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* Ella estd en el horizonte.
Me acerco dos pasos.

Ella se aleja dos pasos

y el horizonte se corre

diez pasos mds alld.

Por mucho que yo camine
Nunca la alcanzaré.

cPara que sirve la utopia?

Para eso sirve:

para caminar

Eduardo Galeano “La Utopia”
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Awves y Reptiles del C.V.G. después del vertido de

Aznalcéllar

Resumen

El vertido de la balsa de lodos téxicos de la mina Aznalcdllar, ocurrido en
abril de 1998, fue uno de los desastres ecoldgicos mas importantes ocurridos
en Espafia. Afect6 gran parte de los rios Agrio y Guadiamar (suroeste de la
Peninsula Ibérica), alterando la estructura y el funcionamiento del ecosistema
fluvial y sus margenes.

Tras el accidente minero se puso en marcha un proyecto de limpieza
y recuperaciéon de la zona afectada; posteriormente se nombré Espacio
Natural Protegido, con el nombre de Corredor Verde del Guadiamar;
también comenzo6 el Programa de Investigacién del Corredor Verde del
Guadiamar, PICOVER, en el que intervinieron diversos grupos cientificos
de distintas disciplinas, para estudiar la respuesta y evolucién de las distintas
comunidades de organismos a este impacto ambiental.

En la presente tesis doctoral, pretendemos evaluar la evolucion de las
comunidades de aves y reptiles tras la restauracion de la vegetaciéon durante
el periodo 2000-2006 y de este modo, valorar las medidas de restauracion
aplicadas. I.a memoria se divide en dos apartados segun la comunidad de
animales estudiados: los primeros dos capitulos se dedican a la comunidad
de aves y los dos ultimos a la de reptiles.

Para analizar la evolucién espacial y temporal de la comunidad de
aves nidificantes en el Corredor Verde del Guadiamar, se establecieron siete
transectos a lo largo del corredor. Los censos se realizaron durante la
primavera para calcular valores de riqueza en especies, abundancia y
diversidad. En el ultimo afio se midieron las variables descriptoras del
microhabitat y del macrohabitat de las aves, para determinar cuales son las
que nos explican la mayor variaciéon de la comunidad de aves a lo largo del

corredot.



Resumen

En cuanto a la comunidad de reptiles, se llevaron a cabo muestreos
de a lo largo de todo el corredor; ante la escasez de individuos y refugios
naturales, se plantea como hipétesis que la falta de refugios es el factor
causante de la escasez de reptiles. Para testar nuestra hipétesis, realizamos
un experimento en el que aportamos refugios artificiales.

Para valorar el estado de contaminacion en la zona afectada,
cuantificamos el nivel de metales pesados en los individuos de P. algirus de
poblaciones con distinto grado de exposicién a la contaminacion.

La contaminaciéon puede estar afectando al desarrollo de los
organismos, concretamente su simetria corporal. Por lo que, medimos la
asimetria presente en los poros femorales de los individuos de P. algirus de
las poblaciones expuestas a contaminacion.

La riqueza de especies y la diversidad de aves no mostré variacion a
lo largo de los seis afos de seguimiento tras la restarauciéon (2000-20006),
excepto para la abundancia. Lla abundancia total aument6 a lo largo de los
afios, pero siempre fue menor que la encontrada en el Arroyo del Alcarayon,
un medio ripario, equivalente estructuralmente y préximo al rio Guadiamar,
pero no afectado por el vertido. Varias de las especies presentes en el la
llanura de inundacién incrementaron su abundancia con respecto a las
especies ligadas a la vegetacion de ribera. Los resultados indicaron que la
comunidad de aves qued6 afectada por la falta en la disponibilidad de
habitat, debido a la escasa cobertura de la vegetaciéon presente en los
primeros afos tras la restauracion.

La cobertura de la vegetacion riparia y la heterogeneidad del paisaje
que rodea al corredor, fueron las variables explicaron la mayor variacioén de
la comunidad de aves a lo largo del corredor en el dltimo afio de estudio. La

presencia de otros ecosistemas riparios cercanos al corredor podrian
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potencar a conectividad de la cuenca del Guadiamar y la conservacion de su
diversidad biologica.

Los refugios resultaron ser utiles para potenciar la recuperacion de la
comunidad de reptiles en zonas resturadas. Tarentola mauritanica parece
ser la Gnica especie que se mantuvo en los limites del corredor durante la
expansion de los lodos toxicos, refugiandose en los grandes arboles.
Posteriormente, la especie que se establecio y adquiri6 la mayor abundancia
fue Psammodromus algirus, por su caricter generalista, y favorecida por la
estructura de la vegetacion. Las especies que recolonizaron con éxito las
zonas restauradas con refugios fueron Timon lepidus, Malopolon
monspessulanus, Hemorrohis hippocrepis y Natrix maura.

Los individuos de las distintas poblaciones de P. algirus mostraron
que la contaminacién aun persiste en el corredor, en comparaciéon con la
poblacion control. El As, T1, Sn, Pb, Cd y Cu son los metales cuyo nivel de
concentracion se ha detectado con mayor diferencia entre los individuos de
poblaciones expuestas a la contaminacién y los individuos de la poblacién
control

La contaminacién no influyé significativamente en el grado de
asimetria fluctuante en los poros femorales de P. algirus . Lo que si parece
es haber una tendencia a que los individuos con mayor nivel de
contaminacion sean mas asimétricos.

A pesar del esfuerzo de los proyectos de restauracion, ocho afios no
son suficientes para recuperar la estructura y funcién del ecosistema dafiado.
Por un lado, la contaminacién persiste en formas biodisponibles para los
organismos, llegando a los niveles superiores de la cadena tréfica. Por otro
lado, la restauracion no favorecido por igual a todos las comunidades

biologicas. Las aves con gran capacidad de dispersion y dependientes de la



Resumen

estructura de la vegetacion han colonizado riapidamente el corredor. A
medida que la complejidad de la vegetaciéon ha ido incrementando, la
disponibilidad del habitat ha aumentado y por lo tanto la abundancia total en
la comunidad de aves. Sin embargo los reptiles debido a su limitada
capacidad de dispersiéon no pudieron escapar al vertido minero, por lo que el
efecto sobre estos organismos fue mayor. Ademads, dado su caracter
ectotérmico, precisan de refugios para colonizar nuevas zonas, y la falta de
éstos en los habitats restaurados han influido en su recuperacion. Sélo las
especies mas generalistas y abundantes han recolonizado las zonas
restauradas. Por lo que los planes de gestion del corredor deberian
considerar los refugios como componente esencial para facilitar la

recuperacion en la comunidad de reptiles.
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El crecimiento de la poblacién y del consumo demandan cada vez mas
recursos naturales cuya explotacion ha supuesto el aumento de beneficios
econémicos y el desarrollo del nivel de vida de la sociedad, pero en
contraposicion, ya sea mediante el desarrollo de la propia explotaciéon o por
la generaciéon de residuos, suponen un riesgo para el medio ambiente y sus
ecosistemas (Whisenant, 2002; Rodriguez & Garcfa-Cortés, 2000). La
explotaciéon de los recursos se traduce en cambios de uso del suelo,
deforestacion, fragmentacion del paisaje, pérdida de habitat y de especies, y
contaminacion (Dobson et al,, 1997; Hsu et al., 2006). Paralelamente las
areas naturales afectadas son escenarios idoneos para los estudios de
contaminacion y de restauracién ecolégica (Twigg & Fox, 1991; Ireland et
al., 1994; Passell, 2000; Nichols & Nichols, 2003). En la ultima década, la
comunidad cientifica ha incrementado el nimero de estudios relacionados
con la Restauracion Ecolégica y la contempla como una nueva disciplina
dentro de la Ecologfa desde 1996 y promete ser una herramienta
esperanzadora para la conservacion de la biodiversidad (Allen et al., 1997;
Niering, 1997; Bradshaw, 2002).

Un ecosistema se caracteriza principalmente por dos atributos,
estructura y funcién, por lo que estos dos conceptos son utilizados para
definir e ilustrar el dafio que ha sufrido un ecosistema (Bradshaw, 2002). Asi
pues las claves del esfuerzo de la restauracion residen en la recuperacion de
la estructura y la funcién de los procesos ecolégicos que caracteriza a un
ecosistema.  Restaurar significa volver al sistema natural lo mas parecido
posible al estado en el cual se encontraba antes de sufrir el impacto y la
Restauracion Ecoldgica se define como el proceso mediante el cual se
intenta devolver a los ecosistemas degradados la variabilidad estructural,
funcional y la diversidad biologica presente antes del impacto, mediante

practicas sostenibles (Society for Ecological Restoration, 1996). Su reciente
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aceptacion como ciencia ha influido en un rapido incremento de trabajos
cientificos sobre cémo hay que disefiar experimentos de restauracién, cémo
evaluar el cambio, y que consideraciones deben tenerse en cuenta en la
gestion de las zonas restauradas (Michener, 1997;Cairns, 2002; Ormerod,
2003; Ruiz-Jaén & Aide, 2005).

El proceso de recuperacion de un ecosistema es un proceso largo en
funcion del tipo de restauracion que se aplique, ya sea activo, en la que el ser
humano se implica completamente en la recuperaciéon del medio, cémo
pasivo, si no se interviene en el proceso de restauracion y dejamos que el

ecosistema se recupere con el tiempo (Scott et al, 2001).

,
Independientemente del tipo de restauracién, se debe contemplar un disefio
experimental dentro de una dimensién temporal y espacial que incluyan
zonas restauradas con diferentes tratamientos y zonas control que nos
informen de la efectividad de las medidas aplicadas. Por otro lado, es
necesario llevar a cabo un seguimiento continuado durante un largo periodo
de tiempo, en funcién de los procesos ecologicos que se deseen recuperar.
Generalmente los proyectos de restauracion no evaltan efecto sobre
los organismos que recolonizan la zona, siendo un pilar basico en el disefio y
ejecucion de estos proyectos para lograr los objetivos marcados. Block et al.,
(2001) sostienen que una medida directa para evaluar el éxito de la
restauracion es analizar la dindmica de la poblacién, de especies paraguas que
representen los requerimientos espaciales y funcionales del resto de los
organismos. También plantean como alternativa el uso de medidas
indirectas, indicadoras de la calidad de los ecosistemas, como el analisis de la
estructura de las comunidades, el calculo de la riqueza de especies, indices de
similitud y diversidad. Todas estas consideraciones son determinantes, sin
embargo lo mas importante en la restauracién es conocer la historia natural

del ecosistema a restaurar, las interacciones entre los organismos y factores
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como el clima, el suelo, la presencia de depredadores, competidores y la
historia evolutiva de estas interacciones (Molles, 2006). Uno se los ejemplos
de restauracién mas exitoso que ha tenido en cuenta la historia natural en la
restauracion de los ecosistemas fue el de Daniel Jazen para la recuperacion
del bosque tropical seco, en Costa Rica (Janzen 1981a, 1981b). Janzen pudo
comprobar que la falta de animales adecuados para la dispersion de semillas
de una especie de 4rbol, el guanacaste (Enterolobium cylocarpum) impedia
la regeneracion natural del bosque. Los potenciales dispersores de sus
semillas (camellos, perezosos y caballos) se habian extinguido hace
aproximadamente 10. 000 anos, pero aparecieron otros introducidos por los
europeos como el caballo y el ganado hace 500 afios. Estos animales comfan
y dispersaban frutos alrededor de los limites del parque y ayudaban a la
regeneracion del bosque natural, pero debido a la exclusién del ganado
dentro del Parque la regeneracion del guanacaste no evolucionaba. Asi pues,
Janzen mostré que incluyendo a los caballos y al ganado en el Parque como
dispersores de semillas la regeneracién del bosque se aceleraba. Ademas,
Janzen implicé a la poblacion en el proyecto para el mantenimiento de estos
ecosistemas. L.lamé a este tipo de restauracion “Restauracion Biocultural”,
en el que se demuestra que el buen manejo de los ecosistemas aporta
grandes beneficios a la poblacion.

Asi pues, ademas de recuperar la estructura y funcién de los
ecosistemas, la Restauracion Ecolégica tiene por objetivo sensibilizar a la
sociedad sobre el mal uso de los recursos y el dano ecolégico, aportando

nuevas habilidades y conocimientos acorde con su mejor uso ( Cairns, 1998).
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Impactos de las actividades minero-metalirgicas en los sistemas
fluviales
La explotaciéon de los yacimientos minerales causa la contaminacion del

medio natural. Actualmente existe una linea de investigaciéon sobre el
impacto y el riesgo ambiental de estas actividades y el posterior desarrollo de
técnicas de remediacion y restauracion de las areas afectadas (Rodriguez &
Garcia-Cortés, 2006). Los ecosistemas fluviales son muy vulnerables a la
contaminacion. El uso de sus recursos hidricos en los procesos de extraccion
de los minerales y la mala gestiéon y almacenamiento inadecuado de los
residuos producidos puede provocar desastres naturales que alteran la
calidad de las aguas (subterraneas, superficiales), de los suelos y por
consiguiente, la salud de los organismos (Gonzalez Tanago & Garcia de
Jalén, 2007). Estos ecosistemas son prioritarios para la conservacion, ya que
en relacion directa con la poblacion y la agricultura, y en zonas fragmentadas
actian como corredores ecolégicos (Naiman et al, 1993). Sin embargo
estan entre los ecosistemas mas alterados (Sala et al., 2000). Esto se debe a
que su gestion siempre ha estado mas orientada hacia un intenso
aprovechamiento de sus recursos (agua, vegetaciéon riparia, suelos de la
llanura de inundacién) para usos urbanos, suburbanos, agricolas, forestales e
industriales, que hacia un uso racional y conservacionista (Gonzalez Tanago
& Garcia de Jalon, 2007).

Los ecosistemas fluviales son muy diversos pues albergan gran
numero de especies y procesos ecolégicos (Gregory et al., 1991; Naiman &
Décamps, 1997) cuya estructura biologica esta configurada por un conjunto
de comunidades de organismos pertenecientes al medio acuatico, al medio
hiporreico y a la vegetacion riparia que utilizan el corredor fluvial de forma
permanente u ocasional como refugio, area de nidificacién, alimentaciéon o

migracion. Dentro de estas comunidades, los macroinvertebrados son el
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componente de biomasa animal mas importante en muchos tramos de los
rios, formando parte esencial en la alimentacién de muchas especies de
peces y aves (Gonzalez Tanago & Garcia de Jalon, 2007). La gestién
descontrolada de estos ecosistemas traen como resultado rios contaminados
rodeados de cultivos agricolas y zonas industriales, causando la disminucién
de su diversidad biolégica (Hulse & Gregory, 2004); por lo que surge la
necesidad de abordar la restauraciéon de estos ecosistemas de alto valor
biolégico (Gonzalez Tanago & Garcia de Jalon, 2007).

Hace 10 anos la balsa de contenciéon de lodos de la mina de
Aznalcollar (provincia de Sevilla), se rompid, vertiendo los residuos mineros
a los rios de alrededor y contaminando y alterando la estructura y las
funciones del ecosistema afectado (comprendida entre los 37° 30’ y 37° 00°
de latitud norte y los 6° 10’ y 6° 20’ de latitud sur. ). Este acontecimiento ha
sido una de las mayores catastrofes ambientales ocurridas en Espafia. A
continuacion describimos detalladamente todo lo sucedido y céomo se

abordé.

El vertido minero de Aznalcéllar

El yacimiento minero de Aznalcéllar-Los Frailes se localiza en la Faja
Piritica del Suroeste Ibérico, una de las provincias metalogénicas mas
importantes del mundo, con grandes reservas de sulfuros masivos
polimetalicos, como la pirita (SFe), blenda (ZnS), galena (PbS), calcopirita
(CuFeS,), arsenopirita (FeAsS), entre otros (Van Geen, et al., 1999; Aguilar
et al, 2003). Los filones se originaron mediante intrusiones volcanicas
submarinas de caracter 4acido y basico a través de materiales sedimentarios,
precipitando como sulfuros metalicos en el fondo del mar creando grandes
reservas de minerales, explotadas desde la época de los Romanos (Grimalt et

al., 1999 Aguilar et al., 2003).
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Las dos explotaciones mas importantes en la cuenca del Rio
Guadiamar han sido “El castillo de las Guardas”, que dej6 de funcionar en
los afios 60 del pasado siglo, y Aznalcéllar-Los Frailes, explotada por la
compafifa, sueco-canadiense, Boliden Apirsa S.L.. localizada en el municipio
sevillano de Aznalcollar (Borja et al, 2001). En esta ultima explotacion
durante el proceso de extracciéon de los minerales, se producian ingentes
cantidades de residuos. El mineral obtenido se trituraba y se mezclaba con
agua (del Rio Agrio, que desemboca 5 km rio abajo, en el Rio Guadiamar),
pasando por procesos de flotacion, lixiviado y extraccion de metales
mediante la utilizacion de reactivos (Aguilar et al., 2003). Parte del agua era
depurada y se vertia de nuevo al rfo; la otra parte se almacenaba en una balsa
de decantacién de estériles generados durante todo el proceso. Los residuos
estaban compuestos fundamentalmente por azufre (§), hierro (Fe), cinc
(Zn), plomo (Pb), arsénico (As), cobre (Cu) y antimonio (Sb) (Alaustegui et
al., 1999). Desde principios de los afios 80 en el Rio Agrio y Guadiamar se
venfan detectando altas concentraciones de Fe y otros metales, procesos de
acidificacion de las aguas del Rio Guadiamar (Olfas et al., 2005). Pero, es en
noviembre de 1995 cuando se anticipan serios problemas de la balsa de
decantacion por la mala construccién y escasa impermeabilizacion (Aguilar
Campos, 1995).

En la madrugada del 25 de abril de 1998, se produjo una rotura de 50
m del muro de contencién de la balsa, y se vertieron aproximadamente 6
millones de m’ de residuos téxicos y aguas acidas (pH=2) a los rios Agtio y
Guadiamar. Se estima que los lodos vertidos estaban compuestos por 16.000
toneladas (tons) de Zn y Pb, 10.000 tons de Arsénico, 4.000 tons Cu, 100
tons de Sb, 120 tons de Co, 100 de tons Sb, 50 tons de Cd y Ag, 30 tons de
Hg, 20 toneladas de Se, y otros metales, afortunadamente todos en forma

insoluble (Grimalt et al., 1999). El vertido lleg6 a afectar 5 Km del Rio Agrio
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y 40 Km del cauce del Rio Guadiamar y unos 500m de anchura media; la
contaminacion llegd hasta limite del Parque Nacional de Donana a unos 60
km de la balsa minera contaminando una superficie de aproximadamente
4.634 ha (de ellas, 2656 ha afectaron al Parque Natural y 98 ha al Parque
Nacional de Donana). El espesor de la capa de los lodos superaba los 3 m en
las zonas mas proximas a la mina, mientras que sélo era de unos pocos cm
en el tramo mas bajo, proximo a las marismas de Entremuros (Montes et al.,
2003). También se aprecié una variabilidad en la composiciéon del lodo
piritico a lo largo de toda la zona afectada. (Aguilar et al., 2003). Las escasas
precipitaciones y la proximidad del verano impidieron un desastre mayor, ya
que las lluvias hubieran aumentado la solubilidad de los metales y el nivel de

contaminacion de los suelos.

Actuaciones tras el vertido minero y el Proyecto del Corredor
Verde del Guadiamar

Dada la magnitud y trascendencia por la cercanfa de areas naturales de
alto valor ecoldgico, al norte Sierra Morena y al sur el Parque Nacional y
Natural de Donana (Patrimonio de la Humanidad desde 1994),
inmediatamente tras el vertido se puso en marcha un Plan de Medidas
Urgentes durante siete meses (Tabla 1). La acciéon mas inmediata fue la
construccion de un dique de contencién de cierre transversal en el
Guadiamar, en Entremuros, antes de desembocar en el rio Guadalquivir
(cerca de la Vuelta de la Arena), donde el agua retenida fue depurada antes
de ser vertida (Antén-Pacheco et al.,, 2001). Debido al desbordamiento de
éste, se construy6 un segundo muro. Durante la limpieza de los lodos se
recogieron grandes cantidades de animales muertos y se prohibié el
consumo y la comercializacion de cualquier recurso de la zona afectada

(Grimalt et al., 1999
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Tabla 1.- Principales actuaciones del Plan de Medidas Urgentes que se llevaron a cabo en la zona
afectada por el vertido minero de Aznalcéllar

Fecha Acciones

25 Abril 1998 3:30 hrs. Rotura de la balsa de contencién de los lodos de la mina de
Aznalcoéllar

25 Abril 1998 Construccion de un dique de contencién en Entremuros

26 Abril 1998 Construccion de un 2° dique de contencion de las aguas en el limite

del Parque Natural de Dofiana
27 Abril 1998 - 27 Mayo  Retirada de los organismos que murieron por los lodos téxicos

28 Abril Se prohibe pescar en los cauces afectados y en los alrededores

30 Abril Se prohibe el consumo de mariscos

3 Mayo 1998 Empieza la retirada de los lodos en toda la zona afectada

5 Mayo 1998 Se prohibe el consumo de los productos agricolas de la zona afectada

13 Mayo 1998 Empiezan a recogerse todos los productos agricolas del area afectada
para su destruccién

9-18 Junio 1998 Comienza la limpieza de las tierras contaminadas

23 Junio Se prohibe la comercializacién de mariscos del Rio Guadalquivir y de
las marismas mas préximas

24 Julio Comienzan a depurarse las aguas retenidas en Entremuros

6 Noviembre Se prohibe la caza en las provincias de Sevilla, Huelva y Cadiz

23 Diciembre Se vuelve a permitir la caza

13 Enero 1999 Comienza el proyecto del Corredor Verde del Guadiamar

Fuente: Grimalt et al., 1999

La labor mas importante fue la retirada de la vegetaciéon contaminada y de
los lodos depositados a lo largo del cauce del rio y sus alrededores,
incluyendo hasta 20 cm de suelo original subyacente. Tras la limpieza, los
suelos perdieron su capa fértil y estructura, mas acentuado en los suelos
préximos a la mina (Aguilar et al., 2003). En 1999 se comenzaron a tratar los
suelos con una primera enmienda de carbonato calcico e hidréxidos de
hierro impidiendo la solubilizacién, absorcién y dispersiéon de los metales
pesados (Galan et al., 2002). Pero la suave topografia y la distribucién
diferencial de la contaminacién en un patrén por mosaicos, complico las
tareas de limpieza, y fue necesaria una segunda enmienda (Querol et al.,
2006; Aguilar et al., 2007). Estas labores de limpieza disminuyeron la

contaminaciéon en los primeros centimetros de suelo, pero no en los
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horizontes mas profundos, aumentando asi el riesgo de contaminaciéon de
los acuiferos (Kraus & Wiegand, 2006; Ordoéfiez et al., 2000).
Tras el Plan de Medidas Urgentes se establece un Plan de Accién
denominado Estrategia del Corredor Verde del Guadiamar en el que se
establecen los fundamentos tedricos, las lineas de trabajo y los
procedimientos metodologicos para gestionar la zona afectada contra los
efectos del vertido minero. Las cuatro lineas de trabajo establecidas fueron:
1.- Seguimiento, vigilancia, control y remediacién de la contaminacion.
2.- Disefio del Corredor Verde del Guadiamar.
3.- Restauracion ecoldgica.
4.- Integracion sistemas naturales humanos

Asi pues, la zona afectada pasa a ser dominio de la Administracion
Publica y se contempla la cuenca del Guadiamar como unidad espacial de
actuacion y de gran importancia para el Ecosistema del Litoral de Dofiana
(CMA, 2001; Montes et al., 2003). Posteriormente, surge el Proyecto del
Corredor Verde del Guadiamar, y se incluye a la zona dentro de la Red de
Espacios Naturales de Andalucia como “Corredor Verde del Guadiamar”,
con el objetivo de que actie como un sistema natural de interconexion entre
Sierra Morena Occidental y el litoral de Dofana. Entre el conjunto de
actuaciones que se realizan a partir del decreto de protecciéon del Corredor
Verde, surgen dos proyectos de investigaciéon promovidos por la Consejeria
de Medio Ambiente de la Junta de Andalucia, en el que investigadores de
diversas universidades y centros de investigacion asumen la labor cientifico-
técnica entre los afos 1998-2006. EI primero, “Programa de Investigacion
del Corredor Verde del Guadiamar” (PICOVER 1998-2002) se dividié en
dos fases. La primera tuvo como objetivo principal realizar una gestion
integrada de la Cuenca del Guadiamar que restableciera todas aquellas

interacciones y procesos ecoldgicos que se perdieron tras el vertido, tanto en
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la llanura aluvial como en el cauce fluvial, (PICOVER, 2003) empezando
por mejorar las condiciones edaficas y comunidades vegetales,
imprescindibles para el funcionamiento del ecosistema (Allen et al., 2002;
Davy, 2002; Whisenant, 2002). En la segunda fase, se evalué la
contaminacién y los procesos de recolonizacion de las comunidades
animales.

En el segundo proyecto, “Seguimiento del Corredor Verde del
Guadiamar” (SECOVER 2004-20006) se realiz6 un seguimiento de los
estudios realizados durante el PICOVER.

Este ha sido uno de los mayores proyectos de restauraciéon en
Espafia, y uno de los escenarios mas propicios para realizar experimentos
sobre restauraciéon de ecosistemas riberefios, con un paisaje complejo y
dinamico que incluye rios, bosques de ribera, cultivos agricolas y zonas
naturales manejadas. Con la puesta en marcha de estos proyectos podemos
comprobar la aplicabilidad de la teorfa ecolégica y ayuda a avanzar en el
conocimiento de la Restauraciéon Ecologica.

La presente tesis doctoral se enmarca dentro de una de las cuatro
lineas de investigacion de la Estrategia del Corredor Verde del Guadiamar
(Restauracién Ecoldgica), en el suproyecto de “Restauracion ecoldgica de los
ecosistemas acudticos vy terrestres: composicion, estructura y dindmica de las
comunidades vegetales y animales” y dentro del SECOVER en el
“Sequimiento de los procesos de recolonizacion de poblaciones vy
comunidades”.

Nuestro objetivo de estudio fueron las comunidades de aves y

reptiles

Las aves y reptiles en zonas restauradas
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Como hemos sefialado anteriormente, la Restauracion Ecoldgica fue una de
las cuatro lineas de trabajo de la Estrategia del Corredor Verde del
Guadiamar, por lo que diversos grupos de investigacién analizaron la
estructura y dinamica de las comunidades vegetales y animales (micoflora,
briéfitos, liquenes, nematodos, macroinvertebrados acuaticos, formicidos,
lepidépteros, coléopteros edaficos, odonatos, reptiles, aves, peces y
mamiferos) (PICOVER, 2003).

Los reptiles y las aves son organismos cuya presencia puede
aportarnos informacion sobre la restauraciéon de un ecosistema. En general,
las aves son muy sensibles a cambios en el habitat, ocupan una posicién alta
e intermedia en la cadena tréfica, son faciles de detectar, abundantes y existe
gran informaciéon sobre su biologia (Wiens, 1989; Cantebury et al., 2000;
Cardoso Da Silva & Vickery, 2002; Burger et al., 2004; Gardali et al., 2000).
Dentro de los vertebrados, las aves tienen una gran capacidad de dispersion
y normalmente sélo precisan de la presencia de vegetaciéon que les
proporcionen alimento, perchas para descansar, y zonas donde hacer sus
nidos (McClanahan & Wolfe, 1993). Sin embargo, los reptiles también son
buenos indicadores de la salud de los ecosistemas, ya que interaccionan con
otras especies debido a su papel como consumidores secundarios, (Salvador,
1998; Jones, 2002); se encuentran repartidos por muchos habitats y climas,
llegan a alcanzar altos niveles de diversidad y biomasa en determinadas
zonas, y su rarefaccion tiene una notable incidencia en el declive de otras
especies o grupos faunisticos, como aves y mamiferos (Marquez & Lizana,
2002). Ademas, son utiles como bioindicadores locales de polucién, ya que
acumulan contaminantes, tienen limitada capacidad de dispersion, alta e
intermedia posicioén en la cadena tréfica, caracter ubiquista en la dimensioén
espacial, y caracter generalista en recursos troficos (Sparling, 2000

Campbell & Campbell, 2002). Los reptiles son animales ectotermos, por lo
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que precisan de refugios (troncos, grandes piedras y fisuras) para poder
aislarse de temperaturas extremas, termorregular, colocar sus huevos,
refugiarse de sus depredadores, dispersarse y colonizar nuevas zonas (Huey,
1989; Webb & Shine, 2000; Litt et al., 2001). Por lo tanto, uno de los
componentes del habitat mas importante para los reptiles son los refugios.
Pero muchos proyectos de restauracion del héabitat para vertebrados
endotermos, las aves y micromamiferos, no garantizan el reestablecimiento
para vertebrados ectotermos como los reptiles, por lo que habria que
considerar estos componentes del habitat en los planes de restauraciéon de
zonas degradas (Wike et al., 2000; Buffington et al., 2000). Pero si bien, un
elevado numero de estudios han analizado cémo responden las aves a
procesos de contaminacion o restauracion ecoldgica, pocos han sido los que
han considerado a los reptiles en los procesos de restauracion y en estudios
de biomonitorizacion de contaminantes (Loumbourdis, 1997; Bowers et al.,

2000; Cardoso Da Silva, 2002; Jones, 2002; Burger et al., 2000).

OBJETIVOS Y ESTRUCTURA DE LA TESIS

En la cuenca del Rio Guadiamar la rapida actuacién de los equipos de
limpieza y restauracion a lo largo de la zona afectada por el vertido minero,
favorecié la pronta recuperacion de muchas comunidades de organismos
ligados al ecosistema ripario. En la presente tesis nuestro objetivo principal
fue evaluar la evolucién de las comunidades de aves y reptiles después de la
limpieza y restauracion de la zona afectada por el vertido. Mediante cinco
capitulos hemos querido cubrir este objetivo. A continuaciéon exponemos
resumidamente el objetivo de cada uno:

- Capitulo I: la hipotesis de estudio es que no ha habido un gran
efecto del vertido en la comunidad de aves debido a su gran capacidad de

dispersion y a la rapida actuacion de las tareas de limpieza y restauracion de
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la vegetacion. Para testar esta hipétesis analizamos el gradiente espacial y
temporal de los parametros de riqueza de especies, abundancia y diversidad a
lo largo de la zona de influencia del cauce del tio, y los comparamos con la
comunidad de aves de un arroyo proximo al corredor, no afectado por el
vertido.

- Capitulo 2: la hipétesis de estudio de este capitulo es que la
comunidad de aves a lo largo del corredor esta determinada por las variables
ambientales que caracterizan el ecosistema, tanto las variables del
macrohabitat como las variables del microhabitat. Para testar esta hipotesis,
se describira la comunidad de aves en el ultimo afio de estudio (2000) a lo
largo del corredor, determinando aquellas variables ambientales que estan
influyendo significativamente en la distribucién espacial de la comunidad.

- Capitulo 3: nuestra hipétesis se basa en que la falta de refugios
naturales en el las zonas restauradas debido a la retirada de los lodos, esta
impidiendo una rapida recuperacion de la comunidad de reptiles. Para testar
esta hipotesis, evaluaremos en que medida el aporte de refugios artificiales
ha facilitado la recolonizacion de los reptiles en cuanto a riqueza de especies
y abundancia en zonas restauradas del corredor.

- Capitulo 4: nuestra hipotesis de estudio es que la contaminacién por
metales pesados a pesar del tratamiento de los suelos afectados, aun persiste
y esta circulando por la cadena tréfica. Para ello utilizamos como
bioindicador a la especie de reptil mas abundante, la lagartija colilarga (P.
algirus), y determinaremos la concentracién de metales en individuos de
poblaciones expuestas a contaminaciéon en la zona afectada y zonas no
afectadas por el vertido. De esta manera podemos demostrar si P. algirus
puede ser un bioindicador a largo plazo en los programas de

biomonitorizacion de la contaminacion en todo el area afectada.
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- Capitulo 5: la hipétesis de partida es que las poblaciones de P.
algirus expuestas a altos niveles de contaminacién presentan un mayor grado
de asimetria en los poros femorales durante el desarrollo ontogénico de los
individuos. Para testar nuestra hipétesis de estudio, determinaremos el grado
de asimetria fluctuante en los poros femorales de los individuos de la especie
en poblaciones expuestas a altos niveles de contaminaciéon en metales
pesados con respecto a otras poblaciones no expuestas.

La informacién resultante de estas investigaciones sera canalizada a
los técnicos responsables de la gestion del Corredor Verde del Guadiamar
para que realicen una mejor gestiéon y conservacion de las comunidades de
aves y reptiles en el ecosistema dafiado por el vertido, favoreciendo asi la

futura conexion entre Sierra Morena Occidental y el litoral de Dofiana.
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Abstract

The recovery of breeding-bird community along the Guadiamar River
has been studied for six years after the environmental disaster caused by the
mine accident of Aznalcéllar and the subsequent restoration of the area.
Values of o- and B-diversity were high just one year after vegetation
restoration (three years after the mine accident) and thereafter, species
richness and Shannon-Weaver diversity index remained stable during the
study period, although bird abundance showed a slight trend to increase.
Moreover, the Morisita-Horn similarity index showed a high degree of
overlap over time in bird-species composition (close to 80% of bird-
community similarity in the last few years). When compared with a control
river near the Guadiamar River but not affected by the mine spill, bird
communities were similar in species richness and a-diversity throughout the
study period, although abundance values were higher for the river unaffected
by the spill. Because of the high values for descriptors of the breeding-bird
community (species richness, diversity, abundance) immediately after the
disaster, we conclude that the restoration program of the Guadiamar Green
Corridor has been successful for the breeding bird community due to rapid

implementation (providing habitat availability), and high response capacity

of the birds.

Keywords: Aznalcéllar mine spill; restoration; ripatian cotridor; breeding

birds.
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1.- Introduction

River systems are key in maintaining biodiversity in ecosystems by
providing a high diversity of habitats to numerous aquatic and terrestrial
biota (Naiman and Décamps, 1997; Miller et al., 2004). However, negative
impact by human activities in riparian habitats, such as livestock grazing,
timber harvesting, hunting, agriculture, recreation activities, mining, and
wastewater discharge, diminish riverine biodiversity (Dobkin et al., 1998;
Buffington et al., 2000). Although riparian recovery actions are relatively
frequent in degraded habitats, little information is available on whether
native faunal communities can be reassembled in conjunction with the
restoration of vegetation composition (Ohmart, 1994).

On April 1998, the Agrio and Guadiamar rivers and floodplains were
polluted by the Aznalcéllar acid tailings from a mine spill consisting in 6 x
10° m’ of a sludge rich in heavy metals (zinc, lead, copper, antimony, cobalt,
thallium, bismuth, cadmium, silver, mercury, manganese and arsenic). The
tailings spread along 5 Km of the Agrio River and more than 40 Km
downstream in the Guadiamar River, covering agricultural land, polluting
marshes in the Dofiana National Park, and affecting riparian vegetation and
plant succession. Both qualitatively and quantitatively, this was the largest
environmental pollution accident recorded in Spain (Pain et al., 1998;
Gallard et al.,; 1999; Grimalt et al., 1999; Van Geen et al., 1999).

Immediately after the disaster, a procedure of compulsory purchase of
the affected area started and a restoration program for the polluted area was
established by the Regional Administration. The program involved
mechanical removal of the tailings and rehabilitation of the natural
vegetation in the 1999-2001 period (Aguilar et al., 2003; PICOVER, 2003).
The area was protected and designated as the Guadiamar Green Corridor,

and conceived to connect two large natural areas, Sierra Morena in the north
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and Donana National Park in the south (Fig. 1). The great importance of the
corridors to connect natural areas (Hobbs et al., 1990), and the great number
of bird species that depend on these areas for nesting, migration and
dispersal, promoted interest in analyzing the impact of the mine accident on
the ecosystem and the breeding-bird community response to the post-
restoration process.

Restoration of degraded ecosystems is based on the assumption that
rebuilding the habitat will result in the rehabilitation of natural communities
(Palmer et al., 1997; Block et al., 2001; Litt et al., 2001). Previous studies in
the Guadiamar Green Corridor indicated that some organisms strongly
affected by the spill are becoming re-established (Sola et al., 2004; Cardenas
and Hidalgo, 2006; Luque et al., 2007). However, despite the carefully
planned Guadiamar restoration program, the management actions have been
harmful for some taxa, such as reptiles (Marquez-Ferrando et al,, in press),
and the response of the breeding-bird community has not yet been
evaluated.

The aim of this work was to assess the evolution of the breeding-bird
community in the Guadiamar Green Corridor, studying the possible
variation of avian species richness, abundance and diversity from 2001 to

20006, and compare the data with those of a nearby unaffected river.

2.- Materials and methods
2.1.- Study area

The Guadiamar River, a major tributary of the Guadalquivir River, is
located in the southwestern Iberian Peninsula (Fig. 1). The climate is
Mediterranean with Atlantic influence, characterized by mild winters (mean

temperature of the coldest month, January, 7.1° C), hot summers (mean
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temperature of the hottest month, July, 26.9° C), and mean annual rainfall of
560 mm, concentrated mainly in winter and with a dry season in summer
(data on 30-year standard meteorological averages, from the Sanldcar la

Mayor weather station, representative of the study area).
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Figure 1. Map for the location of the study area in the Ibetian Peninsula, and detailed map
for the study area (southwestern Spain). The small circles represent transect location
selected to the bird census along the Guadiamar Green Corridor.

In the Guadiamar Green Corridor, measuring 62 km long and
averaging c. 500 m wide, two landscape units are clearly differentiated: the
riverside (a belt of about 10 m width), and the floodplain, re-vegetated in the
area reached by the spill (Guadiamar Green Corridor) after the disaster and
cleanup actions. The predominant vegetation along the riverside, in the
upper and middle part of the corridor, was composed of alders (Alnus
glutinosa), willows (Salix sp.), poplars (Populus alba), and eucalyptus
(Eucaliptus globulus) as trees, and shrubs such oleanders (Nerium oleander),

blackberries (Rubus ulmifolius), ivy (Hedera helix), and tamarisk (Tamarix
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africana). Floodplain includes extensive grass cover for livestock grazing, an
agroecosystem (debesa in Spanish) composed of evergreen oak (Quercus
rotundifolia) and cork oak (Q. suber), together with diverse shrub and tree
species that were planted in the restoration program, such as pines (Pinus
pinaster), olive tree (Olea europaed), rosemary (Rosmarinus officinalis),
atbutus (Arbutus unedo), mastic plant (Pistacia lentiscus), and rockroses
(Cistus sp.). In the lower part of the corridor marshlands predominate, with
glassworts (Salicornia sp.), bulrush (Thypha dominguensis), and reeds
(Phragmite sp.) along the riverside, all of them adapted to the high water
saturation of the soil (Aguilar et al., 2003).

For evaluating bird response in disturbed ecosystems, previous data on
bird community of the study site is ideal, but, if such data are unavailable, it
is necessary to examine the natural fluctuations in the bird community of
unaffected sites (Patten and Rotenberry, 1998). The Alcarayén River,
untouched by the spill and 10 km western of the Guadiamar River (Fig. 1),
was surveyed in order to compare bird-community disparities between the
rivers. To compare affected and unaffected areas, two reference sites are
recommended (Ruiz-Jaén and Aide, 2005), but in the study area this was not
possible, since there is only one river close to the Guadiamar with similar
characteristics. The breeding-bird community between the rivers was
compared only for the sector T4 (Fig. 1) of the Guadiamar River, which was
the most similar to the Alcarayén River in vegetation composition, both
dominated by shrubs (height < 4m) such as oleanders, tamarisk, ivies and

blackberries, and trees such as willows, eucalyptus, poplars and alders.

2.2.- Avian surveys
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We established seven equidistant transects (8 km apart) along the
Guadiamar Green Corridor (Fig.1). From transect one to transect four, the
corridor is characterized by riparian habitat, but from transect five to seven
the dominant habitat is a marshland. Birds were surveyed using line transects
2000 m in length (Bibby et al., 2000), parallel to the river and close to the
riparian vegetation. Censuses were performed for five years (2001-2006
period, except year 2003), by an observer on foot, between 06.00-09.30 h.,
on days of good visibility, walking at a speed of 1.5 km/hout. Rainy or
excessively windy days were avoided because birds are less active during
these conditions and are difficult to detect. Each transect was visited twice
each breeding season (within the period 15 April-15 June), and records of
birds were pooled for a mean value of the two censuses. The Alcarayén
River was surveyed by the same method, with a 2000 m transect in length
during the breeding season, between the period 2004-2006. The distance
from the birds to the observer was measured with a laser range-finder device
(Bushnell Trophy"; range 5-732 mj; accuracy £ 1 m.) when reflective objects
were available, but by eye when necessary. For a more robust estimate of
bird abundance, observations were truncated for each species at a distance at
which bird-detection frequency declined sharply for each species (Bibby et
al., 2000).

To test possible temporal changes in bird abundance within the
corridor, we split the breeding-bird species into two groups: those exclusive
of riparian vegetation (riverside species), and species that used mainly the
restored sites outside the riverside (floodplain species, Table 1). Swifts and
swallows appeared frequently, but, being very numerous and thus
uncountable as well as high overhead, they were considered only to calculate
species richness. In this way, species barely detected in the censuses were

also disregarded for the abundance calculation (Table 1). Species not nesting
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in the corridor, but in its immediate vicinity, and using the corridor for
foraging or roosting, were considered.
2.3.- Data analysis

The o- and [B-diversity, being measures traditionally used in the
analysis of diversity in space and time (Magurran, 2004), were assessed in the
Guadiamar and Alcarayon rivers during the study period. The a-diversity,
the diversity of a spatially defined unit, was measured in three ways: species
richness (number of species recorded per year), abundance (number of
individuals/10 has.), and Shannon-Weaver diversity index (calculated from
the algotithm H’ = -}, pilnpi; where pi is the proportion of individuals per
species), performed by the EcoSim v5.53 (Gotelli and Entsminger, 2005).
The B-diversity measures the resemblance of communities in species
composition and abundance between two or more spatial or temporal units.
In this sense, Serensen’s and Morisita-Horn’s similarity indexes were
computed for the 2001-2006 period in the corridor. The Serensen’s index is
a qualitative measure that determines the proportion of presence/absence of
the species two years have in common; it is calculated by the algorithm Is =
2¢/a+b, where a and b are the number of the species present in the two
years, and ¢ is the number of species that the two years have in common.
Morisita-Horn’s index is a quantitative measure of similarity not influenced
by  species  richness or sample size, defined as CMH
=2Y (aibi)/(da+db)(NaNb), where Na is the total number of individuals at
year 4, Nb is the total number of individuals at year b, ai is the number of
individuals for the 7 species in year a, bi is the number of individuals for i
species in year b, and da (and db) is calculated as da = Y ai’Na’. The

Serensen and Morisita-Horn similarity indexes were calculated using
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EstimateS v7.5 (Colwell, 2005). Values of these indexes closer to 1.0 indicate

high similarity between communities.

3.- Results

From 2001 to 2006, 93 bird species were recorded in the breeding
season in the Guadiamar Green Corridor. Within the sub-group of 63
species considered for density analyses (see Material and Methods; Table 1),
only five species exhibited a significant inter-annual increase (Bubulcus ibis,
Falco tinnunculus, Cyanopica cyanus, Lullula arborea, Serinus serinus, and
Hippolais polyglotta), while two increased nearly to significance (Alectoris
rufa and Streptopelia turtur).

The results did not indicate a trend in species richness or diversity
within the Guadiamar Green Corridor during the study period after
restoration, either in each transect individually (= <0.80, p > 0.10,
considering species richness, abundance and Shannon-Weaver diversity
index), or when the seven transects were pooled (s = 0.10, p = 0.87; 7 =
0.10, p = 0.87; richness and diversity, respectively). Species richness
increased by 11% and diversity by 6% from 2001 to 20006, although these
values really increased only between 2001 and 2002, and were practically
stable from year 2002 to year 2006 (Fig. 2). However, bird abundance
increased significantly and gradually up to 35% in the 2001-2006 period (r, =

0.90, p = 0.04, Fig. 2).
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Table 1. Breeding bird species and mean abundance (N indv/10 has) in the seven transects
along the Guadiamar Green Corridor during the 2001-2006 period. The Spearman
correlation coefficient between abundance and year of census is reported only for 63
species. 1: riverside species; 2: floodplain species (see Material and Methods); species with
significant correlation were highlight in bold type (next page).

Mean Mean

Species abundance P Species abundance P
Acrocephalus arundinaceust 0.35 -0.78 0.12  Hirundo daurica - - -
Acrocephalus scirpaceus’ 3.09 030  0.62 Hirundo rustica - - -
Actitis hypoleucos - - - Ixobrychus minutus - - -
Alcedo atthis' 0.14 035 056 Jynx torquilla - - -
Alectoris rufa? 0.26 0.87  0.05 Lanius meridionalis® 0.02 -022 0.72
Anas platyrhynchos! 1.50 -010  0.87  Lanius senator? 0.98 0.70 0.19
Apus apus - - - Larus michahellis - - -
Apus pallidus - - - Locustella luscinioides - - -
Ardea cinerea 0.22 056 032 Lulula arborea? 0.37 0.89 0.04
Ardea purpurea! 0.22 0.70 019  Luscinia megarhynchos' 0.84 021 074
Ardeola ralloides - - - Melanocorypha calandra - - -
Bubulcus ibis? 0.80 1 <0.01 Merops apiaster? 3.77 0.60 0.28
Burhinus oedicnemus - - - Milvus migrans? 0.14 030 0.62
Buteo buteo 0.05 0 1 Milvus milvus - - -
Calandrella brachydactyla? 0.81 030 0.62  Motacilla flava' 0.48 -0.72 017
Calandrella rufescens? 1.44 -0.10  0.87  Nuycticorax nycticorax' 0.62 -0.70  0.19
Caprimulgus ruficollis 0.04 0.71  0.18  Oriolus oriolus! 0.02 0 1
Carduelis cannabina - - - Otus scops - - -
Carduelis carduelis? 10.71 0.10  0.87  Parus caeruleus 0.25 011 0.86
Carduelis chloris 1.62 0.70 019  Parus major 0.79 0.36 0.55
Cettia cetti 1.27 0.70  0.19  Passer domesticus 6.38 -010 0.87
Charadrius alexandrinus - - - Passer hispaniolensis 1.12 021 074
Charadrius dubius' 2.02 -0.82  0.09 Passer montanus 0.46 -041 0.49
Ciconia ciconia 0.16 0.30  0.62  Phylloscopus bonellil 0.79 -0.26  0.67
Circus aeruginosus 0.01 0.67 022  Phylloscopus ibericus® 1.14 0.67 0.22
Circus pygargus - - - Picus viridis? 0.01 -0.35 0.56
Cisticola juncidis 5.61 -0.60  0.28  Platalea leucorodial 0.29 015 0.80
Columba livia? 0.01 035 056  Porphyrio porphyrio! 0.55 021 074
Corvus corax - - - Pterocles alchata - - -
Coturnix coturnix? 0.19 -021  0.74  Riparia riparia - - -
Cuculus canorus 0.04 0 1 Saxicola torquata? 0.07 0 1
Cyanopica cyanus? 0.75 0.97 <0.01 Serinus serinus 10.35 090 0.04
Delichon urbica - - - Streptopelia decaocto? 0.74 010 0.87
Dendrocopos major - - - Streptopelia turtur! 0.19 0.87 0.05
Egretta alba® - - - Sturnus unicolor? 0.30 -0.10 0.87
Egretta garzetta' 0.13 0.60 0.28  Sylvia atricapilla 0.18 -011 0.86
Elanus caeruleus 0 - - Sylvia cantillans - - -
Emberiza calandra? 1.14 036  0.55  Sylvia communis'™ 0.05 029 0.64
Erithacus rubecula 0 - - Sylvia conspicillata? 0.2 -0.78 0.12
Falco tinnunculus? 0.07 0.90 0.04 Sylvia melanocephala? 0.14 -0.58 0.31
Galerida cristata? 5.38 0 1 Sylvia undata? 0.05 071 018
Gallinula chloropus® 0.65 -0.6 028  Tachybaptus ruficollis - - -
Glareola pratincola 0 - - Tringa totanus’ 0.04 035 0.56
Hieraaetus pennatus 0.05 -0.32  0.60  Turdus merulat 3.35 050 0.39
Himantopus himantopus’ 0.10 0 1 Turdus viscivorus 0 - -
Hippolais pallida® 0.68 0.30  0.62  Upupa epops? 0.68 -0.30  0.62
Hippolais polyglotta' 2.05 1 <0.01
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* Migrating species that not breed in the region

In terms of the habitat distribution within corridor, 23 species used
mainly the restored sites in floodplain whereas 27 species were recorded
exclusively along the riverside (Table 1). For the only variable that showed
an increase over time (abundance), the increase was significant for floodplain

but not for riverside species (= = 0.90, p = 0.04; r = 0.70, p = 0.19;

respectively).
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Figure 2. Species richness, abundance, and Shannon-Weaver diversity index for the
breeding bird community during the 2001-2006 period in the Guadiamar Green Corridor
(southwestern Spain).

Sorensen’s index varied little over the study period (six years), and we
found a high degree of bird-community overlap, with similitude values close

to 0.70 in all the comparisons between years (Table 2). However, the
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Morisita-Horn’s index detected a pattern in the between-years overlap of the

bird communities, decreasing with time (from 75% to 48% of overlap; Table

2).

Table 2. Sorensen Similarity Index and Morisita-Horn Index (in italics) for the breeding
bird communities of the Guadiamar Green Corridor in a compatison between pairs of

years.

Years 2001 2002 2004 2005 2006
2001 X 0.75 0.75 0.68 0.68
2002 0.75 X 0.75 0.75 0.70
2004 0.57 0.83 X 0.78 0.81
2005 0.53 0.74 0.85 X 0.70
2006 0.48 0.73 0.79 0.74 X

We found no differences between the two rivers in species richness

and diversity (Table 3). However, the Alcarayon River had a higher value of

abundance in relation to the compared stretch (T4) of the Guadiamar River

(Table 3; Fig. 3).

Table 3. Comparisons for mean species richness, abundance and Shannon-Weaver
diversity index between the breeding-bird communities of the Guadiamar Green Corridor
(transect 4) and the Alcarayon River (reference and unaffected river), during el 2004-2006
petiod. Means are followed by standard etror.

Guadiamar Alcaray6n Mann-Whitney
River River test p
Richness 24.66 £3.05 23.33+1.53 0.43 0.66
Abundance 88.84£29.43 146.69£20.61 -1.96 0.05
Diversity 2.59%0.17 2.21£0.26 1.53 0.13
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Figure 3. Abundance of the breeding bird communities in the Guadiamar Green Cotridor
and Alcarayén River (2004-2006 period).

4.- Discussion

The response of bioindicators such as birds should be taken into
account by environmental policy makers in order to comprehend overall
trends in human-caused environmental change (Read et al., 2005). Many
studies have demonstrated that birds are good indicators for evaluating the
success of large-scale ecosystem restoration and for stream-ecosystem
bioassessment, because birds are well known and easy to detect, and are
sensitive to changes in habitat structure and composition (Wiens, 1989;
Cantebury et al., 2000; Cardoso da Silva and Vickery, 2002; Suarez-Seoane et
al., 2002; Gardali et al., 2000).
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After the toxic spill, the restoration of the Guadiamar River and
floodplains was intended to augment vegetation complexity, favoring
animal-community recovery. Many case studies support the idea that habitat
restoration provides animal-community reestablishment by management
practices that create habitat mosaics that benefit the highest number of
species (Galan, 1996; Litt et al., 2001; Nichols and Nichols, 2003). In the
Guadiamar basin all taxa with life cycles depending on the river, and
terrestrial taxa with limited dispersion capacity such as arthropods and
reptiles, were the more affected by the toxic spill (PICOVER, 2003). For
these animals, species richness, abundance or diversity, have increased over
time in the restored Guadiamar Green Corridor (Sola et al., 2004; Cardenas
and Hidalgo, 2006; Luque et al., 2007; Marquez-Ferrando et al.,, in press).
However, birds have a high dispersion capacity and are more resilient than
are many other animals when faced with human-induced disturbance
(Wiens, 1989).

Studying restored riparian habitat in North Carolina (USA), Buffington
et al. (2000) found that re-vegetation techniques employed to restore the
zone had little effect on the avian communities two years post-treatment.
However, Passell (2000) found that the richness, abundance, and diversity of
the bird communities in Indonesian tip strip mines increased significantly
over three years in restored zones. Species richness and diversity increased
by 11% and 6% respectively, in the Guadiamar Green Corridor, whereas in a
similar period (seven years), Nichols and Nichols (2003) found an increase
of 433% and 110% respectively, in a recolonization process of a
rehabilitated areas. Therefore, circumstances of restored areas can be very
different according their size and biogeographic situation; consequently, it is
very important to consider the degree of the previous impact and the extent

of natural areas surrounding the altered zone, as they will probably act as
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source of colonizers (Anderson 1993; Passell 2000; Cardoso da Silva and
Vickery, 2002; Brotons et al., 2005; Brawn, 2000).

Ours results have shown that in the Guadiamar Green Corridor one
year after the vegetation restoration (2001), values in species richness and
diversity index were rather high for the bird breeding community, and did
not indicate significant variation over time. We suspect that because of the
absence of the bird surveys the first two years after the disturbance (because
of restricted access to the contaminated area), low values for species
richness, abundance and diversity were not detected. However, bird
abundance increased over time, mainly due to the group of species that used
the floodplains of the corridor. These are species that nest in mosaic-
habitats types, such as open grass, shrubby vegetation, and dehesas (Marti
and Del Moral, 2003), and forage on different trophic resources (Table 1),
thus, their increase in abundance did not appears to be related with changes
in specific trophic resources within the corridor.

The similarity index of bird community (Serensen’s index) was
homogeneous over time, and only when we considered species number plus
bird abundance (Morisita-Horn index) did changes appear between years.
The high similarity value in the bird community in the second half of the
study period, could indicate that a stable community arrived in a few years.
Other systems need 16-45 years after the disturbances to reach such
similarity values in bird community (Stuart-Smith et al., 2000).

No previous data is available for the breeding-bird community in the
Guadiamar River, but curiously, the comparisons of data between affected
and unaffected rivers did not reveals differences in species richness or
diversity index. Notwithstanding, bird abundance was higher in the
unaffected river, but this difference was presumably due to the higher

vegetation density in Alcarayon River (unpub. data of the authors). Similar
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results were reported by Stuart-Smith et al. (2006), who found that the
residual tree density and tree species composition affected bird community
abundance but not bird species richness and diversity. Gardali et al. (2006)
suggested that, in restored areas, some large-scale phenomenon such as
climate might be responsible of bird-population trends rather than the
revegetation process. Thus, the similar evolution of abundance between
Guadiamar and Alcarayén rivers could be explained in two ways, the
beneficial effects of restoration in the Guadiamar River, and the

environmental factors affecting both zones.

Conclusions and management implications
We did not detect a major change in the bird community after the
restoration of the Guadiamar Green Corridor. Two main circumstances
could explain this fact:
1) The accident (which occurred in 1998) was followed by a rapid soil
cleanup and vegetation restoration (1999-2001), which favored a
simultaneous rapid increase in birds by augmenting habitat availability
(providing foraging, perching and nesting sites).
ii) The area affected by the accident was long, narrow, and in close contact
to a rather well-conserved agro-ecosystem which could have acted as refuge
for the breeding bird community during the cleaning-up of the toxic tailings.
We also suggest that the restoration of the bird community
accomplished objectives of the environmental managers. In fact, the
comparison with a reference site at the end of the study period showed
similar values in species richness and diversity for affected and unaffected
zones. Therefore, the recovery plan designed for the Guadiamar Green
Corridor appears to be an adequate tool for similar scenarios of affected

ecosystems in the Mediterranean area.
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Abstract

The rivers systems are ecosystems critically strongly affected by human
activities affecting with respect to their natural succession and biodiversity,
and birds are contemplated as very good ecological indicators for long-term
monitoring programs in rivers. In this paper, we present data of factors
affecting spacial variation of breeding bird community of the Guadiamar
Green Corridor at 2000, eight years after the mine-tailing spill of Aznalcéllar
(SW Iberian Peninsula). We measured some landscape variables to describe
the corridor and determine which explain the composition and spatial
distribution of the breeding bird community. Fifty two species presently
breed in the corridor and any gradient in abundance or diversity was
detected along the 62 km affected by the spill; species richness was lower in
marshlands than in riparian stretches. Species more abundant in the corridor
were those related with open and riparian habitats, as well as generalist ones.
The multivariate models showed the relationship between environmental
variables and bird species distribution. Principal Component Analysis
explained 76 % of the variance in bird abundance, and variables selected
were those related with vegetation complexity and the amount of
surrounding minor streams. A more demanding but realistic model
(Stepwise Redundancy Analysis) explained 53.5 % of breeding bird
abundance and distribution within the corridor. Variables selected were
those related to riparian habitat (within corridor), as well as cover of olive
tree orchards and amount of streams (both in surrounding areas).
Conservation policies in the Guadiamar Green Corridor, must preserve
riparian habitats, but also estimate the contribution of surrounding habitats

in the maintenance of animal diversity within this managed green corridor.

Keywords: Aznalcéllar mine spill; restoration; riparian corridor; breeding

birds.
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1.- Introduction

River ecosystems has been studied in many areas of the world, and
these studies have manifested that river systems support high diversity
related to the characteristic of the river environment itself, but also to the
surrounding lands (Gregory et al., 1991; Knopf and Samson, 1994; Machtans
et al.,, 1996; Naiman and Décamps, 1997; Woinarski et al., 2000).The riparian
zones are also of ecological significance because often includes the few
habitats remaining for diverse taxa within agro-ecosystem landscapes, hence,
the conservation of these systems being vital to maintaining the diversity in
such landscapes (Keller et al., 1993; Deschenes et al., 2003; Henningsen and
Best, 2005; Smiley et al., 2007). Although rivers are of the ecosystems most
connected to human activities in populated areas (Dobkin et al., 1998;
Buffington et al., 2000; Mason et al., 20006), the river ecosystems exhibit
some resilient capacity, rather elevated diversity, functioning as natural
corridors in fragmented landscapes (Naiman et al., 1993). It is frequent for
these ecosystems to be contemplated in restoration connectivity projects
(Lake et al., 2007).

The Guadiamar Green Corridor, in Southwestern Spain, is a very good
example of this reality, and has been recently the subject of a major
restoration program since year 2000. It is a protected and restored area, that
comprises the Guadiamar River and its alluvial plain, a major tributary of the
Guadalquivir River (the most important river of southern Iberian Peninsula).

In April 1998, the Guadiamar basin was polluted by the Aznalcollar
mine spill with sludge and acid tailings riches in several heavy metals that
extended 62 km along and aprox. one km across the alluvial plain (Pain et
al., 1998; Gallard et al., 1999). After cleaning labors, a vegetation restoration

project began in the affected area trying to recover, even to ameliorate, the
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state previous to disaster (Aguilar et al, 2003; PICOVER, 2003). The
protection and management of the Guadiamar Green Corridor progressively
have gained interest at regional and national scales because it could act in the
near future connecting two huge natural and protected areas, Sierra Morena
in the north and Dofana Natural Park in the south (Grimalt et al., 1999).

The first to carry out a good management of this area is to determine
the organism communities that use the corridor for foraging, nesting, refuge,
migration and dispersion. The study of the bird community dwelling in the
river systems is among the tasks that better contribute to our understanding
about these ecosystems (Sorace et al., 1999; Cantebury et al., 2000). The
impacts of the spoil benches of the Aznalcéllar mine on bird community of
the Guadiamar Green Corridor has been previously evaluated by assessing
shift in richness, abundance and ecological diversity over time (unp. data),
but the spatial distribution of the bird community in relation with the actual
landscape of corridor (six years after restoration) have not been yet studied.
This analysis should enhance the understanding and the determination of
those zones which support the highest species richness, abundances and
diversity in birds, something crucial to improve the effectiveness and
predictability of ecosystem restoration.

Ours aims in the present study is to analyze the situation of the
breeding bird community of the Guadiamar Green Corridor eight years after
the mine tail accident, and six years after the habitat restoration, in three
ways: 1) describe richness species, abundance and diversity of breeding bird
community along the 62 km of the corridor; ii) to explain the variability in
bird community composition in relation to environmental variables, and iii)
provide recommendations to improve the corridor management in the

future.
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2.- Materials and methods
2.1. Study area

The study was carried out in the, Guadiamar Green Corridor , in the
southwestern Iberian Peninsula (Fig. 1). The corridor has 62 km in length
and averaged 500 m wide. Within the corridor we distinguish two very
different habitats , the narrow riverside, a belt of about 10 m width (without
high variation along the river), and the floodplain, re-vegetated after the
mine disaster. Riverside consists of eucalyptus (Eucaliptus globulus) that
were planted few years ago, willows (Salix sp.), poplars (Populus alba), and
shrubs such as oleanders (Nerium oleander), blackberries (Rubus
ulmifolins), ivy (Hedera belix), and tamarisk (Tamarix africana). The
vegetation planted within the corridor was of natural habitat in the region
and Mediterranean shrub species such as Thymus wulgaris (Thyme),
Lavandula  stoechas (Lavender), Cistus sp. (Rockrose), Rosmarinus
officinalis (Rosemary), Arbutus unedo (Arbutus), and trees, such as Olea
enropea (Wild-olive tree), Q. suber (Cotk oak), Q. rotundifolia (Holm oak)
were planted.

The corridor is surrounded by a mixed woodland-farmland
landscape, such as extensive agroecosystems for livestock grazing, farming
and pine forest. In the southern part, marshlands predominates the
landscape (PICOVER, 2003). The climate of the area is Mediterranean,
characterized by temperate winters (mean temperature of the coldest month,
January, 7.1° C), hot summers (mean temperature of the hottest month, July,
26.9° C), and mean annual rainfall of 560 mm, concentrated mainly in winter

and with a dry season in summer (data on 30-year standard meteorological
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averages, from the Sanlicar la Mayor weather station, representative of the

study area).
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| Guadiamar Green Corridor

Figure 1. Map for the location of the study area in the Iberian Peninsula, and detailed map
for the study area (southwestern Spain). The small circles represent transect location
selected to the bird census along the Guadiamar Green Corridor.

2.2.- Samplings data

Bird sampling were carry out twice and late in spring, between May
and June of 2006 (to capture peak singing of long-distant migrants), and
records of birds were pooled for a mean value of the two censuses. Seven
line-transects (2000 m in length) were conducted along the corridor parallel
to the river and close to the riparian vegetation, and each transect was
separated 8 km from the other. Censuses were completed early in the
morning, between 06.00-09.30 h , by an observer on foot (at speed of 1.5
km/hour), in days of good conditions to reduce problems with detectability

(Bibby et al., 2000). We recorded the number of all bird species seen and
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heard, the distance (in metres) from the observer to the bird, and the angle
of the detection with respect the line transect (0) to calculate bird abundance
(Bibby et al., 2000). We use a laser range-finder device (Bushnell Trophy";
range 5-732 m; accuracy = 1 m) to measure the distant from the birds to the
observer when possible (existence of suitable reflecting surface).

The multiple birds guilds that characterized a bird community can be
useful for asses status and trends in ecological conditions of the ecosystems
(Canterbury et al., 2000). So, birds were lumped in guilds according to use of
microhabitat for foraging: species that occur outside riparian strips as
belonging to open, shrubs, and trees habitats; bird species that occur within
river itself as belonging to 7iparian and aquatic habitats; and generalist for
those species that do not occur in specific habitats (Table 1). The rare birds
species and those very numerous overhead and uncountable (swifts and
swallows) were summarized in category others, excluded of abundance
computation and considered only for the measurement of species richness.

Several environmental variables were measured to describe the
spatial distribution of breeding birds community (Table 2). Macrohabitat
variables were measured from a Geographic Information System data of the
Guadiamar Green Corridor database for year 2004, with ArcView 3.2
software, in a radius of 2000 m from central point of each transect.
Microhabitats variables were measured twice every 500 m along the
transects, once next to riparian vegetation and once 100 m apart, in the
floodplain, that is, ten measurement points per transect. In each
measurement point, we marked four radiuses, towards cardinal directions,
five meters length, measuring in each meter and obtaining 20 data by
measurement point. We averaged all microhabitat data for each transect to

provide a single estimate of them.
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Table 1.- Abundance of breeding birds species in the Guadiamar Green Corridor (SW Spain). Species
are grouped in guilds.

Code T1 T2 T3 T4 T5 T6 17
Open habitats
Alectoris rufa AlecRuf 1.25 0 0 1.67 0 0 0
Callandrella rufescens CalRuf 0 0 0 0 3.33 3.33 5
Caprimulgus ruficollis CapRuf 0 1.25 0 0 0 0 0
Carduelis carduelis CarCar 5 27.5 1.25 1.67 18.33 18.75 12.5
Ciconia ciconia CicCic 0.25 0 0 0.67 0 0.25 0
Circus aeruginosus CirAer 0 0 0 0 0 0.33 0
Cisticola juncidis CisJun 5 0 0.83 1.11 15.56 10.83 2.5
Falco tinnunculus FalTin 0 0 0.18 0.48 0 0 0
Galerita cristata GalCris 5.83 0.83 0.83 5.56 4.44 0.83 8.33
Lullula arborea LullArb 1.25 0 0 1.67 0 2.5 1.25
Merops apiaster MerApi 23.13 10 19.38 0 12.5 0 0
Milaria calandra MilCal 0 0 2.5 0 0 0 2.5
Serinus serinus SerSer 25 45 12.5 31.67 16.67 21.25 18.75
Upupa epops UpuEpo 0.83 1.67 0 0 0 0 0

Species richness (abundance in

9(46.04) 5(86.85) 6 (37.47) 7(43.83) G6(71.66) 8(59.07) 6 (50.83)

total)

Shrub habitats

Sylvia undata SylUnd 0 1.67 0 0 0 0 0
Total of open habitat species

richness P P 0 (0) 1(1.67)  0(0) 0 (0) 0 (0) 0 (0) 0 (0)
Forestal habitats

Cyanopica cyanus CyaCya 15.83 0 0 1.11 0 0 0
Dendrocopos major DenMaj 0 0 0 0.67 0 0 0
Parus major ParMaj 0 1.25 0 1.67 8.33 0 0
i‘)’;‘es richness (abundance in 1(1583) 1(1.25  0(0) 3345 1833 0(0) 0 (0)
Riparian vegetation

habitats

Acrocephalus scirpaceus ActScir 6.67 7.5 15.83 8.89 10 4.17 0.83
Alcedo atthis AlcAtt 0 1.25 0 0 0 0 0
Ardea purpurea ArdPur 0.42 0 0.42 0.56 0 0 0
Cettia cetti CetCet 2.5 0.63 1.88 6.67 1.67 0 0
Hippolais pallida HipPall 0 10 0.83 2.22 0 0 0
Hippolais polyglotta HipPol 0 0.83 2.5 0 16.67 0 0
Luscinia megarbynchos LusMeg 1.87 0.63 4.37 3.13 1.88 0 0
Nycticorax nycticorax NycNyc 0 0 0 0 1.67 0 0
Phylloscopus ibericus Phylber 0 0 0 0 0 0 6.25
Turdus merula TurMe 2.5 22.5 2.5 26.67 0 0 0

Species richness
(abundance in total)
Aquatic habitats

5(13.97) 7(4334) 7(2834) 6(48.14) 5(31.88) 1(417) 2 (7.08)

Anas plaryrbynchos AnaPla 2.5 1 1 0 0 1 0
Ardea cinerea ArdCin 0 0 0 0 0.67 0.5 0.5
Egretta garzetta EgrGar 0 0 0 0 0 0 0.75
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Gallinula chloropus GalChlo 1.25 0 0 0 0.83 1.25 0
Platalea leucorodia PlaLeu 0 0 0 0 0 3.5 0.25
tS(iicl:)les richness (abundance in 2375 1) 1(1) 0@ 2(15) 3625  3(125)
(Continue) Code T1 T2 T3 T4 T5 T6 17
Generalist

Bubulcus ibis BubIbi 3.25 0 0 7.33 6.33 0.25 0.75
Carduelis chloris CarChlo 0.63 4.38 0.63 6.67 0 0 0
Hieraaetus pennatus HiePen 0 0 0 0.17 0.33 0 0
Lanius senator LanSen 7.5 0.83 0.83 333 1.11 0 0
Milvus milvus MilMil 0.13 0 0 1.33 0.17 0 0
Passer domesticus PasDom 1.25 0 15 4.17 15 0 0
Passer hipaniolensis PasHisp 4.69 8.75 15 417 0 0 0
Passer montanus PasMon 0 1.25 0 0 0 0 0
Streptopelia decaocto StrepDec 1.25 0 0 1.67 0 0 0
Strepropelia turtur StrepTur 2.5 0 0 0 0 0 0
i{’;‘es richness (abundance in 8(212)  4(1521) 4(31.46) 8(28.84) 5(22.84) 1(0.25 1(0.75)
Others

Apus pallidus -

Apus apus -

Circus pygargus -

Delichon urbica -
Elanus caeruleus -
Glareola pratincola -
Hirundo daurica -
Hirundo rustica -
Riparia viparia -

2.3.- Data analysis

We estimated species richness (total number of species), abundance
(number of individuals per 10 has) and Shannon index (H’) for each units of
the analysis (transects). To measure the abundance for each species, the
distance from the birds to the observer was truncated at which bird-
detection frequency declined sharply (Bibby et al., 2000). The H’ was
calculated using EcoSim v5.53 (Goetelli & Entsminger, 2005).
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We used multivariate methods to explain variability in bird
community composition in relation to environmental variables measured
across the corridor. The analyses were performed by CANOCO 4.5 (Leps &
Smilauer, 2003), to detect bird assemblages with similar habitat associations
and habitat types supporting similar bird assemblages. Both indirect and
direct gradient analyses were performed because our aim is to extract
patterns from the variation explained by the species (indirect gradient
analysis) and the variation explained by each environmental variable with
respect to bird species data (direct gradient analysis). The indirect gradient
method, analyze all variance of biological data in relation with variance of
environmental data; opposite, the direct gradient analysis operate only with
the portion of biological data that are related with environmental variation.
Thus, Detrended Correspondence Analyses (DCA) for indirect gradient
analysis and Detrended Canonical Correspondence Analysis (DCCA) for
direct gradient analysis was used to determine the adequate approach
(unimodal or linear) that adjusted better with our data set (Leps & Smilauer,
2003).

Firstly, we used the full range of environmental variables (18 variables;
Table 2) to quantify the effect upon the bird community across the corridor,
but as analysis highlighted those variables that exhibiting high inflation
values (detecting multicollinearity), for the final analyses we reduce the
number of variables.

For indirect gradient analysis, we only considered the canocical axes
which explained more than average variability explained by individual axis
(Leps & Smilauer, 2003), and for direct gradient analysis we generated a
model using a forward stepwise procedure to select the environmental
variables and their importance for explain species abundance. The significant

level of the analyses was assessed by a Monte-Cartlo permutation test, with

64



Breeding Bird Communiy.
rround.Areas

499 randomizations. Significant environmental variables were grouped into
two sets; macrohabitat and microhabitat variables, to detect their significant
effect separately.

The vatiables measured in percentage were transformed by 7y’ =
arcoSen (Sqrty/ 100), and the rest of environmental variables by y’ = log (y
+1). The abundance of the species was transformed by CANOCO software
by a log-transformation (Leps & Smilauer, 2003).

Table 2.- Environmental variables considered to characterise landscape in the Guadiamar Green
Corridor (SW Spain).

Variables Description

Macrobabitat variables

DISTMIN Distance from transect to Aznalcéllar mine (m)

MINREACH Average width that mine sludge reached at each transect point when accident (m)

DISTSTRE distance from transect to neatest stream (m)

LENGSTRE Average length of the streams within a 2 km radius circle in each transect (m)

OLIVCOV Percentage of olive tree orchard within a 2 km radius circle from the middle of each transect
OAKCOV Percentage of dehesa (oak trees) within a 2 km radius circle from the middle of each transect
SCRUBFOR Percentage of mixed scrubs and forest within a 2 km radius circle from the middle of each transect
CULTGRAIN Percentage of cultivated grain field within a 2 km radius circle from the middle of each transect
PASTCOV Percentage of pasture within a 2 km radius citcle from the middle of each transect
FRUITCOV Percentage of tree orchards within a 2 km radius circle from the middle of each transect
IRRIGCROP Percentage of irrigated crop within circle of 2 km of radius

WETLAND Percentage of wetland within circle of 2 km of radius

RIPHAB Percentage of riparian habitat within circle of 2 km of radius

Microhabitat variables

BARGRO Percentage of bare ground on each transect
HERB Percentage of herbaceous cover on each transect
SHRUB<50 Percentage of low shrub (< 50 cm) cover on each transect
SHRUB>50 Percentage of high shrub (> 50 cm) cover on each transect
TREE* Percentage of tree cover of each transect

3.- Results

3.1.- Bird communities along the corridor
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A total of 52 bird species were recorded along the Guadiamar Green
Corridor in the 2006 breeding season, corresponding to 24 families, being
Sylvidae and Ardeidae the best represented in species richness (Table 1).
Species richness trends to be higher close the mine responsible for the
tailing spill eight years before (ts = -0.78, P=0.04), although we not found
variation in abundance and ecological diversity along the corridor (rs = -0.57,
P = 0.18; rs = -0.50, P = 0.25; respectively; Table 3).

Table 3.- Mean values ( * SE) in species richness, abundance and diversity of the seven
transects surveyed along the Guadiamar Green Cortidor during 2006. Bird species diversity
was computed using -3 'pi [npi.

Site T1 T2 T3 T4 T5 Té6 T7

Richness 27 21 21 28 19 17 16

99.78 148.70 98.27 124.9 136.6 71.24 62.66

Abundance 139y 11263 4276 4914 #1550 426 +13.99
Diversit 2.54 2.23 2.13 2.75 2.51 2.16 2.09
TSEY 4017 4017 4014 #019 4013 4001 +0.17

Most species recorded along the corridor were associated with open
and riparian vegetation habitats, being Serinus serinus and Carduelis
carduelis the more abundant. Riparian and generalist guilds showed a
tendency to decrease toward the south, both in species richness and
abundance (Table 1), but we not found any significant decrease or increase
along the Guadiamar corridor in richness and abundance of all the two
parameters in all guilds (s <0.19, p > 0.10). The guilds with lower species
number in the corridor were those harboring species associated with shrubs,

trees and watet.
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3.2.-Indirect gradient analysis: relationship between species composition and
environmental variables

The mean value of the environmental variables and final variables
included in the multivariate analyses appeared in Table 4. The DCA
indicated a value of beta diversity for bird community below 3.0; hence, a
linear ordination model such a Principal Components Analysis (PCA) was
the method appropriate to summarize bird community variation (Braak &
Smilauer 2002). The first three axes explained 76 % of the variability in
species data (table 5) and three groups of variables implied in the model
could be differentiated (table 6). The first axis included variables that were
related with a vegetation change gradient and amount of nearby streams,
greater presence of riparian vegetation, trees, shrubs; average length of
streams appeared in the negative end of the axis, and absence of this
vegetation types in the positive. The second ordination axis was correlated
mainly with neighboring vegetation outside to the corridor, concretely with
the presence of olive tree orchards; and the axis 3 was correlated with

variables referring to irrigated land crops in the southernmost transects

Table 4.- Mean values (* SE) of environmental variables measured at macro- and
microhabitat level, to describe the spatial context of the transects for bird census in the
Guadiamar Green Corridor (SW Spain). * Variables excluded in the multivariate analysis
due to multicollinearity

Variables Value (mean + SE)
Macrohabitat variables

DISTMIN* 27310.57 = 15019.77
MINREACH* 507.71 + 315.62
DISTSTRE 583.14 + 729.63
LENGSTRE 1996.71 £ 1683.41
OLIVCOV 12.98 £ 18.79
OAKCOV 9.77 £ 12.62
SCRUBFOR 12.82 + 14.88
CULTGRAIN* 15.90 £ 25.81
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PASTCOV
FRUITCOV*
IRRIGCROP
WETCOV
RIPHAB

Micr habitat variables
BARGRO*

HERB

SHRUB<50*
SHRUB>50

TREE*

6.98 = 6.59
5.72 £ 10.36
14.82 £ 27.57
17.87 £ 35.81

2.57 £2.53

7.29 £ 12.36
73.14 + 24.48
229 + 3.25
5.86 = 5.96
11.43 + 11.51

Table 5. Canonical axis values obtained in indirect and direct analysis between
environmental variables and bird species abundance (performed with CANOCO) in the
Guadiamar Green Corridor (SW Spain). Axis values greater than the average variability
explained per axis, are noted in bold type.

Axes 2 3 4
Indirect analysis

Eigenvalues 0.384 0.197 0.179 0.109
Cumulative percentage variance 58.1 76.0 86.9
Direct analiysis

Eigenvalues 0.321 0.234 0149  0.121
Cumulative percentage variance 55.5 70.5 82.6

Table 6.- Intraset correlation of environmental variables with the three axes of PCA for bird
species data in the Guadiamar Green Corridor (SW Spain).

68

Variables Axis1 Axis2 Axis3
LENGSTRE -0.89 0.09 0.35
DISTSTRE -0.81 0.29 0.35
OLIVCOV -0.56 0.73 0.01
OAKCOV -0.72 -0.24 0.21
PASTCOV 0.17 0.29 -0.04
CROPSCOV 0.08 -0.38 0.83
RIPHAB -0.87 0.29 -0.30
TREESHRUB -0.79 0.32 0.18
WETLAND 0.81 -0.11 -0.36
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HERB 0.97 -0.08 0.08
SHRUB>50 -0.96 0.11 0.15
Eigenvalues 0384 0197 0.179
Cumulative percentage of variance

. 3840 5810  76.00
explained

3.3.- Direct gradient analysis: detecting significant effect of each
environmental variable to bird species data

In the DCCA, the length of the greater gradient axis indicated a
value of beta diversity for bird species data below 3.0, thus, a linear
ordination model was appropriate such a Redundancy Detrended Analysis
(RDA) to relate species abundance and environmental variables. The
forward selection procedure indicates ranking and importance of the
environmental variables explaining bird species abundance. Eigenvalues for
considered axes (1 and 2) explained 55.5 % of the bird abundance variability
(Table 5). This analysis included five macrohabitat variables and one
microhabitat variable, being percentage of herbaceous layer and riparian
vegetation cover, the most important variables in the model (Table 7).
Notwithstanding, the herbaceous layer cover was a variable acting opposite

to most of other variables, and appearing in the negative extreme of biplots

(Fig. 2).

Table 7. Set of environmental vatiables selected by Stepwise Redundancy Analysis
explaining bird abundance in the Guadiamar Green Corridor (SW Spain), according with
the spatial scale of the variables considered. The f-values of restricted Monte Catlo test, and
their signification (P) are shown.

f P Explained variance
%
Macrobabitat variables 226 0.002
LENGSTRE 2.0 0.002
OLIVCOV 1.6 0.046 55.5
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Microhabitat variables 226 0.002

HERB 0.51 0.002 63.4
All variables

HERB 2.26 0.002

RIPHAB 1.32 0.002

OLIVCOV 1.72 0.06 55.5

The biplots between transects and environmental variables, and
transects and bird species, indicate the habitat differences between the first
stretch of the corridor (transects 1-4) and the second (transects 5-7), which
are shown in the negative and positive extremes of graphic, respectively (Fig.
2A). In this way, species which thrive in open habitats are present in the
positive extreme and species with are related with shrub and/or trees in the

negative extreme (Fig. 2B).

Figure 2.- Location of transect scores in the multivatiable space defined by the Redundancy
Detrended Analysis (RDA) in relation with environmental variables (A) and bird species (B) in the
Guadiamar Green Corridor. Biplot B is performed with the subset of 50 % of the species best
represented by the environmental variables.
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variables coincides with global analysis in variables contributing to explain
variation in bird abundance, but revealed a new important variable in the

first case, the average length of the surrounding streams.

4.- Discussion

Birds are good ecological indicators to asses status and trends over
broad geographic regions (Canterbury et al., 2000). Eight years after the
mine tailing accident and six years after the restoration project of the
Guadiamar floodplain the breeding bird community responded very fast to
the habitat restoration (unpub. data of the authors) and today, the corridor
supports a diverse breeding bird community. However, will be necessary
more years to detect a good structured community. Today there is a poor
community in forest and shrubs species, where are abundant many

generalist, open habitat and riparian guilds, in which we failed to detect any
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gradient related with distance to the Aznalcollar mine. The species richness
was higher closer to the mine and was lowest in the last zone. This can be
due to the diversity in the land use that surround the corridor in the upper
and middle stretch. These results are consistent with others findings as such
as has been observed in others animal groups like aquatics
macroinvertebrates, ants and beetles (Sola et al., 2004; Cardenas & Hidalgo,
2006; Luque et al., 2007). Presently, the Guadiamar Green Corridor
contrasts sharply with the surrounding area, a mosaic resulting from diverse
human land uses along the second half of the past century (PICOVER,
2003). The multivariate analysis separated out two zones different in relation
with and by environmental variables and consequently few differences in
breeding bird community were observed among them. The heterogeneity of
the first stretch (T1-T4), with a mosaic of natural vegetation and crops,
allows a greater richness in generalist species and species related with
riparian habitats; while the second (T5-T7), consisting in a homogeneous
marshland landscape with grassy opening lands, harbor less bird species
richness related with this open and aquatics habitats. But the multivariate
analysis showed that the most of the structure of the breeding bird
community can be explained by the existence of three different factors, the
riparian habitat, and the presence in surrounding areas of olive groves and
streams. Ours results indicated that the tasks of the managers of the corridor
must preserve these heterogeneous landscapes as may enhance the
connectivity of the matrix area in the Guadiamar Basin, estimating the
contribution of surrounding orchards and streams in the maintenance of a
rather diverse breeding bird. In previous studies in the Guadiamar Green
Corridor the action proposal for enhancing the corridor’s functionality and
the Guadiamar basin connectivity have highlighted the importance of the

conservation of wooded land as olive grove and the small riparian
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formations linked to tributaries of the Guadiamar in the surroundings
(Arenas, 2003).

The homogenization and agriculture intensification have negative
effects in biodiversity and the heterogeneity within agricultural landscape are
associated with higher in bird species richness (Benton et al., 2003; Devictor
and Jiguet, 2007). In general, the important of remnant riparian habitat as
buffer strip has been showed in several studies contributing to increase
landscape diversity in impacted riparian zones. Hanowiski et al., (2007) and
Smiley et al., (2007) have highlighted the woody vegetation and the buffer
widths in the conservation of the riparian habitats functions. Matchtans et
al,.(1996) showed that the buffer strips are important consideration to
facilitate juveniles fluxes through the landscape in fragmentized landscape.
Others studies have showed that in riparian ecosystems and agricultural
landscape the configuration of the fragments and the habitat quality have
important effects on bird community dynamic, and as a consequence, in bird
species richness and abundance (Saab, 1999; Dauber et al., 2003; Miller et al.,
2004; Mitchell et al., 2006). In the same way have found that floodplain land
use, proximity of others waterbodies, anthropogenic structures, and the
structural characteristic of the bank channel vegetation, are also
determinants in the abundance or richness in bird communities (Strong and
Bock,1990). Notwithstanding, others environmental variables have been
important in bird community as channel characteristic itself as well as
fluviogeomorphological features (as river width), water quality, and aquatic
invertebrate abundance (Rushton et al., 1994; Iwata et al., 2003;Mason et al.,
2006; Vaughan et al., 2007).

The conservation oriented to streams as corridors in the landscape

of Guadiamar could provide a better conservation results in the connectivity
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in the Guadiamar Basin. Ours results have showed that birds community
structure is sensitive to the vegetation structure along the Guadiamar Green
Corridor and of the surroundings, and also to isolation to others refuges and
feeding areas.

So, the fast actions performed in the Guadiamar Green Corridor,
implying mechanical removal of the tailings and rehabilitation of the natural
vegetation, provided a good example of ecosystem restoration after an
ecological disaster, however we recommends that the management policies
must consider the conservation of the heterogeneity of the surrounding
habitats with wider corridors to preserve the biodiversity in the Guadiamar

Green Corridor.
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Abstract

Ecosystem restoration requires that habitat requirements of all
species be considered. Among animal communities in Mediterranean
ecosystems, reptiles, as ectothermic vertebrates, need refuges for
avoidance of extreme environmental temperatures, concealment from
predators, and oviposition sites. In 1998 a massive amount of tailings
broke out of the holding pond of the Aznalcéllar mine (SW Spain) and
polluted the Guadiamar river valley. After the accident, a soil- and
vegetation-restoration program began, and the Guadiamar Green Corridor
was created to connect two huge natural areas, Dofiana National Park and
the Sierra Morena. Within this corridor the reptile community remained
dramatically impoverished, probably because of elimination of all natural
refuges during the soil-restoration program. To test this hypothesis, we set
an array of artificial refuges (logs) in a large experimental plot. During
the five years of the experiment (2002-2006) the area managed with
artificial refuges exhibited a better and faster recovery of the reptile
community in species richness and individual abundance than did the
control area with no artificial refuges. Moreover, reptile colonization of
the Guadiamar Green Corridor was transverse rather than lineal -- that is,
it did not act as a corridor for reptiles, at least in the first stages of
colonisation. This suggests that landscape-restoration programs should

not neglect refuge availability, a limiting resource for reptile species.

Keywords: recovering animal communities, reptiles, artificial refuges,

mine spill, Spain.
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1.- Introduction

Restoration of degraded ecosystems is based on the assumption that
rebuilding habitat will rehabilitate natural communities (Litt et al. 2001).
Because of ecosystem complexity, however, even the most carefully
designed habitat rebuilding programs rarely take the requirements of all
natural communities into account. Programs for vegetation restoration
usually do not meet requisites for faunal recovery, while those focused on
mammal and bird communities do not satisfy requirements for ectothermic
vertebrates (Buffington et al. 2000; Wike et al. 2000; Martin & Lopez 2002;
Nichols & Nichols 2003) and monitoring success of restoration programs
with respect to different communities of organisms is essential (Palmer et al.

1997; White & Walker 1997; Block et al. 2001; Scott et al. 2001).

Reptiles play an important role in ecosystems, serving as prey,
predators, and seed dispersers (Schoener & Spiller 1996; Jones 2002). They
require natural cover that offers protection against visually oriented
predators or microclimatic conditions favoring thermoregulation and
reproduction (i.e. nesting sites) that differs from that required by birds and
mammals (Huey et al. 1989). Scarcity of shelter negatively affects reptiles at
individual, population and community levels (Goode et al. 2005) and how
habitat management will affect reptile communities can be tested in
degraded ecosystem restoration programs.

North of Doflana National Park, in southwestern Spain, a mine-tailing
spill polluted a large area, giving rise to an interesting case study involving
soil and vegetation restoration and recovery of the terrestrial reptile
community in the contaminated area. On 25 April 1998, the wall of the
holding pond for tailings of the Aznalcollar mine collapsed and more than 6

million m’ of toxic solids and acidic waters with high concentrations of
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arsenic and heavy metals (Zn, Pb, Cu, Sb, Tl, Cd) were released into the
Guadiamar floodplain. Waste waters spread to a width of 1000 m in some
areas along 62 km of the river (4286 ha in area) and included the northern
zone of Dofana Natural and National Parks (a Biosphere Reserve; Pain et
al. 1998; Gallart et al. 1999; Montes 2002).

From qualitative and quantitative standpoints this, the largest
environmental pollution accident recorded in Spain (Grimalt et al. 1999),
precipitated a process of compulsory purchase of all polluted areas and a
program for ecological restoration of the affected area. The main points of
this program were, i) mechanical mud withdrawal, ii) removal of original soil
to a depth of 20 cm, iii) application of amendment materials (liming), iv)
addition of a new layer of fertile soil, and v) rehabilitation of the natural
vegetation (Simoén et al. 1999; Antén—Pacheco et al. 2001; Aguilar et al
2003). The site was fenced, traffic restricted, and the entire area protected
under the aegis of the Guadiamar Green Corridor (PICOVER 2003).

Soon after habitat-restoration began, some species assemblages in
natural communities of fluvial and terrestrial ecosystems (plants, ants,
beetles, butterflies, fishes, reptiles, birds, mammals) began to be monitored
and most increased in terms of species richness, abundance and/or
ecological diversity (PICOVER 2003; Cardenas & Hidalgo 2006). In 2000
when we studied the reptile community along the entire corridor both
species richness and abundance results were quite poor (unpubl.data).
Restoration programs for a natural community must identify habitat
components most important to its total recovery (Caughley & Gunn 1995)
but this was not achieved for the reptile community in the Guadiamar Green
Corridor. Removing original soil to a depth of 20 cm eliminated all refuges
available for reptiles; most reptiles known to have inhabited the study area

were associated with shelters (Salvador 1998). The value of restored sites for
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reptiles should be improved by adding key habitats not likely to develop on
restored sites under natural processes (Kanowski et al. 2000).

A corridor is a linear habitat connecting two or more large areas with
ecological and landscaping value (Beier & Noss 1998). The Guadiamar
Green Corridor emerged to connect Dofiana National Park in the south and
natural landscapes of Sierra Morena in the North. Riparian corridors are
potential dispersal areas, mainly in agricultural landscapes, that diminish the
effects of habitat fragmentation for vertebrates (Kjoss & Litvaitis 2001;
Maisonneuve & Rioux 2001; Montori et al. 2001; Driscoll 2004). While
corridors account for many of the ecological requirements of passage species
(i.e. some birds and medium-sized mammals), this is not the case for most
potential corridor dwellers (Burbrink et al. 1998). In this sense, many studies
demonstrate the functionality of corridors for butterflies, small mammals
and birds, but very few studies are oriented to organisms with limited home-
ranges, such as reptiles (Beier & Noss 1998; Burbrink et al. 1998; Haddad et
al. 2003; Huddens & Haddad 2003).

In 2002 we began an experiment focused on recovery of the reptile
community within the Green Corridor that consisted of treatment with
artificial refuges in a large area. Our objective was to assess effectiveness of
using artificial refuges for restoring the reptile community in an area
intensively managed to restore the landscape, but deprived of shelters, and
to determine the colonization process of the corridor by the community of

reptiles.

2.- Materials and methods
2.1. Study area
The Guadiamar River, a tributary of the Guadalquivir River, flows

north to south in southwestern Spain (Fig. 1). The floodplain of this river
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has a long history of human alteration, and natural riparian vegetation
contrasts with cultivation (mainly orchards; Jiménez et al. 2003). Within the
upper and middle part of the floodplain there are also debesas, an agro-
ecosystem composed of scattered oaks, Quercus rotundifolia (Holm oak)
and Q. suber (Cork oak), and there are marshlands in the lower corridor.
During 1998-2000 the landscape within the corridor was managed to recover
floral characteristics and complexity of natural habitat in the region and
Mediterranean shrub species such as Thymus vulgaris (Thyme), Lavandula
stoechas (Lavender), Cistus sp. (Rockrose), Rosmarinus officinalis
(Rosemary), Arbutus unedo (Arbutus), and trees, such as Olea europea
(Wild-olive tree), Q. suber (Cork oak), Q. rotundifolia (Holm oak) were
planted.

The study area is characterized by mild winters (mean temperature of
the coldest month, January, 7.1° C), hot summers (mean temperature of the
hottest month, July, 26.9° C), and moderate rainfall (560 mm; data from 30
year standard meteorological averages from the Sanltacar la Mayor weather

station, representative of the study area).
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Figure 1.- Maps of A) the Iberian Peninsula showing location of the Guadiamar Green Corridor, B)
the Green Cortridor showing location of experimental plots, and C) the shape of the experimental
plots.

2.2. Sampling sites

Since 2000 we have monitored reptile species richness and abundance.
After two years of very poor results (see Results, below) we started a reptile-
habitat recovery program in 2002 that involved setting up a large array of
artificial refuges. The study site within the corridor was selected because, 1) it
was surrounded by almost natural habitat (debesa) with well-conserved bush
cover, to provide an immediate source area for reptile recolonization, ii) it
was located in a wide section of the corridor (at least 500 m in width, to test
for possible lateral colonization), and iii) it was the site where the vegetation-
restoration program had begun earlier. We selected two large (24 ha) and
close together (400 m apart) plots within the corridor and provided one, the
treatment plot (TP), with 120 artificial refuges; the control plot (CP) was not
provided with artificial refuges (Fig. 1). Plots shared the same external
habitat (debesa) as source areas for reptile recolonization. In addition,
samples were taken from outside the corridor (OC; within a belt 500 m from
the corridor and unaffected by the spill) for recording some traits of the
reptile community in the surrounding source area. In the TP, refuges were
distributed in a squared mesh array, approximately 40 m cell size (depending
on site vegetation). The array contained 12 lines of refuges directed parallel
to the main axis of the corridor, with 10 refuges in each line. To avoid
random effects of temperature on refuges used by reptiles, all refuges were
placed in sun-exposed conditions. The study area and surroundings are in a
Plio-Pleistocene alluvial sedimentary basin (Botja et al. 2001) in which rocks
as natural refuges are almost absent and most natural refuges available to

reptiles are logs. We used timber for artificial refuges because it was the
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most abundant refuge in the region and other materials (metal, stones)
become too hot when exposed to the summer sun in Mediterranean
ecosystems and could not be integrated into the natural habitat (Webb &
Shine 2000). Wood offers good insolation from extreme summer
temperatures, maintains moisture, integrates into the landscape, degrades
with time, is not expensive, and does not need to be removed after the
experiment (Grant et al. 1992). Each artificial refuge consisted of two logs

(approximately 1.2 m long and 0.2 m in diameter) placed side by side.

2.3. Reptile census

Reptile censuses began two years after the mine accident and
immediately after the vegetation-restoration program. Censuses were time-
constrained and relative densities of reptiles were analyzed in terms of
encounter rates (number of species and number of individuals per hour per
person; Crump & Scott 1994) and ontogenetic stage of individuals
(newborn, juvenile, adult). Surveys were consistently performed by two
observers to facilitate the moving of refuges in some cases, particularly in
TP. Because of low diversity in the reptile community and rather clear
structure of the vegetation species identification was easy and we assumed
no bias among observers in reptile sampling. Plots within the corridor and
zone OC were surveyed a minimum three times/year (spring and autumn)
starting two hours after sunrise for about four/five hours per sampling
(approximately 60 sampling hours in each of the three areas) for the period
2002-2006. Every individual record, either below or outside a refuge, was
geo-referenced with a 12 channel GPS device offering £4 m error. Records
within the TP were plotted on a digital map generated by the Regional
Administration (1:10,000) with ARCVIEW 3.2 software, facilitating

calculation of the distance of individuals from the plot’s external borders.
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Differences in reptiles among the three sites were analyzed in terms of
species richness and number of individuals per hour. Non-parametric
analyses were performed because some data violated assumptions of
normality; sampling plots were considered the treatment and data for one
observer hour as cases.

The TP was designed almost square shaped and large enough (500 m x
480 m) to detect possible gradients in species richness and abundance. At
beginning stages in the colonization process, i) the highest number of
records (either for species or individuals) in the northern border of the plot
(Fig. 1) should suggest that reptile colonization occurred linearly through the
corridor, ii) the highest number of records in the external border of the plot,
that adjacent to the side of the corridor (Fig. 1), should suggest that reptile
colonization of the corridor was transverse instead of linear, and iii) the lack
of any gradient suggests that colonization occurred from all directions.
There were no barriers for terrestrial reptiles in habitats closest to TP, either
outside or inside the corridor, and connectivity between habitats of both
lineal and transverse colonization directions were apparently equivalent. The
period four years after the refuge treatment (2005) was chosen to analyze
direction of the colonization process because it was then that the reptile
community within the corridor began to be significant, both in species
richness and abundance (see Results). To test each prediction we correlated
number of species and individuals along both possible spatial gradients
within the plot with distance to the border of the plot. Both gradients were

divided into sectors 25 m long and Spearman Rank Correlation (7) was used.

2.4. Habitat structure
Habitat structure has been shown to be a key trait to explain species

composition in reptile communities (Pianka 1966; Enge & Marion 1986). To
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test for eventual differences in habitat between TP and CP some
measurements were conducted in both plots. In each experimental plot we
designed a square mesh, 50 m on a side, and measured habitat structure at
each mesh intersection. We marked a sub-plot of 5 m radius by placing four
5 m tapes in the four directions of the compass (N, S, E, W). Height data
were taken using 3 m rods graduated into three sections (0-0.5 m, 0.5-2.0 m,
> 2.0 m) and placed vertically at every meter. We analyzed two variables,
ground cover (bare ground, herbaceous, shrubs and trees) and vertical
complexity (number of contacts with vegetation for each section of the rod).
Data were collected during June 2006 at the peak of the annual growth
period. Ground cover and vertical complexity of the vegetation were

compared by the Mann-Whitney U test.

3.- Results

Historical data reported 13 species of reptiles inhabiting areas
surrounding the Guadiamar Green Corridor (Pleguezuelos et al. 2002; J.P.
Gonzalez de la Vega 2006, AHE, Spain, personal communication; Table 1).
Only six of these species have to date been detected within the TP (three
lizards and three snakes) and only five species in the equal-sized, almost
adjacent CP (Table 1). Data for the last three years of field searching (2004-
2006) indicated species richness was greater in OC than CP (7 = 3.12, p =
0.001, d.f. = 91), but revealed no difference between OC and TP (T = 0.57,
p = 0.56, d.f. = 92). Abundance was higher in OC than in CP (T'= 2.44, p =
0.01, d.f. = 91), but lower between OC and TP (T = -3.48, p << 0.001, d.f.
= 92). These data suggest reptile recolonization of the corridor is far from

complete in terms of species richness in the CP seven years after the
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vegetation-restoration program, and four years after the reptile-specific
treatment program in the TP.

Within the corridor, we found no differences between TP and CP for
herb (T'= - 1.67, p = 0.09, d.f. = 23), shrub (T = 0.29, p = 0.77,d.f = 23)
and tree (7= -0.09, p = 0.93, d.f- = 23) density or for vertical complexity of
vegetation (7= -0.23, p = 0.82, d.f. = 23). The plots differed only marginally
in the percentage of bare ground, higher in TP (7' = 2.14, p = 0.03, d.f. =
23) (raw habitat structure data are available upon request from
corresponding author). Therefore, habitat complexity was rather similar
between plots.

The average number of species and number of individuals per unit
sampling effort were higher in TP than in CP (7= 2.78, p = 0.005, d.f. = 94;
T = 5.48; p < 0.001, d.f = 94, respectively) during the last three years of
field searching (2004 -2006). This difference was maintained when
comparing number of individuals per unit sampling effort independently for
the two species with significant sample sizes in each plot, Psammodromus
algirus (large psammodromus; 7 = 535, p < 0.001, d.f = 94), and
Hemorrhois hippocrepis (horseshoe whip snake; 7= 2.44, p = 0.01; d.f. =
94). During the seven years of the study (2000-2000), species richness and
abundance increased in both plots (TP r = 0.88, p< 0.05, CP r = 0.96,
p<0.05; TP r = 0.90, p < 0.05, CP r = 0.91, p < 0.05, respectively), but
abundance increased more abruptly in TP than in CP (Fig. 2). High scores
for correlations suggested that colonization of the reptile community was
driven by time.

In the TP, newborn individuals for five of the six species (all except
Natrix maura [Viperine snake]) were found, and no newborn specimens

were found in the CP.
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There were negative and significant relationships between distance to
the lateral border of the corridor and the average number of species and
number of individuals per unit sampling effort (»r = -0.72, p <0.01; r = -0.84,
p < 0.01 respectively; Fig. 3). There was no gradient in species richness or
number of individuals (» = 0.03, p = 0.92; » = -0.16, p = 0. 49 respectively)

along the main axis of the corridor.
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Figure 2.- Evolution of the reptile community of the Guadiamar Green Corridor
(southwestern Spain) in the experimental plots (Treated [TP] and Control [CP])
during 2000-2006: A) species richness (mean number of species per unit sampling
effort), and B) abundance (mean number of individuals per unit sampling effort).
Arrows represent the year in which treatment with refuges began.
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Figure 3. - Mean number of reptiles per unit sampling effort in a gradient defined by the
distance from the external border of the Guadiamar Green Corridor (southwestern Spain)
to the inner part of the corridor (Guadiamar River area). Data correspond to the
experimental plot three years after the treatment with refuges (year 2005). For more details,
see the Methods section.
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Reptile species

Blanus cinereus

Tarentola mauritanica
Acanthodactylus erythrurus
Timon lepidus

Podarcis hispanica
Psammodromus algirus
Coronella girondica
Hemorrhois hippocrepis
Macroprotodon brevis
Malpolon monspessulanus
Natrix maura

Natrix natrix

Rhinechis scalaris

2000 2001 2002 2003

P CP TP CETP CP TP CP

033 0.1 0.20 0.25

0.60 0.40 3.50

0.25

2004 2005 2006  2004-2006

P CP TP CP TP CP TP CP

0.20 0.18 0.05 0.06 0.08

0.13 0.04 0.10 0.29 0.11 0.15 0.07

3.87 0.90 6.64 2.79 4.53 2.22 5.01 1.97

0.13 0.18 0.05 0.12 0.14 0.01

0.20 0.32 0.05 0.06 0.05 0.19 0.03

0.06 0.02

OoC

1.00

0.11

0.09

0.28

1.58

0.20

0.02
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4.- Discussion

For restoration of damaged habitats to be successful the basic
requirements of target communities to be recovered must be considered
(Palmer et al. 1997; Jones 2002). In the Guadiamar Green Corridor, plans
for restoration of natural vegetation following the mine accident implied
large-scale landscape management but failed to meet some basic
requirements for re-establishment of the reptile fauna. Our data demonstrate
that one unfulfilled need for better and faster recovery of the reptile
community was the presence of shelters. The addition of shelter sites to
degraded or strongly-managed habitats helped improve the reptile
community through the advantage that refuges offer to adults, to their main
prey, or to their clutches (Zappalorti & Reinert 1994; Castilla & Swallow
1995; Webb & Shine 2000) and probably contributed to making enemy-free
space (Cole et al. 2005). After treatment with artificial refuges, the reptile
community increased from one species (Tarentola mauritanica, Moorish
gecko) during 2000-2001 to six species in 2000, and abundance increased
from fewer than one to more than five individuals per unit sampling effort.
These increments could simply be the consequence of natural colonization
of the restored area over the seven years of the study period. Significant
differences in species richness and overall abundance between treated and
untreated plots, however, suggest that recovery of the reptile community in
TP was due to the addition of artificial refuges. Similarity in vegetation
structure between the two experimental plots eliminates the possibility that
differences in the reptile community were an artifact of habitat complexity in
such plots. The only habitat structure trait for which we found a marginal
difference was the importance of bare ground, which was higher in the TP.
This possible difference might reinforce our hypothesis as the main reptile

colonizer in the study area, P. algirus, selected high canopy cover of the
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vegetation, thus rejecting bare ground (Carretero et al. 2002). In general,
providing habitats with artificial refuges as part of landscape management
proved very effective for other reptile communities, particularly in studies
made in Australasia. Nichols & Nichols (2003), for example, reported that
establishment of ground shelters in the form of logs and rocks, and varying
vegetation density to include requirements of diverse reptile species, would
promote faunal return. Webb & Shine (2000) added artificial resources
(shelter sites) in degraded habitats in the successful recovery of the
endangered Holplocephalus hungaroides (Broad-headed snake) and its main
prey Oedura lesvenrii (Velvet gecko). Souter et al. (2004) added burrows to
enhance a population of the endangered Tiligua adelaidensis (Pygmy blue-
tongue lizard).

Artificial refuges can improve reptile communities by providing shelter
to adults and juveniles (Reading 1997; Bowers et al. 2000; Webb & Shine
2000), and by providing egg-laying sites (Castilla & Swallow 1995). In
reptiles, eggs may be the most vulnerable stage (Shine 1988), and availability
of appropriate areas in which to lay eggs is therefore fundamental for
success in reptile community recovery in a degraded area (Shine & Fitzgerald
1989). During censuses, the difference in the occurrence of newborns
between plots confirmed that reptile colonization was a success in the TP, as
most colonizing species were breeding.

Some reptile species that, according to the literature, apparently
occupied the corridor before the disaster were not found within the limits of
the corridor after seven years of monitoring. These species can be grouped
as fossorial species such as Blanus cinereus (Amphisbaenian) that require
deep and well-structured soils, not yet available in the corridor; rupicolous

species such as Podarcis bispanica (Iberian wall lizard) for which vertical and
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hard surfaces are not yet present; and six species having very patchy
distributions in the region (Table 1). Appearance of these species within
corridor limits seems to require a period of more than seven years after the
beginning of habitat restoration. For these we do not recommend
translocation programs, as we suspect the managed area still does not meet
their habitat requirements. Moreover, there are few examples of successful
translocation programs involving reptiles (Dodd & Seigel 1991; Kanowski et
al. 2006). In a similar study in north-western Spain, more than 10 years were
required for the herpetofaunal community to attain pre-disturbance
characteristics (Galan 1996) and, in general, reptiles are slow to colonize
newly planted areas (Kanowski et al., 2006). The species currently in the
corridor are among the most abundant (7. mauritanica, N. maura),
generalist (Timon lepidus, H. hippocrepis, Malpolon monspessulanus), and
small sized (P. algirus) in the region’s reptile community (see review in
Salvador 1998). Biological traits of these species matched well with the
paradigm of ecological successions, which states that the first steps of any
colonization process are performed by opportunistic, small-sized and 1-
strategist species (Odum & Barrett 2005). The restored area within the
corridor was more effective for such species as lizards (P. algirus in our case
study) that have fast-growing populations (Huddens & Haddad 2003). In
other studies, lizards have also been found to be pioneer colonizers in
restored habitats. For instance, Podarcis bocagei (Bocage’s wall lizard) was
the first colonizer in a restored mine in north-western Spain (Galan 1996).
With respect to the use of the Guadiamar Green Corridor by the
community of reptiles, the two core areas for the corridor are the Sierra
Morena in the north and Dofiana National Park in the south. We should

expect colonization by the reptiles of the newly-generated habitats of the
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corridor to be in the northern-southern axis, in either direction. Our results,
however, suggest that colonization by reptiles in the corridor was transverse
rather than linear, that is, the Green Corridor did not act as a corridor for
the reptile community, at least not during the first years following landscape
restoration. Our results also suggest that, in a colonization process involving
terrestrial reptiles, proximity to a source area (the immediate habitat to TP,
outside the corridor) appears to be a more critical factor than size of the
source area (the huge surface of the northern protected areas, Sierra Morena;
see also Burbrink et al. 1998). Studying factors affecting the use of restored
sites by reptiles in rainforest landscapes of Australia, Kanowski et al. (2006)
also found that restoration sites where more reptile species appeared were
those more spatially linked to natural source areas. This is an expected result
for organisms like lizards and snakes, those with very small home ranges and
limited dispersal capacity, particularly when the intervening habitat between

source and target areas is unsuitable (Stow et al. 2001; Kanowski et al. 2000).

Implications for Practice

- After eight years of the mine accident, seven years of vegetation
restoration, and four years of reptile-specific habitat restoration (addition of
artificial shelters), the colonizing community of reptiles in the Guadiamar
Green Corridor did not achieve pre-disturbance richness; only opportunistic
species were able to recolonise the experimental plot.

- Restoration of highly-modified habitat for terrestrial reptiles in
Mediterranean ecosystems may require deliberate creation of particular
components of the habitat (such as refuges) that would be slow or unlikely

to develop on re-vegetated sites under natural processes.

97



Capitulo 3

- Extensive use of inexpensive artificial refuges (such as logs) over large
areas (the Guadiamar Green Corridor, 60 km long) should favor faster and
more natural recovery of the reptile community.

- Species not recovered in the restored area here considered were those most
specialized in microhabitat (burrowing, rupicolous, litter-dwelling). For these
species we do not recommend translocation programs, as we suspect the

managed area still does not meet their habitat requirements.
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Abstract

Quantification of heavy metal concentrations in biota is a common
technique that helps environmental managers measuring level of pollutants
circulating in ecosystems. Despite interest in heavy metals as indicators of
localized pollution, few studies have assessed these pollutants in reptiles. In
1998, the tailing pond of a pyrite mine near Aznalcéllar (SW of Spain),
containing 6 million m’ of mud with high heavy metal concentrations,
collapsed releasing toxic sludge into the Guadiamar Basin. Here we analyze
heavy metal concentrations in the most common reptile of the area, the large
psammodromus, Psammodromus algirus, a rather small sized lizard. We
quantified levels of several elements (Hg, Sb, Cd, Cr, T1, Sn, Ba, Cu, Pb, Sr,
Mn, Rb, As and Zn) in lizard tail clips collected in and around the affected
area during the springs of 2005 and 2006. Samples were collected from two
contaminated localities, one directly affected by the spill, and another
adjacent to the tailing pond, but not covered by toxic mud. We also collected
samples from a non-polluted control site in the same basin. We found higher
concentrations of As, T1, Sn, Pb, Cd and Cu in lizards from the affected area
than in lizards from the control site, indicating the continued presence of
heavy metal pollutants in the terrestrial food chain eight years after the mine
accident. We did not uncover sexual or annual differences in heavy metal
concentrations, although concentrations increased with lizard size. We
discuss how heavy metals moved across the food chain to lizards despite
intensive restoration efforts after the accident, and suggest reptiles to be
included in biomonitoring programs of heavy metals pollution in terrestrial

habitats.

Keywords: Psammodromus algirus; heavy metals; Aznalcollar mine;

Guadiamar River; bioaccumulation.
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1. Introduction

Heavy metals contamination associated with mining activities has
caused environmental problems in several countries (Hsu et al, 2006), hence,
environmental managers are particularly interested in developing methods to
detect heavy metals loads in biota (Lambert et al, 1996; Loumbourdis, 1997;
Meharg et al, 1999; Burger et al, 2006). The events occurred in the
Guadiamar Basin, in the southwestern Iberian Peninsula (Spain), provides
resource managers with a model case-study for biomonitoring heavy metals
in the ecosystems. On April 1998, the wall of a large pond containing sulfide
ore deposits collapsed, spilling more than 6 million m’ of acidic water and
toxic sludge directly into the Agrio and Guadiamar rivers (Gallart et al, 1999;
Grimalt et al, 1999; Dorronsoro et al, 2002). The main toxic metals spilled
were Pb, Zn, As, Cu and Cd (Alastuey et al, 1999; Cabrera et al, 1999).
Tailing materials reached an area 40 km long and 0.5 km wide in the
Guadiamar basin, with sludge covering the ground in a layer 0.3-3.0 m thick,
depending to the distance from the collapsed dam. Environmental managers
first (year 1998) attempted to clean-up the pyrite slurry by mechanically
removing the mud and the first cm of the underlying soil (Simén et al, 1999)
However, characteristics of the Guadiamar Basin, including low-profile
topography and a mosaic pattern of contamination, complicated soil
recovery. Thus, a second clean-up activity was undertaken (year 1999), adding
different amendments to the soil to immobilize pollutants (Querol et al,
2006; Aguilar et al, 2007). These actions helped decrease contaminants in
upper soil layers, however, pollutant levels increased greatly in deeper
horizons of the soil, enhancing the risk of groundwater contamination (Kraus
and Wiegand, 2006; Ordodiez et al, 2006). After these clean-up operations in

the spill-affected area, a reforestation program was initiated (year 2000) as
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part of an effort to designate the area as a natural space, the Guadiamar
Green Corridor.

Between the years 1999-2000, several research teams monitored the
accumulation of heavy metals in soils, running waters and organisms,
including aquatic macro-invertebrates, fishes, amphibians, mammals, reptiles,
birds, shrubs and trees, to examine the transfer of heavy metals through the
food chain and to assess environmental managing tasks (Benito et al, 1999;
Cabrera et al.,1999; PICOVER, 2003; Madejon et al, 2004; Sola et al, 2004;
Alcotlo et al, 2006; Olias et al, 2006; Taggart et al, 2006). In the polluted
area, only one reptile species, rather marginal in the ecosystem because its
tree dwelling habits, the Moorish gecko (Tarentola mauritanica), has been
included in analyses of heavy metal bioaccumulation (Fletcher et al, 2006).
Indeed, ecotoxicological studies on reptiles have been scarce, a trend that has
only recently begun to change (Avery et al., 1983; Hopkins et a/, 2000; Linder
and Grillitsch, 2000; Campbell and Campbell, 2002; Mann ezt al, 20006).
However, terrestrial reptiles are good bioindicators of high metals
concentrations, because they occupy intermediate or high levels in food
chains, frequently are generalist diet, and have low vagility (Loumbordis,
1997; Campbell and Campbell, 2002; Burger ef al, 2004).

During the years 2000-2006, we monitored recolonization of the
restored Guadiamar Green Corridor by the reptile community. The first
colonizer, and most abundant reptile, was the large psammodromus,
Psammodromus algirus (Marquez-Ferrando et al, 2008). This small and
opportunistic lizard is a generalist feeder of arthropods, exhibits fast-growing
populations, has a short lifespan (mean lifespan, two years) and low vagility
(Diaz and Carrascal, 1990; Carretero and Llorente, 1997; Salvador, 1998).

These biological traits make this species a suitable model for monitoring
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localized bioaccumulation of heavy metals in contaminated Mediterranean
terrestrial habitats.

The objectives of this study are to: i) assess the quantity of heavy
metals accumulated by P. algirus in the Guadiamar Green Corridor, seven-
eight years after the mine spill; i) determine sexual, size-related and inter-
annual differences in heavy metal accumulation; iii) detect simultaneous
accumulation patterns of different metals; and iv) contribute to the

biomonitoring program of the Guadiamar Green Corridor.

2- Materials and methods
2.1. Study site

The Guadiamar River is situated in the southwest of the Iberian
Peninsula (Fig. 1). Within the Guadiamar Basin, several studies have detected
heavy metal accumulation in organisms from sites directly affected by the
Aznalcollar mine spill (Sola et al, 2004; Alcorco et al, 2006) and in nearby
sites that were not covered by the toxic mud, but were impacted by
atmospheric pollution (Madejon et al, 2006). Thus, we collected P. algirus
from three localities differently impacted by the mine spill. Two study sites
are located within the Guadiamar floodplain (Las Doblas bridge [Site A] and
the Agrio-Guadiamar confluence [Site B]). The third site is located just
outside the floodplain (Villamanrrique Pinewood [Site CJ). Site A, situated in
the middle of the Green Corridor and 11 km downstream from the mine
(Fig. 1), was severely affected by the spill and restored following the
procedures described above. Site B was not covered by toxic mud, although it
is located very close to the affected area (0.1 km). Site C, an unpolluted
control site, is located 25 km downstream of the mine and 2 km outside of

the Guadiamar floodplain.
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Figure 1.- Study area. Maps showing the location of the Guadiamar Green Cortridor in the
Iberian Peninsula and the locations of the three study sites within the Guadiamar Basin.

2. 2. Lizard handling

We collected lizards by hand during May-June of 2005 and 2006.
Thirty lizards from site A, 15 from site B and 20 from site C, were captured.
We measured (snout-vent length [SVL], to the nearest mm) and sexed lizards
(by color pattern and morphology of the femoral pores) to check for the
effect of size and sex in metal accumulation, as has been reported in other

reptile species (Linder and Grillitsch, 2000). Non-lethal measurements can be
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used to assess pollutant levels in squamate reptiles (Hopkins et al, 2001;
Burger et al, 2005; Fletcher et al, 2006), and the use of such methods here is
advisory to reduce man-induced alterations, as the Guadiamar Green
Corridor is currently a protected area. Thus, we collected a tail clip (< 30
mm) from each individual to assess levels of heavy metals. Each lizard was
later released at its capture site. We assumed that the probability of recapture
in the second sampling year in the polluted site was minimal due to the high
population density (Marquez-Ferrando et al, 2008); furthermore, during the

2006 sampling period, we did not capture individuals with regenerated tail.

2. 3. Laboratory procedures

We analyzed concentrations of 15 metals (Hg, Sb, Cd, Cr, Tl, Sn, Ba,
Cu, Pb, Sr, Mn, Rb, As and Zn). Of these, Pb, Zn, As, Cu and Cd were
abundant in the toxic mud (Alastuey er al, 1999), whereas the other metals,
although less abundant in the mud, have been previously analyzed in several
organisms of the Guadiamar Basin, and hence contribute to a wider overview
of heavy metal mobilization along the food chain (Sola ez al, 2004; Fletcher et
al, 2006). After collection, tail clips were cleaned with deionized water and
freeze-dried. Samples were oven dried at 60°C until they attained constant
weights, and digested for 8 hours with 2 ml HNO; and 1 ml H,0O, in Teflon
vessels. Samples were brought to a final volume with deionized water. Metal
concentrations were measured through mass spectroscopy (Perkin-Elmer
ELAN-6000) by Scientific-Technical Services at the University of Barcelona.
We included ten blanks in digestion and analysis procedures as controls.
Results of element levels are expressed in pg g on a dry weight basis. For

lizards collected in the control population we found concentrations below the
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detection limits for several metals. In these cases, we used one-half the

detection limits as surrogate values for non-detects (Hesel, 1990).

2. 4. Statistical analyses

We used non-parametric tests when data did not fit normality after
log-transformation, and compared heavy metal concentrations among the
three localities with a two-way ANOVA rank-transformed dependent
variables, considering sex, location and their interaction, as factors.
Differences between pairs of localities were tested using Tukey post-hoc
tests. We checked the relationship between body size and heavy metal levels
in lizards from site A using Spearman rank correlations. This analysis was
also used to investigate patterns of accumulation in pairs of heavy metals.
Scores of the correlation matrix were used to create a cluster tree of
similarities among metals according to Euclidean distances. Thus, metals
were organized as functions of the linkage distances between them, using
single linkage as aggregation algorithm. In all the tests, significant differences

were assumed at p < 0.05.

3. Results

3. 1. Differences among localities

We failed to detect difference in lizard size among localities (mean
SVL = 66.6+x1.6 mm [site A], 67.0£2.1 mm [site B], 64.0£2.1 mm [site C[;
ANOVA test, F, s = 0.69, p = 0.51). We found differences among localities
in all metal concentrations (Table 1). Results of Two-way ANOVA showed
differences between populations (F, ;= 7.36, p < 0.01), between sexes (F,,, =
2.64, p = 0.02) and in the interaction sex and location (F, 5= 1.93, p = 0.02)

for overall heavy metal concentration. Tukey post-hoc test indicated a similar
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pattern in 10 of the 14 elements: lizards collected at site A showed higher
levels than did lizards from the other two localities. Lizards from site A
showed 21-, 8- 7- 5- and 4-fold greater concentrations of As, T1, Sn, Pb, Cd
and Cu, respectively, when compared to lizards from site C. We also detected
differences between lizards from site B and lizards from site C in T, As, Hg,
Rb, Cu, Pb, and Zn. In each case, lizards from site B had greater metal

concentrations than did lizards from site C.

Table 1.- Means and standard errors of metal concentrations (ug g dry weight) found in tails of the
lizard Psammodromus algirus collected at three locations in the Guadiamar Basin (Southwestern
Spain). Comparisons were tested by two-way ANOVA with rank-transformed data. Site A,
Guadiamar River floodplain, fully affected by the spill; Site B, Guadiamar River floodplain, very near
to the affected area; Site C, Villamanrrique pinewood, 2 km away from the affected area.

Site A (n=30) SiteB (n=15) SiteC (n=20) F(P)

Hg 0.17 £0.02 0.24 £ 0.03 0.09 + 0.01 12.73(<0.01) Band A>C
Sb  0.38£0.06 0.08 £ 0.02 0.17 £0.14 19.47 (<0.01) A>C>B
Cd 0.14£0.02 0.05 £ 0.02 0.03 £ 0.02 10.85 (< 0.01) Aand B> C
Cr 205%0.16 1.43 + 0.08 1.41 £ 0.07 1.85 (0.17) -

Tl  0.08 £ 0.01 0.05 £ 0.02 0.00 = 0.00 88.52 (<0.01) A>B>C
Sn  0.20 £ 0.06 0.02 £ 0.00 0.03 + 0.01 4.09 (0.02) A>C

Ba 288%0.33 1.76 + 0.38 4.38 £0.50 6.45 (<0.01) C>B

Cu 1054 %155 425+ 0.38 3.03+0.17 24.29 (<0.01) A>Band C
Pb 10.18%+1.94 2.60 £ 0.69 2.17 £1.00 10.82 (<0.01) A>B>C
Sr  10.56 +0.89 6.30 £ 1.36 8.80 = 0.88 1.35 (0.27) -

Mn 13.71 +1.90 6.72 £ 0.98 832+ 1.01 1.88 (0.17) -

Rb 7.60 +0.81 6.96 = 0.52 3.38 £0.25 29.64 (<0.01) Aand B> C
As 626%1.05 1.20 £ 0.23 0.30 £ 0.03 62.72 (<0.01) A>B>C
Zn 106.76 + 4.20 86.92 £ 5.61 85.08 = 8.45 1.91 (0.106) A>B>C

3. 2. Sexual, inter-annual and size-related differences

There was no significant sexual difference in body-size among
individuals collected at site A (mean SVL, males 68.5+7.8 mm; females
04.514.5 mm; ANOVA test F);;= 0.92, p = 0.36). Sexes did not differ in
heavy metal levels except for Cr (Table 2). For this reason, we did not

separate sexes in further analyses. Likewise, there was no difference in body

116



\f'lu Bioaccum. Heavy Metals P. algirus

size between individuals collected in 2005 and 2006 at site A (mean SVL; year
2005, 66.719.0 mm; year 2006, 66.3%1.9 mm; ANOVA test F,,, = 0.01, p =
0.91). We did not find significant differences in any metal concentrations,
except for Hg and Sn, between lizards collected in 2005 and 2006 at site A.
Mercury level was higher in lizards collected during 2006 (Table 3), and Sn
levels were lower in 2006. The relationship between metal concentration and
lizard size approached statistical significance for several metals, but was only

significant for Cd (Fig. 2).

Table 2.- Means and standard errors of metal concentrations (ug g'! dry weight) in tail clips
of male and female Psammodromus algirus collected in the most affected area by the
Azanalcéllar mine spill (Site A, see Materials and Methods section) of the Guadiamar Basin
(Southwestern Spain). Differences between sexes were tested by one-way ANOVA with
rank-transformed data.

Male (n=9) Female (n=5) F (P)
Hg 0.16 £0.02 0.20 £ 0.05 0.82 (0.38)
Sb 0.47 £0.13 0.34 £ 0.10 0.45 (0.51)
Cd 0.19 £ 0.05 0.06 £ 0.03 2.88 (0.12)
Cr 2.32+£0.35 1.37 £ 0.08 5.81 (0.03)
Tl 0.09 + 0.02 0.09 £ 0.04 0.13 (0.73)
Sn 0.24 £0.13 0.08 £ 0.04 0.62 (0.45)
Ba 3.06 + 0.58 213+ 0.54 0.63 (0.44)
Cu 14.17 = 4.17 592 + 234 2.25(0.16)
Pb 12.59 + 3.12 6.18 £ 1.06 1.77 (0.21)
Sr 10.53 £ 1.77 7.99 £1.05 1.61 (0.23)
Mn 1276+ 1.99 8.13 + 1.60 4.58 (0.05)
Rb 7.10 + 1.04 10.89 + 2.78 2.73 (0.13)
As 8.19 + 223 523+1.99 0.42 (0.53)

Zn 102.77 £ 47.46 95.36 = 11.92 0.68 (0.43)

Table 3.- Means and standard errors of metal concentrations (ug g! dry weight) in tail clips
of the lizard Psammodromus. algirus collected in 2005 and 2006 in the most affected area by
the Aznalcollar mine spill (Site A, see Materials and Methods section) of the Guadiamar
Basin (Southwestern Spain). Differences between years were tested by one-way ANOVA
with rank-transformed data.

2005 (n=20) 2006 (n=10) F (P)
Hg 0.12+001 0.28 + 0.03 29.95 (<0.01)
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Sb
Cd
Cr
Tl
Sn
Ba
Cu
Pb
Sr
Mn
Rb
As
Zn

0.43 £ 0.08
0.14 £ 0.03
220+ 0.21
0.08 = 0.02
0.28 £ 0.09
2.82 £ 0.39
9.74 £ 2.28
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11.82 £ 1.14
12.09 £ 1.42

6.55 %+ 0.75
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109.34 + 4.94

0.29 £ 0.09
0.14 £ 0.03
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0.07 £ 0.02
0.04 £ 0.01
3.01 £ 0.62
11.05 + 3.78
9.20 £ 1.77
8.04 £ 1.05
16.96 £ 4.96
9.70 £ 1.77
5.25 £ 1.67

101.60 + 7.91
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3.35 (0.08)
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0.03 (0.86)
0.07 (0.93)
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Figure 2.- Size-related differences in metal concentrations. Spearman correlations between
metal concentrations (ug g dry weight) in tail clips of Psammodromus algirus (n=22) and
lizard size (SVL), in the most affected area by the Azanalcéllar mine spill (Site A, see
Materials and Methods section) of the Guadiamar Basin (Southwestern Spain).

3. 3. Correlations among metal concentrations

At site A, metal concentrations were positively correlated in 41 out of
98 pairs of elements (Table 4), indicating that many elements shared similar
accumulation trends (Fig. 3). The group of Sb, As, and Tl were all strongly
associated with Spearman coefficients higher than 0.8. A second group was
composed of Cd, Ba, Mn, Cu, and Pb with correlation coefficients greater
0.7. The pair formed by Hg and Rb was positively correlated with a value of
0.5 and exhibited sharp differences with respect to other elements. Finally, a
group consisting of Str, Cr, Zn and Sn exhibited very low correlations with

the rest of metals.
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Figure 3.- Correlations among metal concentrations. Cluster tree that show the linkage
(Euclidean distance) between metal concentrations by single linkage as aggregation algorithm
in tail clips of the lizard Psammodrolus algirus in the most affected area by the Azanalcéllar
mine spill (Site A, see Materials and Methods section) of the Guadiamar Basin (Southwestern

Spain).

Table 4.- (next page) Spearman correlations among metal concentrations in tail clips of the
lizard Psammodromus algirus (n=30) collected in the most affected area by the mine spill of
Aznalcollar (Site A, see Materials and Methods section) of the Guadiamar Basin
(Southwestern Spain). After sequential Bonferroni correction for multiple test the p value
was adjusted for 5% of the nominal level, p<0.001.
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4. Discussion
4. 1. Differences among localities

This study describes heavy metal contamination of terrestrial
organisms from the Guadiamar Green Corridor following the collapse of the
Aznalcollar mine tailing pond. Lizards from the most impacted site exhibited
higher metal concentrations eight years after the spill than did both lizards
collected at a control site and lizards from a nearby locality not covered by
toxic mud. Water quality in the Guadiamar River increased from 2002
onwards (Olfas et al, 2006), and consequentially, species richness and the
community structure of freshwater organisms improved (Toja et al, 2003). In
contrast, and despite extensive cleaning actions, the soils of the Doblas (site

A) still exhibited high concentrations of heavy metals four years after the spill
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because they persist in deeper horizons (Kraus and Wiegand, 20006). These
contaminants are taken up by plants through their roots and, depending on
the mobility of the chemicals, are moved to vegetative parts (in general to
leaves) of the plants (Madejon et al, 2004). Leaves, as well as other plant
parts, may be eaten by insects that are reptile prey. Several studies have
showed that the principal avenue of pollutant acquisition by reptiles is
through the ingestion of polluted prey (Hopkins et al, 2001, 2002; Fletcher et
al, 2006; Mann et al, 2006). Psammodromus algirus is a generalist forager
upon epigeous invertebrates, being Colepotera, Heteroptera and Araneae the
main prey for populations of this lizard from Southwestern Spain (Pérez
Quintero and Rubio Garcia, 1997) which live in the upper levels of soils and
can be exposed to several metals, such as Cd and Pb, in polluted areas
(Jelaska et al, 2007). Furthermore, a complementary avenue for acquisition of
contaminants in lizards is the accidental ingestion of sediment particles with
food (Fletcher et al, 2006; Mann et al, 2006), very important in P. algirus due
to its foraging habits (Carretero and Llorente, 1993).

Arsenic was the toxic element that showed the highest difference between
individuals dwelling in contaminated and control sites. This metal was very
important in the toxic mud (Alastuey et a/, 1999) and its monitoring in the
food chain is potentially critical because its neurotoxic effects upon a variety
of organism (Chang 1996), as well as its negative effects on the embryonic
development in the Iberian rock lizard (Lacerta monticola cyrenni; Marco et
al, 2004).

We also detected high significant differences in thallium among populations.
T1 persists for long periods in terrestrial ecosystems and is still detectable at
high levels in the contaminated areas, indicating wide dispersal through the

terrestrial food-chain (Madejon et al, 2004; Sanchez-Chardi, 2007), although
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the exact mechanism of toxicity is still unclear (Jon Peter and Viraraghavan,
2005).

Among the metals analyzed, Zn showed the highest concentrations in lizard
tails, reinforcing the pattern previously observed in 7. mauritanica (Fletcher
et al, 2006). Concentrations of Zn may remain higher than other metals
because Zn can bind to specific metallothioneins in reptiles, interfering with
the organism’s detoxification processes (Linder and Grillitsch, 2000; Lance et
al, 2005). Other metals, such as Mn and Cr, were very scarce in the sludge
and in the surrounding area (Cabrera et al, 1999; Simén et al, 1999), although
we detected accumulations in lizards (Table 1). These elements are lithophilic,
and therefore, despite occurring in low levels, became increasingly available
to plants as a consequence of soil acidification following the spill (Madejon et
al, 2006).

Although site B was not covered by the toxic sludge, lizard tails from this site
showed intermediate metal concentrations (Table 1). Madejon et al. (2006)
suggested that metals may spread from contamination sites via atmospheric
transport and deposition of contaminants over surrounding areas. This
process may have been exacerbated by the removing of affected soils during
clean-up activities in the 1998-1999 (Querol et al, 2000). Consequently,
deposition of aerosolized elements may explain the contamination of lizards
in areas surrounding the affected site. Surprisingly, lizards from site B showed
higher levels of Hg than lizards from site A. Mercury was present in low
levels within the sludge (Alaustey et al, 1999; Cabrera et al, 1999), and was of
great concern in aquatic ecosystems (Pain et al, 1998; Sanpera et al, 2000),
but information concerning impacts and transport of this metal in terrestrial

food chains is scarce.
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Our results were similar to those reported in whole-body samples of T.
mauritanica from the same study area (Fletcher et al, 20006). In this gecko,
As, T1, Cd and Pb levels were also higher among individuals at contaminated
sites than in control geckos. However, tail samples from P. algirus had higher
concentrations of As, T, Mn, Sb, Pb and Cu than did whole-body samples of
T. mauritanica. Both studies suggest that reptile species are useful indicators

of heavy metal levels in the Guadiamar Green Corridor.

4. 2. Sexual, annual and lizard size comparisons

In some reptiles, sex can influence metal accumulation due to differences in
physiology, size and diet (Linder and Grillitsch, 2000; Van Straalen et al,
2001; Hopkins, 2002; Burger et al, 2004, Hopkins et al, 2005; Jelaska et al,
2007). In site A, P. algirus did not exhibit sexual size dimorphism, in contrast
to other Iberian populations (Mellado and Martinez, 1974; Carretero and
Kaliontzopoulou, 2000), however this can be because in our study there is a
low number of males and females compared Furthermore, this lizard did not
display sexual in diet and microhabitat use (Dfaz and Carrascal, 1990;
Salvador, 1998; Catretero et al, 2002). Accordingly, it is not surprising that we
did not detect sexual differences in metal concentrations.

Likewise, we did not detect any differences between samples collected
in 2005 and 2006, even though several authors have found that metal levels
in water, soil and plants, declined over time in the Agrio and Guadiamar river
floodplains (Madejon et al, 2006; Olias et al, 2006; Querol et al, 2000). It is
likely that a longer term study would be needed to detect temporal changes in
accumulation of metals by lizards.

Cadmium was the only metal that increased significantly with lizard size in P.

algirus. Cadmium accumulation seems to be dependent on the duration of
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metal exposure (Mann et al, 2007). Correlations between metal
concentrations and lizard size have been documented for Cd and Pb in
Podarcis muralis and Anolis sagrei, and for Pb and Cu in Zootoca vivipara
(Schidt, 1980, 1988; Burger et al, 2004). In general, larger individuals can
accumulate higher amounts of pollutants, although considerable differences
exist among species based, at least in part, on species longevity (Santos et al,
1999; Linder and Grillitsch, 2000). Psammodromus algirus is a short-lived
species and all individuals we captured were likely between one and two years
old. Thus, the lack of correlation in the most of heavy metals with lizard size
is not surprising, since the correlation between size and longevity in adults is

very weak in P. algirus (Carretero, com. pers.).

4. 3. Relationships among elements

In general the presence of simultaneous heavy metals within an ecosystem
may favour the existence of interactions between them (Beyersman, 1991). In
our study large, positive correlations among eight elements suggest that these
metals were accumulated simultaneously. A similar pattern occurred in T
mauritanica from the Guadiamar River (Fletcher et al, 2006). Low
correlations between Sr, Cr, Zn and Sn and the rest of the heavy metals
suggests that these elements may be acquired or uptaken differently that are
the first group of metals, although whole body analyses of metal
concentrations might yield different results and are necessary to rinse the

pattern of correlation of heavy metal accumulated by reptiles.

5. Conclusions

Over the last years several studies have focused on bioaccumulation of heavy

metals by wildlife in the Guadiamar Green Corridor following the release of
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mining by-products in this area. Our study adds to the knowledge of this
issue in terrestrial animals, and demonstrates that even eight years after a
toxic spill and subsequent clean-up activities, the terrestrial food chain still
demonstrates exposure to high levels of heavy metals. Lizards from
contaminated sites showed significantly greater concentrations of several
metals than did lizards from non-contaminated sites. Because of their
biological traits (low vagility, middle and upper position in the trophic food
chain, generalist in diet, rapid population turnover, short lifespan), we suggest
that small reptiles such as P. algirus are good bioindicators of local heavy
metal contamination (see also Fletcher e al, 2006, for the same study area).
Long-term studies of trace-element accumulation in aquatic and terrestrial
biota are necessary to understand how pollutants move across food chains,

and to assess the continued impact of the mining spill on Guadiamar Green

Corridor wildlife.
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Resumen

En este estudio se analizé el grado de asimetria en los poros
femorales que presentan las poblaciones de la lagartija colilarga
(Psammodromus algirus) expuestas a niveles altos de contaminacién por
metales pesados, y se compararon con otras cuatro poblaciones cercanas
geograficamente con diferente grado de exposicion a la misma
contaminaciéon. No hubo diferencias en el grado de la asimetria fluctuante
entre las poblaciones. Aparentemente esto nos muestra que No existe un
efecto significativo de la contaminacién por metales pesados en la asimetria

en los poros femorales de Psammodromus algirus.

Palabras clave: Psammodromus algirus, asimetria fluctuante, metales

pesados, vertido minero de Aznacollar
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1. Introduccion

El analisis de la asimetria fluctuante en la poblacién de una especie es
una de las técnicas usadas para estimar la estabilidad en el desarrollo de los
organismos. En varios casos, se ha comprobado que poblaciones expuestas a
cierto estrés ambiental (temperaturas adversas, escasez de reservas aportadas
por la madre, perturbacién por la alta densidad poblacional, altos niveles de
toxicidad, etc...) incrementan la asimetrfa fluctuante (Leary & Allendorf,
1989; Palmer & Strobeck, 2003; Crnobrnja-Isailovic et al., 2005).

Hay diversos métodos que se pueden utilizar para identificar los
efectos cuantificando el grado en que un factor estresante del ambiente esta
afectando el desarrollo de los organismos (Tarlow et al., 2007). El estudio de
la asimetria en estructuras morfologicas o meristicas bilaterales es una de
ellas. Hay tres modalidades de asimetria: antiasimetria, asimetria bilateral y
asimetria fluctuante. La antiasimetria se caracteriza por una distribucién
hacia la bimodalidad o hacia la platicurtosis de la diferencia entre el lado
derecho e izquierdo del caracter, con media de (D-I) generalmente igual a
cero. Bn la asimetria direccional se detecta mayores diferencias entre los
lados pero siempre hay un lado que presenta la mayor magnitud del caracter.
La asimetria fluctuante se caracteriza por una distribucién normal de las
diferencias entre (D-I), con media igual a cero (Clarke, 1993).

En abril de 1998, la balsa de contencion de lodos téxicos de la mina
de Aznalcéllar provocé el vertido de aproximadamente 2 millones de litros
de lodos piriticos y 4 millones de litros de aguas acidas, con una elevada
concentraciéon de metales pesados como Zn, As, Cu, Sb, Tl, Cd, etc...
(Grimalt et al.,, 1999). Ocho afios después de la restauracion de la zona
afectada, la comunidad de reptiles se recupera gracias a proyectos de

restauracion especificos para estos organismos (Capitulo 4).
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Figura 1.- Area de estudio en la que se observa la localizacién del Corredor Verde del
Guadiamar y de las tres poblaciones de Psammodromus algirus.

Actualmente la lagartija colilarga (Psammodromus algirus) es una especie
muy abundante en el Corredor Verde del Guadiamar y como reptil es un
excelente bioindicador de contaminacién (Capitulo 4). La lagartija colilarga
(Psammodromus algirus) es un lacértido de mediano tamafio (LHC 60-80
mm). Se extiende por la mayor parte de areas mediterraneas ibéricas donde
es muy abundante, sobre todo en zonas de cierta cobertura arbustiva
(Salvador & Pleguezuelos, 2002). Su caracter oportunista le confiere una alta
plasticidad para recolonizar zonas restauradas llegando a ser uno de los

primeros colonizadores después de la restauracion del Corredor Verde del

139



Capitulo
5

Guadiamar (Capitulo 3). Su densidad ha ido aumentando progresivamente a
medida que el habitat se ha ido recuperando. Su elevada abundancia local, su
posicion en la cadena tréfica (se alimenta de gran variedad de artrépodos;
Pérez-Quintero y Rubio-Garcia, 1997), su rapida tasa de renovacién
poblacional (alcanza la madurez sexual al primer afio de vida; Marf et al.,
1996) y su limitada capacidad de dispersion, hace de ella un buen
bioindicador potencial de zonas contaminadas. En el capitulo 4, hemos
analizado el nivel de concentraciéon de metales pesados en individuos de
poblaciones localizadas en zonas afectadas directamente e indirectamente
por el vertido, y una poblaciéon control. Los datos mostraron que los
individuos que viven en zonas contaminadas acumulan altos niveles de
metales pesados de As, T1, Sn, Pb, Cd y Cu. Los efectos de la contaminacion
en la lagartija colilarga, podrian reflejarse a nivel de individuo y a nivel
poblacional.

Los poros femorales es una caracter que puede ser medido para
determinar el grado de asimetria fluctuante en lacértidos (Martin et al., 2002;
Carretero, 2003); se localizan en la cara ventral de los miembros posteriores
y presentan dimorfismo sexual en numero y tamafio (habitualmente mayores
y mas numerosos en las machos, Blasco, 1975) y diferencias entre
poblaciones (Carretero, 2003). Las secreciones de los poros femorales
marcan el drea de campeo y/o informan sobre el estatus social y la
competitividad del emisor (Mason, 1992). La asimetria en los poros
femorales puede afectar a la eficacia biolégica de los individuos entendida
ésta en términos de éxito reproductivo, ya que la simetrfa en los poros
femorales parece estar relacionada con la calidad sexual de los machos en la
lagartija serrana (Iberolacerta monticola); las hembras parecen elegir a los
machos machos mas simétricos en poros femorales, ya que producen mas

feromonas que manifiesta su buena calidad (Martin et al., 2002).
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Nuestra hipotesis es que las poblaciones expuestas a altos niveles de
contaminaciéon sufren una mayor inestabilidad en el desarrollo de los
individuos de la lagartija colilarga (P. algirus), la cual se vera reflejada en un
mayor grado de asimetria fluctuante en los poros femorales. Por lo tanto el
objetivo de este estudio se centra en comprobar: i) si existen diferencias
significativas en la asimetria fluctuante entre las poblaciones de estudio en
funcioén del nivel de contaminacién al que estan expuestas; y ii) si existe
correlacién positiva entre el nivel de contaminacién y la asimetria que

presentan los individuos.

2- Materiales y métodos
2.1. Area de estudio y metodologia

Durante las primavera de 2006-2007 se capturaron individuos de
lagartija colilarga (P. algirus) en dos localidades diferentes del Corredor
Verde del Guadiamar (Figura 1): una poblacién localizada a 20 km de la
balsa minera (N=18; Puente de las Doblas; Poblaciéon 1) que quedd
totalmente cubierta de lodos y en la cual se realizaron tareas de limpieza y
restauracion; otra proxima a la balsa minera pero que no quedé cubierta por
lodos (N= 12; Confluencia Rio Agrio-Guadiamar: Poblacion 2) y una tercera
poblaciéon perteneciente a una zona control (Pinares de Villamanrrique:
Poblacién 3) alejada 25 km de la mina y fuera del Corredor (N= 17). Para
este estudio, también se tuvieron en cuenta los datos de dos poblaciones de
P. algirus colectadas aproximadamente 30 afios antes del vertido en la
provincia de Huelva, pertenecientes a la coleccion herpetoldgica de la
Estacion Biologica de Dofiana (El Mustio: Poblacion 4 y El Quintillo:
Poblacién 5).
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Para medir el grado de asimetria fluctuante, se seleccioné el numero
de poros femorales como variable meristica. En las poblaciones de
lacértidos, el numero de poros femorales sigue una distribucién normal, y
presenta asimetria fluctuante (Carretero, 2003). Las ventajas que tiene
analizar la asimetrfa fluctuante mediante el numero de poros femorales y
otros caracteres folidoticos, es que la probabilidad de cometer errores
durante la toma de datos es minima, ya que se observa facilmente a simple
vista (Crnobrnja-Isailovic et al.,, 2005). A cada individuo se le midi6 su
tamafio corporal (Longitud Hocico Cloaca (LHC) en mm), el nimero de
poros femorales a cada lado de los miembros posteriores y se sex6 segun el
patrén en la coloraciéon corporal y segin los poros femorales (muy visibles
en machos). Para asegurarnos del minimo error en los datos se contaron
hasta tres veces el numero de poros femorales y sélo por la misma persona.
De los individuos pertenecientes al afio 2006 se recogieron 5 cm de cola
para su posterior analisis. Después se devolvieron los ejemplares al mismo
lugar de captura. Los analisis de los metales pesados mostraron que las
poblaciones expuestas a niveles de contaminacién fueron la poblacion 1y 2
(ésta ultima en menor grado; Capitulo 4). Por lo quelas poblaciones control
sonla 3,4 y5 (Tabla 1).

2.2. Analisis estadisticos

La covariacion entre el numero de poros a la derecha y el nimero de
poros a la izquierda (D-I) fue testada para determinar si la varianza de la
diferencia es interpretada como una simple medida de la inestabilidad en el
desarrollo (DI) (valor positivo de la covarianza) o es una medida compleja
(valor negativo de la covarianza), ya que ademads de estar influenciada por la
inestabilidad en el desarrollo también puede estar afectada por el ambiente y
por el genotipo (Palmer and Strobeck, 2003). La covarianza fue calculada

mediante la siguiente férmula:
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(Dili)= Y [(Di-Dx )(Ii-Ix)] / (N - 1)
Donde:

Di y Ii es el nimero de poros a la derecha y a la izquierda de cada
individuo.

Dx es el nimero medio de poros a la derecha.

Ix es la media de poros a la izquierda.

N es el numero total de individuos

En todos los analisis se consider6 como variable el indice de
asimetria corregido por el efecto del tamafio sobre el caracter (D-I)/0.5(D-
I), ya que los individuos mas grandes suelen tener mayor nimero de poros
(Carretero, 2003). Antes de determinar las diferencias en la asimetria entre
poblaciones, se determiné el tipo asimetria (direccional o fluctuante)
presente en cada poblacién mediante el test de normalidad de Kolmorogov-
Smirnov y el t-test para determinar si la media de la diferencia de (D-
I)/0.5(D-I) diferia de cero. En cada poblacién se testé la Kurtosis de la
distribucién de los datos de asimetria para determinar si habia antiasimetria
mediante el programa Statistica v7.0.

Las diferencias en el grado de asimetria fluctuante entre poblaciones
se analizaron de dos formas diferentes; por un lado, testando la media del
valor de la asimetria fluctuante mediante el indice |D-I|/0.5(D+1I) usando
una ANOVA, y por otro lado testando la heterogeneidad de las varianzas de
cada poblacién en la asimetria mediante el indice (D-I)/0.5(D +1I), usando
el test de Levene’s.

Para determinar si habfa diferencia en el nivel de contaminacién por
metales pesados entre los individuos simétricos o asimétricos machos y

hembras se us6 una ANOVA de dos vias, en el que establecimos como
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factores el sexo y la asimetria, y como variable dependiente la concentracion

de cada metal pesado en las muestras de cola de cada individuo (ug/g).

3. Resultados

Debido al bajo nimero de machos y hembras capturados en las dos
poblaciones de P. algirus afectadas por del vertido (1 y 2), no fue posible
detectar el tipo de asimetrfa por sexos, por lo que sélo analizamos la

asimetria en la poblacion independientemente del factor sexo (Tabla 1).

Tabla 1.- Valores medios de machos (M) y hembras (H) en la Longitud Hocico Cloaca (LHCen mm) en el
nimero de poros femorales a la derecha y a la izquierda (PORFD y PORFI), los valores medios de los indices
de asimettia sin la correccion para el efecto del tamafio sobre el caracter (D-1)/0.5*%(D+1]) y con la correcciéon
del efecto del tamafio | D-I|/0.5%(D+I)

Localidad Sexo Ne Media Media Media Media Media Media Media
indiv. = LHC  PorF PorFI PORF DI (D-1) |DI|
D /0.54(D+1  /0.54(D+1
) )
Doblas M 11 72 18.73 18.73 18.73 0.00 -0.00002 0.028
H 7 70.71 17.28 17.57 17.42 -0.28 -0.018 0.034
Agrio M 6 64.33 18.83 18.83 18.83 -0.00 0.00053 0.0
H 6 69.66 17.33 17.17 17.25 0.167 0.01 0.05
Pinar M 7 70.15 18.86 17.50 17.70 -0.20 -0.01 0.04
H 10 59.70 17.50 17.70 17.65 -0.10 -0.01 0.04
El Mustio M 28 69.54 18.57 18.64 18.61 -0.14 -0.01 0.04
H 13 65.31 17.54 17.77 17.65 0.05 0.0028 0.04
El Quintillo M 22 64.77 18.71 18.81 18.73 0.11 0.01 0.03
H 18 64.67 17.83 17.66 17.75 0.11 0.01 0.02
Doblas MyH 18 71.50 18.17 18.28 18.22 -0.11 -0.007 0.03
Agrio MyH 12 67.00 18.08 18.00 18.04 0.08 0.004 0.05
Pinar MyH 17 64.00 18.06 18.24 18.15 -0.17 -0.01 0.04
El Mustio MyH 41 68.19 18.24 18.37 18.31 -0.12 -0.01 0.04
El Quintillo MyH 40 64.73 18.30 18.27 18.29 0.025 0.03 0.00

La covariacién entre el nimero de poros a la derecha y a la izquierda
(D-I) fue positiva, por lo que la medicion de la asimetria en los individuos de

P. algirus mediante los poros femorales es una medida simple de la

144



% Asimet. Fluct. P.
alg

inestabilidad durante el desarrollo. El test de Kolmorogov-Smirnov
determiné la distribucion normal para las poblaciones de las Doblas, el Rio

Agtio y del Pinar de Villamantrique, pero no para las poblaciones de P.

algirus 4 y 5 previas al vertido (Figura 2).
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Figura 2. Test de Kolmorogov-Smirnov pata la distribucién de los datos de asimetria en los
poros femorales de la lagartija colilarga (Psammodromus algirus) en las distintas
poblaciones de estudio del SO de la Peninsula Ibérica en dos poblaciones expuesta a niveles
de contaminacién (Doblas y Rio Agtio) y otras cuatro poblaciones no expuestas a
contaminacién (Pinar de Villamanrrique, El Mustio y El Quintillo).

Los valores de las medias de la asimetria en las poblaciones no
mostraron ser diferente de cero (f < 0.34, p < 0.79). Por lo que las

poblaciones de P. algirus afectadas por el vertido y la poblacién control (1, 2
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y 3 respectivamente) mostraron tener asimetria fluctuante. Las poblaciones
previas al vertido mostraron un patrén confuso en la asimetria. La poblacion
4 mostré un valor alto de Kurtosis = 2.63; sin embargo, la poblacién 5
mostré un valor mas bajo = -0.84.

Para las poblaciones en las que se determinaron asimetria fluctuante,
los analisis de ANOVA no detectaron diferencias significativas en la
asimetria entre poblaciones (F(2, 44) = 2.22, p = 0.12) entre las poblaciones
donde se determiné asimetria fluctuante. Por otro lado el test de Levene’s
F(2,44) = 228, p = 0.12) tampoco determiné diferencias en la asimetria

fluctuante entre estas poblaciones.
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Figura 3. Medias de los valotes de asimetria en los poros femorales de la lagartija colilarga
(Psammodromus algirus) en las distintas poblaciones de estudio del SO de la Peninsula
Ibérica en dos poblaciones expuesta a niveles de contaminacién (Doblas y Rio Agrio) y
otras cuatro poblaciones no expuestas a contaminacién (Pinar de Villamanrrique, El Mustio

y El Quintillo).
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Los niveles de metales pesados no se pudieron normalizar, por lo que
utilizamos una ANOVA factorial por rangos. El analisis no mostré
diferencias significativas entre el nivel de contaminacién por metales pesados
entre los individuos simétricos y asimétricos, pero la mayoria de los datos
sugieren que los individuos asimétricos tienden a mostrar una mayor nivel

de contaminacién (Tabla 2; Figura 4).

Tabla 2.- Valores de la ANOVA factorial por rangos en el nivel de contaminacién, para los
distintos metales pesados analizados, entre sexos, entre los individuos asimétricos y simétricos
y en la interaccién Sexo*, correspondientes a todos los individuos de las tres poblaciones (Las
Doblas, Rio Agrio y Pinar de Villamanrrique) en las que se analizé el nivel de contaminacion.

Sexos Asimetria Sexo*Asimetria

F127)  p F(1,27) » F(1,27) »
Hg 0.29 0.59 0.78 0.39 1.48 0.23
Sb 0.08 0.78 1.05 0.32 0.07 0.80
Cd 0.47 0.50 1.30 0.26 0.24 0.63
Cr 1.53 0.23 8.98 0.01 0.01 0.94
Tl 0.00 0.98 0.47 0.50 0.50 0.48
Sn 0.39 0.54 0.39 0.54 0.39 0.54
Ba 0.57 0.46 2.90 0.10 0.28 0.60
Pb 0.59 0.45 1.46 0.24 0.08 0.78
Cu 0.85 0.37 0.00 1.00 2.28 0.14
Sr 2.03 0.17 1.48 0.23 0.50 0.49
Mn 3.70 0.07 1.41 0.24 0.12 0.73
Rb 0.06 0.81 0.14 0.71 0.50 0.49
As 0.27 0.61 0.00 0.99 0.00 1.00
Zn 0.00 0.97 2.95 0.10 0.28 0.60

4. Discusion

El Corredor Verde del Guadiamar es un escenario idéneo para hacer
estudios sobre el efecto que puede tener la contaminacién por metales
pesados sobre los organismos durante su desarrollo y su crecimiento. Los

resultados en el estudio sobre la bioacumulaciéon de metales pesados en P.
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algirus muestran que es un excelente modelo como bioindicador de
contaminaciéon del Corredor Verde del Guadiamar. Nuestra hipotesis de
partida era que poblaciones P. algirus expuestas a altos niveles de metales
pesados podrian presentar mayor asimetria fluctuante en los poros femorales
que aquellas poblaciones menos expuestas 0 nNo expuestas a contaminacion.
Entre las poblaciones estudiadas no hemos encontrado diferencias
significativas en la asimetria fluctuante, lo cual sugiere que los individuos
expuestos a contaminacion no influyen en la simetrfa de los poros femorales.
Pero debemos tener en cuenta varias consideraciones en estos resultados.
Por un lado, la baja muestra de individuos en las zonas contaminadas puede
ser la causa de no encontrar altos grados de asimetria fluctuante, ya que se
necesita un tamafio muestral mas grande para detectar este tipo de
asimetrias. El test de Kolmorogov-Smirnov para testar la normalidad de la
distribucion de datos de la diferencia D-I puede dar un valor erréneo de la
normalidad de los datos para caracteres meristicos y tamafio muestral
pequeno (Palmer y Strobeck, 2003); por lo que no estamos seguros de que la
distribuciéon de los datos en asimetria en las poblaciones sigan una
distribucién normal; por otro lado sélo estamos considerando individuos
adultos y el hecho de no considerar a los juveniles puede ser que estemos
obteniendo resultados no representativos de la poblacién. La contaminacion
de los ecosistemas puede aumentar la tasa de mortalidad de juveniles, ya que
determinados estudios en las poblaciones de la lagartija roquera (Iberolacerta
monticola cyrenni) demuestran que los suelos contaminados alteran la
permeabilidad de la cascara del huevo y por lo tanto afectan a la tasa de
intercambio de humedad con el medio externo; de esta manera los
individuos nacen muy pequefios en tamafio y peso y la capacidad de

locomocién disminuye, alterando asi el fitness del individuo (Marco et al.,
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2004, 2005). Otra cuestion a considerar es que sélo estamos midiendo un
caracter en el individuo. Un estudio de asimetria que comprenda el mayor
numero de caracteres posibles puede responder mas claramente a si la
contaminaciéon por metales pesados puede influir en la inestabilidad sobre el
desarrollo, que la eleccién de un solo caracter no es suficiente para concluir
que hay habido inestabilidad durante el desarrollo (Palmer, 1994; Tarlow et
al., 2007).

Debido a la gran variabilidad encontrada en los niveles de metales
entre individuos de una poblaciéon, la misma cuestion la hemos intentado
responder relacionando el nivel de contaminacién con la asimetria o simetria
en el individuo, independientemente de la poblacién a la que pertenecian
(dentro de las tres analizadas para la contaminacion; 1, 2 y 3). El problema
que nos encontramos es que aqui la relaciéon causa-efecto que intentamos
determinar no es directa. No sabemos en que medida la inestabilidad en el
desarrollo esta relacionada con el alto nivel de contaminacién, ya que
suponemos que el nivel de contaminacién aumenta a medida que el
individuo crece, lo cual es variable en el tiempo, y el efecto de la asimetria en
los poros femorales es invariable. Aun asi, llama la atencién que parece ver
una tendencia en que los individuos con mayores niveles de contaminacién
son asimétricos; pero no hemos detectado diferencias significativas en el
nivel de contaminacién entre estas dos categorias, lo cual no determina con
claridad esta relacion.

En un futuro esperamos determinar el efecto de la contaminacién por
metales pesados sobre la inestabilidad durante el desarrollo de los individuos,
por lo que tendriamos que tener en cuenta todas estas consideraciones. Asi
pues se podrian hacer dos cosas, lo primero serfa aumentar el nimero de
individuos de las muestras de las poblaciones contaminadas, cogiendo

individuos tanto juveniles como adultos. Por otro lado, también se podria
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completar este estudio midiendo la asimetria fluctuante en otro caracter

como puede ser el nimero de escamas a un lado y otro de la cabeza.
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El vertido minero de Aznalcollar afecté a las comunidades de
organismos ligados al al cauce fluvial y a la llanura de inundacién. Pero, la
rapida actuaciéon de los equipos de limpieza y restauracion a lo largo de la
zona afectada favorecié la pronta recuperaciéon de estas comunidades
biolégicas gracias a la disminucién de la contaminacion en el agua y en el
suelo (PICOVER, 2003). La estructura de la vegetacion de ribera y de la
llanura de inundaciéon quedd intensamente afectada por la retirada de los
lodos, sélo los arboles mas grandes aguantaron el empuje del vertido
(Aguilar et al.,, 2003). Las aves dependientes de la vegetaciéon y con gran
capacidad de dispersion, pudieron refugiarse en las zonas de alrededor no
impactadas. A partir de la restauraciéon de la vegetacion, nuestro estudio
sobre la evolucién temporal de la comunidad de aves, mostrd que la riqueza
y la diversidad se mantuvo constante entre el perfodo 2000-2006. Sin
embargo, la abundancia total de aves aument6 considerablemente. Este
incremento en la abundancia pudo ser debido al aumento de la complejidad
estructural de la vegetacion, ya que, la diversidad y abundancia de aves esta
relacionada directamente su la estructura y densidad (Dechenes et al., 2003;
Smile et al., 2004). La restauracion, favorecié a especies asociadas al habitat
de la llanura de inundacién. Sin embargo, el corredor todavia no alberga una
disponibilidad de habitat comparable con otros medios riparios no
impactados, como el Arroyo Alcarayéon proximo al Rio Guadiamar. El
arroyo Alcarayén mantiene una abundancia de aves aun mayor en la que
predominan especies mas ligadas a la vegetacion riparia; mientras que en el
corredor las especies que mas abundan son las especies de habitos
generalistas y ligadas a medios abiertos. Otros estudios de restauracion de
ecosistemas alterados han mostrado que han de pasar muchos afios para que
la comunidad de aves sea similar a aquellas zonas no alteradas (Stuart-Smith

et al., 20006). Por lo que, ocho afios después del vertido, la vegetacion

157



Discusién
General

restaurada ha aumentado pero no ha alcanzado el grado de desarrollo
suficiente para albergar a una comunidad de aves similar a aquellas zonas no
impactadas, ya que aun, predominan los espacios abiertos, con gran
cobertura de herbaceas y poco matorral.

En nuestro segundo trabajo (Capitulo 2) los resultados de los analisis
multivariantes mostraron que la vegetaciéon riparia y la heterogeneidad
paisajistica del corredor fueron determinantes en la composicion y
abundancia de la comunidad de aves. La presencia de zonas forestales,
ganaderas y agricolas junto con otros medios riparios, puede haber influido
en el alto nimero de especies observadas en la zona préxima a la mina.
También se destac6 la importancia de los olivares en los tramos alto y
medio, debido a que son agroecosistemas que ofrecen refugio y recursos
troficos para muchas especies de aves (Mufioz-Cobos et al., 2003). Las
especies mas abundantes en estos tramos del corredor fueron especies de
medios abiertos (fringflidos y alaudidos) y especies ligadas a la vegetacion
riparia (silvidos y tardidos). Sin embargo, en el tramo bajo se encontraron
los valores mas bajos en riqueza de especies, abundando las especies ligadas
al medio acuatico (ardeidos) y a los espacios abiertos (fringilidos y
alaudidos).

En general, la heterogeneidad paisajistica en paisajes agricolas esta
asociada a una alta riqueza de especies en comunidades avifauniticas (Benton
et al., 2003; Devictor and Jiguet, 2007). Diversos estudios han mostrado la
importancia del paisaje, con respecto al tamafo de los fragmentos, su
configuracién en el espacio y su calidad ecoldgica, en el mantenimiento de
las funciones de los ecosistemas fluviales (Anderson, 1993; Passell, 2000;
Brotons & Herrando, 2001; Cardoso Silva & Vickery, 2002; Uezu et al.,
2005; Brawn, 20006). Otros han mostrado que la presencia y conservacion de

sistemas fluviales cercanos ayudan al mantenimiento de la conectividad en
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los ecosistemas fragmentados y a la dinamica metapoblacional de las
comunidades de aves (Hanski, 1999; Machtans et al., 1996; Hanowiski et al.,
2007; Smiley et al., 2007). Pero las variables descriptoras del cauce fluvial
como la anchura, la calidad del agua y la abundancia de macroinvertebrados
también pueden jugar un papel muy importante en la riqueza y abundancia
de aves ligadas a estos ecosistemas (Rushton et al,, 1994; Iwata et al,
2003;Vaughan et al., 2007).

En relacion a los reptiles, la restauracion de la vegetaciéon no fue
suficiente para su rapida y eficaz recuperacion. El aporte de refugios
artificiales, como componente esencial del habitat para reptiles en zonas
restauradas, ha quedado de manifiesto en el presente estudio (Capitulo 3). El
incremento de la riqueza especifica y abundancia en la comunidad de reptiles
en la parcela tratada con refugios, pudo haber sido fruto de la complejidad
estructural de la vegetacion, ya que es un factor que puede influir en la
composicion y estructura de las comunidades de reptiles (Mushinsky, 1985;
Galan, 1996; Lit et al., 2001; Montori et al., 2001; Nichols & Nichols, 2003).
Sin embargo la recuperacion de la comunidad de reptiles en la zona de
estudio que se empleé como testigo (en la que no se colocaron refugios
artificiales y que tenfa parecida estructura de vegetacioén y la misma zona
externa como fuente de individuos para la colonizacién) fue mucho mas
pobre y lenta.

Entre la comunidad de reptiles presentes en la region, las especies mas
abundantes como la salamanquesa comun (Tarentola mauritanica), la
culebra viperina (Natrix maura), las especies mas generalistas como el
lagarto ocelado (Timon lepidus), la culebra de herradura (Hemorrohis
Hippocrepis), la culebra bastarda (Malpolon monspoessulanus), y las especies

de menor tamafio como la lagartija colilarga (Psammodromus algirus), han
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sido las que hasta la finalizacién de nuestra monitorizacién han recolonizado
el corredor. Tarentola mauritanica y P. algirus fueron las primeras especies
registradas en la zona de estudio. Lo mas probable es que P. algirus fuera la
primera colonizadora, ya que 1. mauritanica se observé en los troncos de
arboles que quedaron después del vertido (obs. Pers.); posiblemente los
arboles mas grandes sirvieron de refugio cuando ocurrié el desastre. Los
ofidios son estrictamente carnivoros (Salvador, 1998) y su posicién como
depredadores en la red tréfica supone una destacada madurez del medio y
una suficiente disponibilidad de alimento, por lo que han sido los tltimos en
recolonizar las zonas restauradas.

Psammodromus algirus fue la especie mas abundante a lo largo del
periodo de estudio en las dos parcelas. Esta especie muestra una clara
dependencia de la estructura de la vegetacién, abundando en zonas donde el
matorral y los arboles alternan con suelo desnudo (Carretero & Llorente,
1993). Por lo tanto, no es una especie que & priori se pueda ver favorecida
por la presencia de refugios, aunque el aumento de individuos en la parcela
experimental a partir de la colocaciéon de refugios fue evidente. Asi pues,
cabe pensar que los refugios podrian favorecer a la especie por otras razones
como el aporte de recurso tréfico que pueden encontrar bajo los refugios de
madera (areneidos y coledpteros; observacion de los autores) ya que su dieta
se compone basicamente de estos dos grupos (Pérez-Quintero y Rubio-
Garcia, 1997).

El hecho de que P. algirus sea mas abundante en el corredor que en
el encinar adehesado, fuera del corredor, puede ser debido a la diferencia en
la estructura de la vegetacion. Los encinares adehesados son ecosistemas
manejados por el hombre y no albergan la estructura y densidad de

vegetacion necesaria para esta especie, lo cual pueden afectar negativamente
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a sus poblaciones (Martin & Lopez, 2002; Diaz, 2004). Por todo ello, cabe
concluir que la restauracion de la vegetacion, unida a la colocaciéon de
refugios, han creado habitats favorables para P. algirus (Marquez-Ferrando
et al. 2008).

El resto de las especies presentes en la region segun el “Atlas y Libro
Rojo de Anfibios y Reptiles de Espafa” y que no se observaron en los
muestreos son especies sujetas a componentes muy especificos del habitat,
ain no presentes en el biotopo relativamente reciente que constituye el
corredor.

Aunque los reptiles representan una cuarta parte de las especies de
vertebrados terrestres y se hallan repartidos por muchos habitats y climas,
pocas veces se han utilizado como bioindicadores de la calidad del habitat
(Burger et al,, 2004). Recientes estudios han resaltado la importancia de
incluir a los reptiles como bioindicadores de la calidad de los ecosistemas en
relaciéon con los estudios ecotoxicolégicos (Lambert, 1993; Loumbourdis,
1997; Hopkins, 2000; Santos et al., 2000). Los reptiles, y en especial los
pequenos lacértidos, son especies muy utiles como bioindicadores de los
ecosistemas debido a su abundancia, conspicuidad, facilidad de muestro y
limitada capacidad de dispersion (Cambell & Campell, 2002). Nuestro
estudio demostré la utilidad de P. algirus en la biomonitorizacién de la
contaminaciéon del Corredor Verde del Gaudiamar. Los analisis de
concentracién de metales pesados en individuos de P. algirus del corredor
pone de manifiesto que el nivel de contaminaciéon en este medio es aun
preocupante por su alta biodisponibilidad para los organismos. La diferencia
de las concentraciones de As, Tl, Sn, Pb, Cd y Cu entre la poblaciéon del
corredor cubierta por los lodos y la poblaciéon control (1 km alejado de la
zona afectada), muestran la persistencia y los altos niveles de contaminacion

en el corredor. Los estudios de bioacumulaciéon en la poblacién de T.
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mauritanica presente en el Corredor Verde del Guadiamar sirven de apoyo
a nuestros resultados, ya que se cuantificaron niveles altos de As, T1, Cd y Pb
en las poblaciones expuestas en zonas directamente contaminadas (Fletcher
et al., 2000). Los datos del Pb, As y Cd son metales de gran interés en el
seguimiento de la contaminacion en el corredor, ya que fueron componentes
importantes en los lodos vertidos (Alastuey et al., 1999; Cabrera et al., 1999)
y el Tl por la alta toxicidad y desconocimiento del comportamiento en el
suelo y en los organismos (Aguilar et al., 2003).

Cabe comentar que los niveles medios de concentracion de metales
detectados en la poblacién de P. algirus localizada en el cotredor pero no
afectada directamente por los lodos (a 0.1 km de la zona afectada)
demuestran que el vertido no ha afectado exclusivamente a las zonas
cubiertas por los lodos, sino que también ha contaminado los ecosistemas
mas proximos. Esto puede ser debido por un lado, a las tareas de remocion
de los lodos con maquinaria pesada, que provoco la dispersion de los sélidos
en suspension y su propagacion hacia los alrededores (Aguilar et al., 2003;
Madejon et al., 20006); y por otro lado debido a la gran conexién entre el
sistema fluvial y sus alrededores mediante el intercambio de nutrientes,
energia y e interacciones ecoldgicas entre especies de una zona y otra (Baxer
et al,, 2005).

El efecto que puede derivarse de la acumulacion por metales pesados
en los organismos puede traer consecuencias a nivel de individuo y a nivel
poblacional, ya que puede afectar a la eficacia biolégica (Sparling et al.,
2000). El agua y los gases que los huevos absorben son determinantes para el
buen desarrollo embrionario (Overall, 1994). Marcos et al. (2004; 2005)
demostraron que los suelos contaminados o la acidificacién de éstos afectan
al desarrollo embrionario de la lagartija roquera (Lacerta monticola cyrenni),

debido al efecto que tiene en la permeabilidad de los huevos. Los huevos
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eran mas pequeflos y como consecuencia, los individuos nacian con menor
masa corporal, afectando a la locomocién. Como consecuencia del mal
desarrollo de los individuos, la tasa de mortalidad de los juveniles podria
incrementar y esto afectarfa a la dinamica poblacional de la especie. Por lo
que, la contaminacion altera las condiciones naturales de los ecosistemas,
provocando estrés ambiental en los organismos. En el Capitulo 5 de esta
memoria nuestra hipotesis de partida era que las poblaciones de P. algirus
expuestas a altos niveles de contaminacién presentarfan un mayor grado de
asimetria en los poros femorales. Sin embargo, en el analisis de los datos no
hemos detectado diferencias en el grado de asimetria fluctuante entre las
poblaciones. Lo que si parece es haber una tendencia a que los individuos
con mayor nivel de contaminacién sean los asimétricos. Esta relacion
asimetria-concentracion en metales pesados es dificil de interpretar ya que la
acumulaciéon de metales pesados aumenta posiblemente con la edad del
individuo (Linder & Grillitsch, 2000), pero la asimetria en los poros
femorales se fija durante el desarrollo ontogénico. Lo cual, nos hace pensar
que esta relacién causa-efecto solo se podtia explicar si los individuos
asimétricos en poros femorales ya tenfan en su origen altos niveles de
contaminaciéon en metales pesados. Por lo que nuestra hipétesis no se ha
cumplido, pero serfa interesante aumentar el nimero de individuos que
incluya a juveniles para determinar con mas claridad la relaciéon causa-efecto

entre nivel de contaminacion y asimetria en poros femorales.
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Awves y Reptiles del C.V.G. después del vertido de

ANalcéllar

De acuerdo con los resultados expuestos, extraemos las siguientes
conclusiones:

1.- El vertido minero afecté la disponibilidad del habitat para las
aves, debido a su dependencia de la vegetacion. Pero, debido a su gran
capacidad de dispersion pudieron refugiarse en los alrededores en los
primeros afios durante las tareas de restauracion. La restauraciéon de la
vegetacion favorecio la rapida recolonizacion de las aves y el aumento de la
abundancia. Sin embargo, ocho afios después del vertido, la vegetaciéon no
ha alcanzado el grado de desarrollo suficiente para albergar a una comunidad
de aves similar a aquellas zonas no impactadas, ya que atun, predominan los
espacios abiertos, con gran cobertura de herbaceas y poco matorral.

2.- La vegetaciéon de ribera, los olivares y la presencia de los
ecosistemas riparios que rodean al corredor, fueron las variables que
determinaron la comunidad en el tramo alto-medio del corredor. Sin
embargo, la cobertura de las herbaceas fue la mas importante en el tramo
inferior. Por tanto, ademas de la conservacion de la vegetacion riparia, hay
que tener en cuenta la conservacion de la heterogeneidad paisajistica en
futuros proyectos sobre la conectividad y conservacion de la comunidad de
aves en el Corredor Verde del Guadiamar.

3.- La comunidad de reptiles no se recuperé con los proyectos de
restauracion genéricos del habitat. I.a comunidad de reptiles sin embargo si
se recuperd de manera mas rapida y eficaz en una zona experimental en la
que se realiz6 una restauraciéon especifica para este grupo. Los refugios
artificiales para reptiles aportados en la parcela experimental favorecen el
reestablecimiento de los comunidad en ambientes alterados de forma mas
rapida y eficaz. Seis de las trece especies que se han registrado en la region,
han recolonizado las areas restauradas con refugios en un plazo de seis afios.,

mientras que menos especies, y sobre todo, con menor abundancia, ha
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colonizado durante el mismo tiempo otra parcela testigo, sin tratamiento con
refugios. Esta informaciéon podria ser utilizada por el equipo técnico de
mantenimiento para potenciar la recuperaciéon de los reptiles a lo largo de
todo el corredor Verde del Guadiamar.

4.- Ocho afios después del vertido minero, los individuos de lagartija
colilarga que viven en las zonas cubiertas por los lodos indicaron que la
contaminacion de As, Tl, Sn, Pb, Cd y Cu persiste en altos niveles en
formas biodisponibles para los organismos, a pesar de los esfuerzos de
limpieza y restauracion realizados.

5- La exposicion a la contaminacién no mostré efectos
estadisticamente significativos en la asimetria de los poros femorales en las
poblaciones de lagartija colilarga, aunque parece haber una tendencia a que
los individuos con mayores niveles de contaminacién sean mas asimétricos.

6.- El vertido téxico de Aznalcollar afecté de diferente manera a las
comunidades de organismos ligadas al ecosistema dafnado, ya que todos no
tienen la misma capacidad de colonizar nuevas zonas y los requerimientos en
los componentes del habitat no son los mismos para todos. La evolucion de
la comunidad de las aves y reptiles pasa por una buena conservacion de la
vegetacion riparia y de la conservacion de la heterogeneidad paisajistica que
lo rodea, destacando los ecosistemas riparios mds cercanos y los olivares, ya
que favorecen el mantenimiento de la conectividad en la Cuenca del
Guadiamar. Sin embargo los reptiles dependeran de la disponibilidad de
refugios que haya en el medio, fundamentales para colonizar las zonas

restauradas y dispersarse.
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