregularidad del clima mediterraneo y el cambio climatico
hacia una mayor aridez.

La antropizacion reduce la capacidad tampdn de los sistemas naturales, frecuentemente de forma no
reversible (Cirujano et al., 2010; Hattermann et al., 2008; Johnston, 1994; Mitsch and Gosselink, 2000). Esto es
especialmente cierto en las zonas humedas donde la idea de restauracion al estado original es poco realista
y el concepto de “sistema natural” debe ceder paso al de “sistema natural perturbado, que permite definir
mucho mejor las estrategias de proteccion y remediacion.

EITDNP es un excelente laboratorio en el que estudiar los efectos de la antropizacion de un humedal. La
degradacion se ha debido a una serie de intervenciones a partir de la década de 1980: construccion de pre-
sas, bombeos con aguas de mala calidad, trasvases ineficientes, siegas de carrizales, construccion de corta-
fuegos con maquinaria pesada, etc. Estas medidas produjeron alteraciones hidrolégicas e hidroquimicas que
conllevaron eutrofizacion y pérdida de biodiversidad y la alteracion de la estructura y propiedades del suelo.

Las practicas de gestion, mas alla de detener la degradacion del humedal, han contribuido a su “desna-
turalizacion” y pueden considerarse como causa del impacto antropico. En este trabajo se exponen las lec-
ciones aprendidas tras mas de cuatro anos de monitoreo y analisis exhaustivo de aguas y suelos en el TDNP
durante el dltimo periodo de desecacion (2006-2009). El objetivo principal es realizar una interpretacion inte-
grada y practica de los resultados obtenidos, proponiendo nuevas herramientas de gestion, para evitar repe-
tir errores del pasado frente a nuevos eventos de sequia.

Metodologia

El PNTD se situa en la confluencia de los rios Cigliela y Guadiana (Fig. 1). El humedal original se formo en el
borde del acuifero Mioceno-Plioceno de la Mancha Occidental, constituyendo un area de descarga. Por efec-
to de la antropizacion el TDNP ha funcionado como un sistema de recarga de un acuifero local somero, col-
gado y multicapa, desconectado del flujo regional profundo (Aguilera et al., 2013).

En Aguilera et al. (2016) se definieron tipos funcionales de suelo (SFT) que agrupan los materiales aflo-
rantes con semejantes propiedades hidraulicas (Fig. 2).

Se ha seguido una aproximacion integrada dada la complejidad del sistema y la falta de informacion geo-
I6gica e hidrogeoldgica detallada. Los muestreos de suelos y aguas se llevaron a cabo entre 2006 y 2010 (Fig.
2). Los anélisis de suelos incluyen extractos en agua, materia organica y nutrientes (Aguilera et al., 2011). Los
parametros fisicos determinados incluyen textura, densidad real y aparente, conductividad hidraulica satu-
rada, curvas de infiltracion, repelencia, y curvas de retencion de humedad (Aguilera, 2013; Aguilera et al.,
2016). Se han realizado analisis periodicos de la composicion quimica e isotopica del agua subterranea. Se
dispone de medidas mensuales del nivel piezométrico y la superficie inundada y se instalé una red de medi-
cion de humedad y temperatura el suelo en 12 puntos (Fig. 2).

Resultados y discusion

Durante los periodos de sequia se incrementa notablemente el transporte de nutrientes hacia la zona satura-
da y, por tanto, el riesgo de contaminacion del agua subterranea y de cualquier ecosistema conectado
(Aguilera et al., 2011, 2013). Esto esta favorecido por el incremento de permeabilidad del suelo, la evapora-
cion de aguas superficiales, la disolucion de sales en suelos salinizados, la entrada de efluentes contamina-
dos y la recirculacion de agua subterranea. Se ha observado ademas una notable acumulacion de nutrientes
en la capa mas superficial del suelo (0-20 cm). La abundancia de nutrientes en suelos y aguas permite clasi-
ficar el TDNP como sistema eutrofico.

La elevada salinidad observada tanto en aguas como en suelos parece estar controlada por procesos lito-
I6gicos y evaporativos. Los nutrientes tienen origen tanto externo (fésforo, carbono organico), a través de
aguas superficiales, como interno (nitrato, carbono organico), mediante la acumulacion de materia organica
de las plantas y la mineralizacion de la misma. Los anélisis de suelos muestran una clara relacion entre el
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contenido de materia organica y nutrientes en profundidad, especialmente fosforo, con la red de drenaje
superficial (limos fluviales en zanjones). Esto indica que el aporte ocasional a través de avenidas y trasvases
tiene efectos secundarios, representando una fuente de nutrientes para el TDNP Este fendmeno se ve agra-
vado porque estos limos estan conectados directamente con niveles colgados que almacenan el agua subte-
rranea contaminada y la transmiten a las capas profundas.

En cuanto a las propiedades fisicas, los SFT organicos son los que muestran valores mas altos de capa-
cidad de infiltracion y conductividad hidraulica saturada (Tabla 1), debido a su estructura menos compacta y
a la porosidad secundaria derivada del agrietamiento producido por la desecacion. Ademas, las turbas pre-
sentan una fuerte hidrofobicidad. La consecuencia es un incremento de las tasas de infiltracion en la margen
izquierda del TDNP y aguas abajo de la presa central de varios drdenes de magnitud respecto a las condicio-
nes de encharcamiento (Fig. 1y Fig. 2).

En sequia, la humedad del suelo determina la combustibilidad de las turbas y la expansion del carrizo. El
modelo de flujo en zona no saturada de Aguilera et al. (2016), que simula la evolucion de la humedad del
suelo, puede ser empleado como herramienta de gestion acompanado de una red de monitorizacion in situ
(Fig. 3). El modelo permite predecir, a partir de informacion meteoroldgica bdsica, las humedades criticas
para que el carrizo empiece a invadir o la turba se encuentre en riesgo de combustion. Simulaciones de un
escenario de sequia estiman que la humedad critica para la expansion del carrizo se alcanza tras 9-10 meses
de haber desaparecido la lamina de agua, mientras que las turbas son combustibles (50% probabilidad) al
final del periodo de simulacion (Aguilera et al., 2016).

En la actualidad, la zona inundable del TDNP esta cerrada por un conjunto de represas en los puntos de
entrada y salida. Cuando la zona esta inundada funciona como un sistema de embalses regulados conecta-
dos en serie (Castano et al., 2012b). Al secarse, el area opera como un sistema de recarga artificial, especial-
mente en su margen izquierda, mucho mas permeable e influenciada por bombeos que la derecha. La gran
acumulacion de nutrientes y materia organica condiciona la contaminacion de las aguas subterraneas.
Ademas, las medidas de gestion habituales (compactacion del suelo por maquinaria pesada, recirculacion de
aguas subterraneas de mala calidad, siega de carrizo, trasvases, extincion de incendios) aumentan el riesgo
de liberacion de nutrientes.

El funcionamiento hidrolégico queda recogido en el modelo conceptual de relacion aguas superficiales —
aguas subterraneas de la Figura 4. Este modelo puede servir como base para disenar las futuras practicas de
gestion del TDNP en sequia y dada la relativa simplicidad de la metodologia propuesta es facilmente trasla-
dable a otras zonas semiaridas en las que se ha desarrollado un humedal ligado a las aguas subterraneas.

Conclusiones

El manejo artificial del TDNP lo ha convertido en un “humedal antropogénico, completamente dependiente
de la intervencion humana y cuya alteracion es en muchos casos irreversible. Por ejemplo, la falta de conti-
nuidad entre la lamina superficial y la zona saturada impide la recuperacion real del humedal. Estos efectos
se han evidenciado en la falta de recuperacion real de biodiversidad tras la “recuperacion del humedal” de
2010. Algunos estudios han identificado las especies invasivas y la contaminacion quimica como las princi-
pales causas de pérdida de biodiversidad; otros sugieren que la gestion del humedal como un sistema cerra-
do de represas es la causa de problemas ecoldgicos como el desarrollo masivo de carpas que impide el des-
arrollo de las praderas de Chara spp. El cambio climatico anade incertidumbre al proceso de rehabilitacion.

Los analisis hidroldgicos e hidroquimicos muestran que la combinacion de la acumulacion de materia
organica y nutrientes en aguas superficiales y suelos, la elevada transmisividad en la zona no saturada de la
margen izquierda del TDNF y las medidas de gestion, condicionan la contaminacion del agua subterranea
durante los periodos de desecacion.

El incremento del conocimiento del medio fisico-quimico del TDNP ha permitido desarrollar herramientas
de gestion en periodo de sequia. La clasificacion y cartografia de los SFT ha permitido delimitar areas de com-
portamiento similar que permite optimizar el sistema de monitorizacion. La simulacion de la zona no satura-
da en diferentes escenarios climaticos y de gestion puede, por ejemplo, prever la evolucion de la humedad
del suelo y con ello el riesgo de incendio de turbas o de expansion del carrizo de forma descontrolada. La
gran cantidad de datos fisico-quimicos disponibles sirven de base para construir herramientas de gestion que
permiten analizar el impacto de la sequia o los incendios sobre el medio natural, son una “linea de base”
sobre la que determinar el impacto del cambio climatico a lo largo del tiempo.

Por ultimo, es necesario aun cuantificar los efectos de los impactos y mejorar el conocimiento sobre las
caracteristicas geoldgicas, las dinamicas hidrolégicas e hidroquimicas en periodos de inundacion, asi como
de las propiedades de las turbas.
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Introduction

Since the 1960s strong human intervention and dis-
turbance (ditching, damming, pollution, artificial
drainage and flooding, etc.) has led to the alteration
of the wetland area of the Tablas de Daimiel National
Park (TDNP) in central Spain. Mainly due to excessive
groundwater pumping for irrigation in the Mancha
Plain region coupled to inherent climatic variability in
semi-arid Mediterranean environments, the wetland
was disconnected from the underlying aquifer system
and now suffers from alternating flooding and
drainage cycles. This process induces severe impacts
and modifications in the ecological characteristics of
the wetland, both in the biotic as well as the abiotic
environments. From a hydrogeological point of view,
the hydraulic gradient has shifted from upwards to
downwards, turning the TDNP into a recharge area.
The most striking representative of human-induced
degradation of the physical-chemical structure of
TDNP is the process of peat cracking, subsidence and
fire caused by desiccation. Artificial management
aiming to sustain flooding conditions has also con-
tributed to system disturbance and degradation turn-
ing the wetland into a regulated system of connected
reservoirs which operates as an aquifer recharge area
during periods of groundwater level depletion.

Anthropization of natural systems is a global phe-
nomenon that has to be considered more the rule
rather than the exception. At the beginning of the 21st
century unsustainable development and climate
change poses a serious risk not only to the survival of
major ecosystems worldwide, but especially to their
“natural” existence (Jia and Luo, 2009; Wang et al.,
2010). Anthropization often reduces their buffering
capacity through modifications of physical, chemical
and biological properties which might in turn be irre-
versible (Cirujano et al., 2010; Hattermann et al., 2008;
Johnston, 1994; Litaor et al., 2006; Mitsch and
Gosselink, 2000). This is particularly true for wetland
areas, where the paradigm framework of wetland
restoration to a previously existing state renders
more an idealistic approach than a reachable goal
(Harvey and McCormick, 2009; Larsen et al., 2007;
Martinez-Santos et al., 2008a; Niedermeier and
Robinson, 2007; Pfadenhauer and Klo6tzli, 1996; Zedler
and Kercher, 2005).

Despite the different protection attempts to pre-
serve their ecological identity and value, anthropiza-
tion of earth systems should be seen as an added
intrinsic property rather than an external disturbance
(Messerli et al., 2000; Moiwo et al., 2010; Sutula et al.,
2003; Thiere et al., 2009). Hence, understanding “nat-
ural systems” as “disturbed natural systems”

becomes a key issue in order to define appropriate
management strategies to prevent wetland ecosys-
tems from disappearing (Amezaga and Santamaria,
2000; Harvey and McCormick, 2009; Messerli et al.,
2000; Wang et al., 2010). These strategies should be
based on realistic conceptual hydrological models
which represent current conditions of hydrological
behaviour rather than past natural or future desirable
situations (Krause et al., 2007; Manzano et al., 2002;
Pfadenhauer and Klotzli, 1996; Richter et al., 1996;
Rudolph et al.,, 2005; Sikdar and Sahu, 2009; van
Duren and Pegtel, 2000; Zedler, 2000).

The TDNP constitutes a perfect example of
anthropization. Degradation led to a series of man-
agement interventions from the 1980s that, in turn,
generated more impact than repair (Cirujano et al.,
2010). As argued by these authors, at the beginning,
wetlands management schemes had a narrow target
focus (i.e. priority habitat for waterfowl). Therefore,
the main goal was to maximize flooded areas for rare
and endangered bird species, without taking other
wetland functions into account. Management success
was evaluated only on the basis of an increase in bird
populations and the occurrence of a protected
species in censuses. In the TDNP this was exemplified
by the Hydrologic Restoration Plan (HRP), which pur-
sued the maintenance of suitable flooding levels for
waterfowl through water transfers, groundwater
pumping and dam retention.

Water transfers from the Tajo-Segura aqueduct are
carried out through the channelized Cigliela River over
a distance of 150 km. Derivations started in 1988 and
since then they have had an average yield (percentage
of volume of water arriving to the TDNP) of approxi-
mately 50%, with a minimum of 3.8% in the transfer of
2009 (data provided by the TDNP Management
Authorities). The underlying reason is that, due to
bureaucratic issues, they have often been carried out
during spring or summer when evaporation and infil-
tration rates are highest and when increased demands
of water for irrigation promote illegal extractions.
Flooding with pumped groundwater is a management
tool used constantly during dry periods to keep a min-
imum flooded area. Both management tools induce
quantitative and qualitative impacts to the system as
will be argued throughout this study.

Due to unsuitable planning and the quality of
resources, hydrological and hydrochemical modifica-
tions were the main outcome of the HRP. Given the
limitation of such a narrow-focused management
plan, undesired results of degradation (i.e. biodiversi-
ty loss) resulting from other forms of impacts (i.e.
eutrophication) also took place. The resulting loss of
food resources for birds or the increased frequency of

714



Héctor Aguilera y Luis Moreno Merino, 2019. Lessons learnt from semi-arid wetland... Boletin Geoldgico y Minero, 130 (4): 711-728

massive bird kills through botulism outbreaks even
counteracted the management goals in the long term.
Rather than protecting and enhancing waterfow! pop-
ulations, the results were an impoverishment of the
communities and the loss of desired species
(Cirujano et al., 2010).

From the mid 2000s, a management focus inte-
grating dynamic ecosystem processes was imple-
mented, based upon global ecosystem studies. What
mattered was to restore the wetland physiognomy
and to attain the maximal biological diversity, whilst
respecting the environmental characteristics of the
wetland (Cirujano et al., 2010). However, under this
scope, alterations of the abiotic environment are
often overlooked.

Actions such as the disposal of sediment and
decaying vegetation, particularly reed beds, construc-
tion of ditches and fire breaks began to be imple-
mented (Sanchez-Carrillo et al., 2010; Aguilera et al.,
2011). These measures involve the use of heavy farm
machinery within the TDNP which alters the physical
properties of soils as water and solute transmitters.

Anthropic water management can induce a high
degree of stochasticity and uncertainty in the hydro-
logical behaviour of the TDNP system due to
increased complexity and irregularity (Sanchez-
Carrillo and Alvarez-Cobelas, 2010; Cirujano et al.,
2010; Zorrilla et al., 2010). For example, increasing
variability of hydroperiods and vegetation manage-
ment modify macrophyte cover patterns which, in
turn, determine the evapotranspiration term of the
hydrological balance (Sanchez-Carrillo et al., 2004).

Far from stopping wetland degradation, the man-
agement practices have increased the degree of dis-
turbance and significantly contributed to system
“denaturalization” Therefore, they can be considered
as indicators of anthropic impact on the weakened
TDNP system.

Lessons learnt after more than four years of soil
and water monitoring in the TDNP are presented and
discussed in this paper. Sampling coincided with an
intense drought that caused complete wetland desic-
cation and the highest degree of anthropic impact
ever known. The main objective is to make a practical
interpretation of what has been learnt so as to keep
such an impact from happening again. Specifically,
we analyse the main alterations of the soil-water sys-
tem from a qualitative and quantitative point of view.
Environmental and hydrogeological implications of
degradation are discussed. Furthermore, we propose
original management tools that can optimize TDNP
management actions, particularly water transfers and
emergency pumps, and minimize the risk of ground-
water pollution.

Materials and methods
Study area description

The TDNP is located in semi-arid central Spain in the
confluence of the Ciglela and Guadiana Rivers
(39°09'N, 3°40'W, Fig. 1). The surface of the TDNP is
3,030 ha of which approximately 1,800 ha are sub-
jected to flooding. The former natural wetland of the
TDNP was originated at the outflow boundary of a
15,000 km? surface water basin and the 5,500 km?
Mancha Occidental groundwater system, in the con-
fluence of the Ciguela and Guadiana Rivers. Average
annual precipitation and mean temperature for the
period 1904-2011 are 406.8 mm and 14.6 °C, respec-
tively (Santisteban and Mediavilla, 2012). Potential
evapotranspiration is around 850 mm yr' (Sanchez-
Carrillo et al., 2004), exceeding rainfall most of the
year.

Further details on the characteristics of the physi-
cal environment of the TDNP can be found in the
extensive literature referring to this site (Alvarez-
Cobelas et al., 2001; Garcia-Hidalgo et al., 1995;
Dominguez-Castro et al., 2006, Castano et al., 2013;
Aguilera, 2013).

From a hydrogeological point of view, the TDNP
area comprises the edge of the unconfined Miocene-
Pliocene unit of the Mancha Occidental aquifer sys-
tem, constituted by limestone and marl materials.
This aquifer occupies an area over 5,000 km? with an
average thickness of 200 m (Martinez-Santos et al.,
2008b). Heterogeneous vertical and horizontal litholo-
gies (Garcia Rodriguez, 1996), differential karstifica-
tion and subsidence effects determine varying
degrees of interconnection between Tertiary and
Quaternary materials conditioning the complex local
hydrogeological behaviour of the system (Castaho et
al., 2013a, 2013b). With depleted piezometric levels
the TDNP wetland operates as a recharge system for
a local shallow perched multi-layer aquifer discon-
nected from the deeper regional groundwater flow
towards main irrigation areas (Aguilera et al., 2013). A
downward water flux from the perched levels through
semi-permeable layers is developed, conditioning a
slow delayed recharge of deeper layers. This situation
was reverted after the wet period 2010-2014 leading to
partial aquifer recovery and groundwater discharge
into the TDNP (Castaho et al., 2018; del Pozo and
Mejias, 2017).

A previous study led to definition and mapping of
soil functional types (SFT) according to their
hydraulic properties (Fig. 2, Aguilera et al., 2016). Four
main SFT are defined: clay, silt (fluvial deposits in
rivers, ditches and drains), organic-rich materials
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Figure 1. Aerial photograph of the Tablas de Daimiel National Park (TDNP) area. Main impacts such as wastewater discharge points and
pumping wells for irrigation are shown. Source: http://centrodedescargas.cnig.es

Figura 1. Mapa de situacion del Parque Nacional de Las Tablas de Daimiel (TDNP) y su entorno. Se representan los principales impactos
como son puntos de vertido de depuradoras y pozos de bombeo para regadio. Fuente: http://centrodedescargas.cnig.es
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(characterized by high organic matter contents,
include peat, peaty silt and other organic soils) and
charophyte layers (unconsolidated carbonated sedi-
ments biologically produced in sub-aquatic Chara
spp. meadows). The physical-chemical properties of
the SFT are mainly determined by the parent materi-
al but other factors, basically anthropization
(drainage, compacting) and edaphization, can be as
important or even more important than the former.
Therefore, the defined soil units also take into
account the degree of alteration and evolution of the
materials. The SFT map in Figure 2 represents the
general zonal distribution of the dominant materials
at the top of the vadose zone (i.e. from soil surface to
1 meter deep).

Data sampling and analysis

The study follows an integrated methodological
approach to deal with system complexity and hetero-
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geneity, as well as the lack of detailed geological and
hydrogeological knowledge. The physical and chemi-
cal properties of the surface water-soil-groundwater
system were intensively sampled and monitored
throughout the last desiccation period (2006-2009).
Figure 2 shows the distribution of soil and water sam-
pling points. Soil chemical analyses included mobile
solutes in soil-water extracts, and organic matter
(OM) and nutrients in the solid matrix (Aguilera et al.,
2011). The following soil physical parameters were
determined: texture, bulk density, saturated hydraulic
conductivity, infiltration curves, water repellency
(hydrophobicity), and water retention and hydraulic
conductivity curves (Aguilera, 2013; Aguilera et al.,
2016). Periodic standard hydrochemical analyses
were performed on surface water and groundwater
samples, including major and minor cations and
anions, as well as stable (?*H and ™0) and radioactive
(tritium) isotopes (Aguilera et al., 2013). Groundwater
levels were monitored either monthly or bi-yearly.
Time series data on monthly flooding surfaces in the

N

A

S-Iw
L]
G5-14
/'/
.
c@n/
G-03
G-15

and R

g" 617

G-16 5
—— km
0 1 2

Figure 2. Location of sampling points and distribution of soil functional types in the Tablas de Daimiel National Park (TDNP). The extent of
the TDNP and its protection zone correspond to the limits in 2006-2010 when the total TDNP surface was 1,928 ha, two thirds of the cur-

rent 3,030 ha (Fig. 1). M-T: moisture - temperature.

Figura 2. Localizacion de los puntos de muestreo y distribucion de los tipos funcionales de suelo en el Parque Nacional de Las Tablas de
Daimiel (TDNP). Los limites del TDNP 'y de su zona de proteccion corresponden a los existentes en el periodo 2006-2010, cuando la super-
ficie total del TDNP era 1928 ha, dos terceras partes de la actuales 3030 ha (Fig. 1). M-T: humedad - temperatura.

717



Héctor Aguilera y Luis Moreno Merino, 2019. Lessons learnt from semi-arid wetland... Boletin Geoldgico y Minero, 130 (4): 711-728

period 1974-2010 and water transfers to the park from
theTagus River in the period 1988-2010 were provided
by the TDNP Management Authorities.

Daily meteorological data was collected from two
meteorological stations from the State
Meteorological Agency (AEMET), 4112U (1982-2010
series), located inside the TDNP (Fig. 2), and 4121
(1920-2010 series), in the city of Ciudad Real, 25 km
southwest from the TDNP. Furthermore, the TDNP
Management Authorities provided a series of 10
minute interval records and daily averages for station
4112U in the period 2002-2009, including data on
wind speed, solar radiation, relative air humidity,
accumulated rainfall and maximum and average tem-
peratures.

Finally, soil moisture and temperature was regis-
tered continuously from April to November 2009 in 12
points of the TDNP (Moreno et al., 2010; Aguilera,
2013). At each point, two moisture sensors and three
temperature sensors were placed on different soil
materials at depths between 20 and 60 cm.
Throughout 2008 and 2009 field observations on the
characteristics of cracks and pipes in shrinking peats
such as width, depth and interconnection were anno-
tated. Big hollows of several decimetres thick were
often found in the sub-soil.

Further details on sampling and specific methods
and analysis can be found in the referred articles.

Results and discussion
Qualitative aspects

The chemical analyses of surface water, unsaturated
soils and groundwater reported in Aguilera et al.
(2011) and Aguilera et al. (2013) show that there is an
active downward nutrient transport from inflowing
surface water to the groundwater through the vadose
zone during drying cycles.

Evaporation, salt dissolution from saline soils, low
quality inflows (i.e. wastewater, re-circulating ground-
water pumped for artificial flooding) and internal OM
loading condition high salinity and solute concentra-
tion in ponding water. Extremely high infiltration
rates and saturated hydraulic conductivities in dry
SFT bring about a strong downward gradient trans-
porting water and solutes through the vadose zone
(VZ) towards the groundwater (Aguilera, 2013). A
strong nutrient accumulation (absorption) in the top-
soil (0-20 cm) has been observed. Approximate medi-
an electrical conductivity, organic carbon, total nitro-
gen, available phosphorus and leachable nitrate
contents in this layer are 4,000 pS cm™, 6%, 0.5%, 20

mg kg’ and 50 mg |7, respectively (Aguilera et al.,
2011). Furthermore, salinity, soil organic carbon and
total nitrogen (N) remain quite high in depth.

Nutrients have both external (phosphorus, organic
carbon) as well as internal (nitrate, organic carbon)
origins. External inputs take place through inflowing
surface waters, whereas internal ones mainly come
from plant OM accumulation and mineralization. The
hydrochemical interaction between surface water and
shallow groundwater through the soil matrix is evi-
denced by total organic carbon distributions in the
outlet area of the Puente Navarro dam (S7 and G-11,
Fig. 2; Aguilera et al., 2013) and by infiltration from
the Guadiana and Ciglela ditches (Moreno et al.,
2013).

On contrary, high salinity in all studied environ-
ments appears to be controlled by lithological and
evaporative processes. Soil data analysis proves a
clear spatial association between soil OM and nutri-
ent content in depth, particularly phosphorus (P), with
the surface water drainage network (fluvial silts in
riverbeds and ditches). This indicates that occasional
flooding through freshets or transfers has side-
effects, representing a primary source of nutrients to
TDNP soils. This was confirmed by the hydrochemical
analysis of the effluent of the Villarrubia de los Ojos
wastewater treatment along the Ciglela ditch
(Moreno et al., 2013). Moreover, the fact that the Park
is located at the downstream edge of the Upper
Guadiana basin, where agricultural practices are
quite intense, has to be taken into account. Even
though the hydrologic network remains inactive for
long periods, occasional water inflows carrying con-
siderable loads of particles from lithological weather-
ing as well as wastewater, agricultural and even
industrial spills occur (Moreno et al., 2013; Jiménez-
Ballesta et al., 2017). The accumulation of P coming
from non-point source pollution in ditches and lower
areas is indeed a generalized process in the basins
(Reddy and DeLaune, 2008). The implications of these
phenomena are magnified because the silty nutrient-
rich material filling up the ditches gives rise to
perched water tables underneath the TDNP as “bank
storage” processes (Silvino Castano, personal com-
munication, 2012). These perched levels store shallow
polluted groundwater which percolates to deeper
aquifer layers.

As reported by Reddy and Delaune (2008)
drainage conditions are reflected by the predomi-
nance of oxidized forms of nitrogen and sulphur
(nitrate, sulphate). In general, the major fraction of
soil OM is very insoluble and only a very little amount
is leached towards the groundwater (Bohn et al,
2001). The main mechanism for soil OM removal is
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oxidation through microbial degradation leading to
increased acidity through decarbonation-carbonation
reactions that is observed in the whole surface water-
VZ-groundwater TDNP system. When moderate
nitrate loadings enter the system, they can be man-
aged by plants and microorganisms or retained by
the soil matrix as NH,*, reducing the dissolved frac-
tion that percolates towards the groundwater (Bohn
et al., 2001). However, the cation exchange complex
in dry TDNP peats is controlled by Ca* (Jiménez-
Pinilla, 2011), thus, large nitrate concentrations and
infiltration rates observed inTDNP soils clearly pose a
risk of groundwater pollution.

Soil and water nutrient overabundance allows the
classification of the TDNP as a eutrophic system. In
the case of the P stored in organic soils, it is during
the initial phases of the rewetting process when con-
ditions are most favourable for its release as the sys-
tem shifts to reducing conditions (Koerselman et al.,
1993; Olila et al., 1997; Aldous et al., 2005;
Niedermeier and Robinson, 2009). These conditions
are also suitable for organic carbon and ammonia
mobilization and subsequent risk of leaching towards
the groundwater level (Zak and Gelbrecht, 2007).
According to Koerselman et al. (1993), the release and
mobilization of peat sorbed nutrients (N and P), espe-
cially P, are enhanced if the quality of flooding water
is poor. In this sense, incoming waters through the
Ciglela River or those usually pumped from the
aquifer often have very low qualities. This issue is par-
ticularly relevant as the largest amounts of P in the
park accumulate in the fluvial silts of the ditch net-
work which are connected to deeper aquifer layers.

Aldous et al. (2005) suggest maintaining soil satu-
rated conditions to minimize the amount of P
released from recently rewetted wetland soils, where-
as Olila et al. (1997) propose the addition of chemical
amendments to counteract the initial release effect.
Zak and Gelbrecht (2007) recommend the removal of
the most decomposed peat layer to limit nutrient
mobilization. However, topsoil removal does not
seem advisable unless flooding is undertaken imme-
diately and permanently (as has been the case in the
TDNP for the past eight years). Furthermore, higher
OM oxidation rates brought about by drainage condi-
tions not only support the release of soil nutrients but
also of CO,, thus contributing to the reversal of the
function of the system function as a carbon sink
(Rodriguez-Murillo et al., 2011; Sanchez-Andrés et al.,
2010).

In a spatial context, a VZ chemical multivariate
analysis identified three major soil environments in
the TDNP: saline, organic (nutrients) and carbonated
(Aguilera et al., 2011). A large percentage of the chem-

ical variability was associated with four environmen-
tal factors (soil type, depth, microtopography and
position regarding the central dam). These factors are
susceptible to being altered by certain activities per-
formed within the anthropic management of the wet-
land during drying periods such as the use of heavy
farm machinery for reed reaping, cut-sedge sowing,
construction of fire breaks, work for the extinction of
peat fires, and artificial flooding with either ground-
water or treated wastewater. The multivariate model
associates saline soils (i.e. saline charophyte layers
and clay) with higher topographical areas and the
organic ones (i.e. fluvial silt and charophyte-peat
alternations) with lower zones. Salinity and nutrients
are more likely to accumulate upstream from the
dam, whereas downstream the environment is domi-
nated by carbonates (Aguilera et al., 2011). Edaphized
charophytes accumulate higher amounts of soluble
nutrients in the topsoil than fluvial silts.

Flooding with high salinity groundwater from
emergency wells has been a usual practice during
water shortage periods. The possibility of flooding a
bigger area with treated wastewater during extreme-
ly dry periods is also considered in the REGATA plan
(Sanchez-Carrillo et al., 2010). Both measures increase
soil salinization and the above mentioned risk of
nutrient mobilization through the VZ. At the same
time, flooding with pumped groundwater is an
expensive measure which also induces a local deple-
tion of groundwater levels, thus, increasing the
downward vertical hydraulic gradient (i.e. supporting
infiltration and groundwater recirculation). However,
from now on less saline groundwater will be used
because there is a new emergency well field located
further away from the TDNP flooded area (Fig. 1).

Quantitative aspects

The most relevant physical properties of dry TDNP
soils indicate extremely high water transmissivity as
shown by infiltration tests and saturated hydraulic
conductivity determinations, particularly in organic
SFT, in which lower bulk densities and higher OM
contents determine a less compact structure
(Aguilera et al., 2016). Saturated hydraulic conductiv-
ities (K,) calculated from infiltration tests on dry peat,
peaty silt and edaphized charophytes are over 800 cm
d’, whereas average laboratory K, exceed 500 cm d”
in all organic SFT, reaching up to over 4,000 cm d-
and 22,000 cm d* in peaty silt and peat, respectively
(Table 1). This is due to their highly developed sec-
ondary porosity upon shrinking and cracking caused
by desiccation. In the case of peat, strong soil water
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repellency and limited wetting capacity worsens the
negative hydraulic effect caused by drainage (i.e. soil
physical degradation). Threshold values of 45% OM
content and 9-22 vol% critical soil water content
range have been determined for soil water repellency
development in TDNP peats. This means that peats
with higher OM contents and/or with water contents
below or within this range become water repellent.
These facts condition that peat soils, in spite of show-
ing the highest water retention properties, show
lower water content than charophytes during a sys-
tem dry out, as recorded by soil moisture sensors
(Aguilera, 2013).

Implications of SFT physical characterization and
spatial distribution during a drying period are dis-
couraging. As stated above, average infiltration rates
in the left-hand margin areas and downstream from
the central dam increase several orders of magnitude
compared to the values reported for flooded condi-
tions (Castano, 2004; Castano et al., 2008; Navarro et
al., 2011, 2012). High infiltration rates appear as the
main cause for the sharp fluctuations observed in
both flooding areas and groundwater levels, particu-
larly in E-SE TDNP areas (Garcia Rodriguez, 1996;
Castano, 2004; Aguilera et al., 2013; Castano et al.,
2012a,b). In situ field evidence of fast surface water
loss was observed in 2008. Pumped groundwater
poured over the peaty silts in the Guadiana ditch
around the Molemocho dam (Fig. 1) infiltrated
straight away and a sink-effect was observed in areas
of preferential flow. The surface water-groundwater
connection in the Guadiana ditch area has been cor-
roborated by hydrochemical and isotopic analyses in

surface water and groundwater (S5, S6 and G-08, Fig.
2).

On the other hand, the flooding area is not the only
relevant feature regarding the quantitative state of
the TDNP, which becomes the major concern for park
managers. During drying periods, soil water content
becomes the controlling factor for reed overgrowth
and peat combustibility. The VZ water flow model pre-
sented in Aguilera et al. (2016) is a valuable manage-
ment tool for hydrological planning in drought sce-
narios. For example, the TDNP managers could easily
predict when critical soil water content for reed over-
growth or peat combustion risk would be reached
under different climatic hypotheses once the flooded
area has disappeared during a system dry out. Critical
soil water contents in undisturbed charophytes and
peat SFT were determined based on reference values
of gravimetric and field capacity moistures found in
the literature, and are reported in Aguilera et al.
(2016). As models for the different SFT have already
been calibrated and their parameters set, all that is
needed to carry out simulations is a series of basic
daily meteorological data (with rainfall amounts and
minimum, mean and maximum temperatures being
the minimum required). Simulations of a typical 2-
year drought scenario in the region indicated that crit-
ical soil moisture conditions for reed overgrowth are
attained 9-10 months after flooding ceased and that
peat areas colonized by reed plants become com-
bustible (even 50% probability chance) by the end of
the simulated period (Aguilera et al., 2016).

The diagram in Figure 3 shows how this tool can be
implemented to support management and decision

Soil type BD_ K, Ial_a K, infiltrétion OM | Sand | Silt | Clay Texture Water
(g cm?) (cm d") (cm d) (%) (%) (%) (%) repellency

Undisturbed charophytes 0.76 (0.14) 84 (11) 171(126) 6.0 34 577 | 8.3 Silt loam No
Edaphized charophytes 0.66 (0.05) 527 (263) 826 (378) 120 | 529 | 39.2 | 79 Sandy Loam Yes
Saline charophytes 0.56 1687 (942) 2.1 26.1 67.9 6 Silt loam No
Clay 1.30 (0.09) 148 (17) 99 (105) 3.5 12.3 | 68.1 | 19.6 Silt loam No
Silt 0.91 (0.30) 38 (2) 292 (128) 9.5 17.6 679 | 145 Silt loam No
Peat 0.18 (0.04) | 22161 (9009) 996 (149) 50.1 | 88.1 0.0 | 1.9 | Loamy sand Yes
Organic 0.52 (0.06) 588 (176) 33.0 - - - - No
Peaty silt 0.77 (0.02) 4664 (2560) 857 (525) 53.1 15.1 61 23.9 Silt loam No

Table 1. Main average physical properties of soil functional types in the Tablas de Daimiel National Park. BD: bulk density; K.: saturated
hydraulic conductivity both measured in the laboratory as well as estimated from infiltration tests: OM: organic matter. Values in brackets

represent standard deviations.

Tabla 1. Valores medios y desviaciones estandar (entre paréntesis) de las propiedades fisicas de los tipos funcionales de suelo en el Parque
Nacional de Las Tablas de Daimiel. BD: densidad aparente; K.: conductividad hidraulica saturada medida en laboratorio y estimada a par-

tir de ensayos de infiltracion; OM: materia organica.
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making. In this way, management actions could be
less dependent on improvisation and their impact on
the physical system minimized. The modelling
approach needs to be complemented with a monitor-
ing network of soil moisture and temperature sensors
at different depths as well as groundwater monitoring
points, keeping track of events and/or predictions
related to simulations as a feedback process for model
improvement and update. Real-time monitoring in
these points can help to detect and track the develop-
ment of cracks and hollows as well as the effect of
water inputs. Location of sampling points should be
planned on the basis of the SFT map in targeted areas
(Fig. 2). The combined monitoring-simulation process
is then used to predict time patterns for the develop-
ment of critical soil moisture conditions and support
decision-making. The tool helps to decide the right
time to undertake emergency measures, thus avoiding
negative secondary effects such as groundwater pol-
lution in the left-hand TDNP margin area.

Hydrological aspects

A new permanent dam was built in the Ciglela ditch
in the northern inlet area in 2012 and a temporary arti-
ficial “recharge pond” was also built in the Guadiana
riverbed in 2013.This means that now the whole TDNP
is closed, as all inlet and outlet points are dammed.
When the TDNP is flooded, the area becomes a sys-
tem of connected reservoirs where hydrological con-
ditions are artificially regulated (Castano et al.,
2012b). Upon drainage, the TDNP fully operates as an
artificial recharge system with optimal performance
in the left-hand margin area as a consequence of
higher permeability of underlying materials and
increased hydraulic gradients supported by higher
pumping rates (Aguilera et al.,, 2013). Dam-closing
conditions internal nutrient and OM accumulation
(Sanchez-Carrillo and Alvarez-Cobelas, 2001;
Sanchez-Carrillo et al., 2001). Considering that the
system also receives wastewater inflows (Fig. 2), the
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Figure 3. Diagram of soil moisture model implementation as a support tool for the Tablas de Daimiel National Park management during a
drying period (Aguilera et al., 2016). The model allows the optimization of emergency and corrective measures (water transfers, pumps,
etc.) to avoid reed overgrowth and cut-sedge disappearance, as well as the occurrence of smouldering peat fires. SFT: soil functional types;

P: peat; UCH: undisturbed charophytes.

Figura 3. Esquema del funcionamiento de un modelo de humedad del suelo empleado como herramienta de gestion del Parque Nacional
de Las Tablas de Daimiel en periodo de sequia (Aguilera et al., 2016). El modelo permite optimizar las medidas correctoras y paliativas
(trasvases, bombeos, etc.) con el fin de evitar la invasion por parte del carrizo y la desaparicion de la masiega, asi como la aparicion de
incendios latentes. SFT: tipos funcionales de suelo; P: turba; UCH: caraceas no alteradas.
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functioning of the TDNP can be compared to that of a
constructed wetland for wastewater treatment.

The hydrochemical, hydrodynamic and isotopic
analyses leading to the conceptual model of SW-GW
interactions presented in Aguilera et al. (2013) show
the dynamic behaviour of the system in the left-hand
margin of the TDNP (Fig. 4). Under natural conditions
(A), all the layers of the multi-layer aquifer system
would be saturated and the regional aquifer would
discharge good quality groundwater into the TDNP
wetland area.

During drying periods (B and C), drainage of over-
laying highly permeable aquifer layers (i.e. karstified
limestone) through semi-permeable materials, and

increased pumping from emergency (in the TDNP)
and irrigation wells (in eastern areas), promote sharp
drawdowns of groundwater levels and separation of
different aquifer levels through semi-permeable
aquitards (Castano et al., 2013). Hence, the regional
flow is somehow disconnected from the local
recharge flow and is likely to be predominantly hori-
zontal towards the main pumping irrigation areas in
the SE and SW. A big impoverishment of groundwa-
ter quality in the top layers occurs due to manage-
ment practices and lithology (B), as low-quality artifi-
cially-maintained ponding water (i.e. pumped
groundwater, water transfers) infiltrates through the
saline nutrient rich sediments mentioned in the first
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Figure 4. Schematic conceptual diagram of the surface water - groundwater interactions through the multi-layer aquifer system in the left-
hand margin area of the Tablas de Daimiel National Park under natural and anthropized conditions during drying and re-flooding events
(Aguilera et al., 2013). See the text for further discussion of the different stages A-E.

Figura 4. Esquema de la relacion aguas superficiales - aguas subterraneas a través del acuifero multicapa en la margen izquierda del
Parque Nacional de Las Tablas de Daimel Par la zona no saturada en la zona inundable del Parque Nacional de Las Tablas de Daimel en
condiciones naturales y en condiciones antropizadas, tanto en periodo de inundacion como en periodo de sequia (Aguilera et al., 2013).

En el texto se ofrece informacion detallada de las etapas A-E.
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subsection. A slow percolation through semi-perme-
able layers is developed towards deeper more per-
meable levels connected to the regional flow
(Castano et al., 2013). Over time, due to the water
exchange between the surface and subsurface, the
layer with originally high quality fresh groundwater
near the top of the aquifer is progressively replaced
by contaminated water from the surface (C). It is
uncertain how long contaminants are stored in
groundwater before being transformed or discharged
back.

Subsequent flooding events with low electrical
conductivity surface water cause fast infiltration and
re-saturation of the top karstified permeable layers,
displacing the stored poor quality groundwater (D). At
some point all the aquifer layers might also be re-sat-
urated, conditioning groundwater mixing (E) and,
upon subsequent drying, the risk of water and solute
transport towards pumping areas.

The combination of high nutrient and OM content
in both surface water and soil with high water trans-
missivity capacity in the VZ of the left-hand TDNP mar-
gin condition groundwater pollution. Management
actions (soil compacted by heavy machinery, recircu-
lation of low quality groundwater, reed reaps, water
transfers or smouldering fire extinction) increase the
risk of releasing stored nutrients. As organic soils are
widespread in the left-hand TDNP margin area (Fig. 2),
it is likely that increased SW-GW interactions in this
area are powered by soil physical degradation. The
entrance of heavy machinery in the TDNP should be
restricted and their tracks controlled, as they mainly
operate in these left-hand margin areas. Tractors
modify the physical (i.e. structure, compaction) and
geomorphological properties (i.e. microtopography)
of soils as well as the nutrient balance. Although soil
compacting may reduce infiltration rates, the random
activity and the disruption of the soil structure leads
to the development of new preferential flow paths for
water and solutes. Furthermore, the removal of reed
cover could accelerate the physical degradation of the
soil due to increased soil exposure and decreased
root system bonding effect.

But some questions remain: what amount of nutri-
ents can be released in the VZ? How fast? Further
analysis need to be carried out to answer these ques-
tions.

As pointed out by the results in our studies and
argued by other authors, the lack of dynamic surface-
subsurface interaction (Harvey et al., 2007,
Sophocleous, 2002; Kazezyilmaz-Alhan et al., 2007;
Jolly et al., 2008) and distributed spatial considera-
tions (Carol et al., 2011; Krause and Bronstert, 2004),
might pose a serious source of error and uncertainty

to existing hydrological models of the TDNP (EPTISA,
1986; Garcia Rodriguez, 1996; Séanchez-Carrillo and
Alvarez-Cobelas, 2010; Navarro et al., 2011).
Furthermore, the spatial and temporal variability of
the hydrological parameters is, in turn, the crucial
information park managers need (Hughes et al,
2010).

When some key features such as geology or
hydrogeology still remain partially unknown, the
development of simple conceptual models of hydro-
logical behaviour based on basic information (i.e.
flooding area, groundwater levels and basic hydro-
chemical information), might be appropriate to deter-
mine specific areas or variables which need to be
accurately studied and monitored in order to develop
a reliable quantitative management tool (Hughes et
al., 2010; Larsen et al., 2007; Patten et al., 2008).
Therefore, for any future hydrological modelling of
the TDNP aimed at supporting management practices
the outcome of the conceptual model we present
should be taken into account. The relative simplicity
of this methodology allows for its application in other
similar complex groundwater linked wetlands in
semi-arid areas where detailed knowledge of local
geology is still absent, as long as sufficient basic data
and monitoring are available.

Final synthesis

Currently (December 2017), the TDNP has remained
flooded for eight years. Flooding is now supported by
both surface water as well as groundwater inflows.
The prolonged hydroperiod has led to the rebirth of
the so-called “Ojillos” springs along the Guadiana
River, which had been dry since the 1980s causing, for
the first time in almost 30 years, groundwater dis-
charge inflow. However, the ecological health of the
ecosystem has not yet recovered. Recent studies
highlight invasive species (Laguna et al., 2016) and
chemical pollution (Jiménez-Ballesta et al., 2017;
Rivetti et al., 2017) as the main factors for the loss of
biodiversity. Moreover, Castano et al. (2018) reported
that although aquifer discharge took place continu-
ously between 2012 and 2014, water quality is more
saline than under natural conditions. Moreover, poor-
ly treated wastewater discharges from the nearby
towns of Villarrubia de los Ojos, Daimiel and
Manzanares that end up in the Cigtiela and Guadiana
rivers have become a source of trace metal elements
and other micro-pollutants such as endocrine-disrup-
tors and dioxins.

On the other hand, water retention within the
TDNP is regulated by a system of dams. The closing
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effect of the dams conditions the functioning of the
system as an “artificial recharge pond” with the over-
all effect of solute accumulation (Aguilera et al., 2011;
Jiménez-Ballesta et al., 2017). Laguna et al. (2016)
suggest that this “dam” management is leading to
ecological disturbances such as a massive increase in
the population of invasive carp which have brought
about a decline in the sub-aquatic Chara spp. mead-
ows (the main food supply for herbivorous waterfowl|
species).

The circumstances mentioned above regarding
wetland re-flooding connect with the conceptual
model inferred from the findings of our research
under drying conditions. The ecological status of the
park is irreversible; degradation has altered the site to
a point where complete denaturalization has been
reached. Artificial management has turned the TDNP
into what Wang et al. (2010) call an “anthropogenic
wetland’] completely dependent on human interven-
tion. The lack of continuity between the wetland and
the saturated zone makes recovery of the TDNP to its
natural state quite difficult, at least on a human time
scale. This has been evidenced by the lack of biodi-
versity recovery since the last re-flooding event in
2010 (Rivetti et al., 2017; Jiménez-Ballesta et al., 2017;
Laguna et al., 2016). Climate change will further
increase uncertainty regarding rehabilitation out-
comes (Harris et al., 2006), particularly considering
the increased aridity predicted for the Mediterranean
region (Gao and Giorgi, 2008; Abouabdillah et al.,
2010; IPCC, 2014).

During drying periods, the combination of large
nutrient and OM content in surface water and soil
with high water transmissivity capacities in the VZ of
the left-hand TDNP margin, conditions groundwater
pollution, as inferred from hydrological and hydro-
chemical analyses. The anthropic management of the
TDNP (soil compacted by heavy machinery, recircula-
tion of low quality groundwater, reed reaping, water
transfers and smouldering fire extinction) increases
the risk of releasing stored nutrients. As organic soils
are widespread in the left-hand TDNP margin area, it
is likely that increased SW-GW interactions in this
area are enhanced by soil physical degradation.

Preferential flow paths through peat cracks and
hollows in the S and SE areas constitute freeways for
water and solute transport (Moreno et al., 2010;
Aguilera et al., 2013). Fluvial silts in ditches, which
store large amounts of nutrients and OM, as well as
low permeability Tertiary levels, hold perched poor-
quality groundwater levels connected to deeper lay-
ers.The closing effect of the dams and the functioning
of the system as an artificial recharge pond causes the
overall effect of management measures during drying

periods to be solute accumulation in the VZ.Thus, the
chemical quality of soil and water is deteriorated and
system salinization and eutrophication is enhanced.
Moreover, the extent of SW-GW interactions condi-
tion a higher risk that groundwater pollution spreads
through the groundwater flow that percolates from
the TDNP to deeper aquifer layers and meets the
regional flow towards pumping irrigation areas.

Increased understanding of the TDNP physical-
chemical environment has allowed for the develop-
ment of tools to support management of the park dur-
ing a system dry out. The classification and mapping
of SFT involves an enhancement of current knowl-
edge of the physical environment and will contribute
to the planning of management actions. It has
allowed the delimitation of areas showing homoge-
neous behaviour and, thus, modelling times as well
as monitoring systems costs can be optimized.

Vadose zone water flow simulations under differ-
ent management scenarios can, for example, help to
foresee the development of soil moisture conditions
suitable for reed overgrowth and peat combustion
risk (Fig. 3). The output of the unsaturated flow model
could be also coupled to nutrient transport models.

The huge amount of compiled data on soil-water
physical-chemical properties can be used to analyse
medium and long term damage of drought and
smouldering fires on the TDNP environment. It is also
a baseline for eco-hydrological modelling approaches
suitable for managing needs or for assessing the
impact of climate change in arid and semi-arid wet-
lands.

Finally, although the impact derived from system
management has been evidenced, there is still a need
to quantify its influence and degree of disturbance on
soil-water physical-chemical properties. Hopefully,
the information provided in this research will con-
tribute to support and enhance management actions
in the Tablas de Daimiel National Park.

Further research on local geological characteristics
(i.e. geophysical studies) and hydrological and hydro-
chemical dynamics in flooding periods is still required
in order to build more accurate flux and transport
hydrological models. It is crucial to develop a detailed
3D hydrogeological map, especially from the eastern
side, to thoroughly assess the dynamics of the multi-
layer aquifer. The use of tracers and remote sensing
to delimit hydrogeological compartments and con-
nectivity is also advisable (Melendez-Pastor et al.,
2010; Powell et al., 2008). A first approximation was
made to characterize the physical properties of the
TDNP peat, but research is still needed to accurately
measure specific shrinking and hydraulic characteris-
tics based on OM origin and composition as well as
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the degree of decomposition. Nevertheless, there is
still a generalized lack of knowledge of Mediterranean
semi-arid peatlands as inferred from the reviewed lit-
erature.
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