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RESUMEN GENERAL

Las invasiones bioldgicas representan tanto una amenaza para la biodiversidad como
una oportunidad para profundizar en el conocimiento de la adaptacion de las especies
y el funcionamiento de las comunidades bioldgicas. Las Especies Exéticas Invasoras
siguen tres fases: introduccion, establecimiento y expansiéon. Pocas, de las muchas
especies introducidas, consiguen llegar a la fase de expansion con éxito. Son muchos
los factores que conforman la capacidad invasora de una especie y que explican su éxito
en el drea invadida, variando los mismos entre especies y escalas de estudio. A
excepcion de casos como los de Lithobates catesbeianus o Rhinella marina entre otros,
escasos trabajos han sido dedicados al estudio de los factores que favorecen la invasion
de las especies de anfibios y su efecto potencial en las especies nativas a pesar de ser
uno de los grupos mas amenazados en la actualidad. En esta tesis doctoral se ha
desarrollado un analisis multi-escalar de los principales factores que conforman la
capacidad invasora del sapillo pintojo mediterraneo, Discoglossus pictus auritus una
especie introducida en Banyuls sur Mer (Francia), a 5 km de la frontera con Catalufia,
a finales del siglo XIX. En la actualidad cuenta con poblaciones abundantes y se
encuentra en expansion tanto en Francia como en Espana. Trabajos previos indican su
potencial efecto sobre la comunidad nativa y la necesidad de su estudio en
profundidad.

Los factores que acttian a macroescala son ampliamente utilizados en el estudio de las
invasiones bioldgicas y se consideran los mas efectivos a la hora de predecir el éxito de
las especies introducidas. En este trabajo se analizaron cuatro factores clave en este
aspecto: el alcance potencial de expansion (spatial spread), la capacidad de expansion
(dispersal ability), la plasticidad del nicho realizado (realized niche plasticity) y la
progresion de la expansion en un futuro (increasing/decreasing expansion at the future). Se
observd que las condiciones encontradas por D. pictus en el drea de invasién son
favorables a su expansion, al ser similares a las del area de origen (niche conservatism) y
que las translocaciones registradas dentro de esta area, podrian acelerar el proceso. Su

capacidad de expansion, hasta el momento, presenta un patrén tipico de las especies



invasoras: con una fase lag inicial, seguida de un aumento exponencial de su tasa de
expansion. A pesar de que los anfibios presentan menores tasas que otros grupos, se
espera una progresion y aumento de su invasion en un futuro y por tanto se recomienda

su seguimiento.

A mesoescala, el andlisis de aquellos factores que determinan la estructuracién de las
comunidades son esenciales a la hora de entender el éxito de una especie. Las
comunidades de anfibios se distribuyen en un gradiente de sistemas acuaticos con
diferente hidroperiodo, quedando las especies organizadas en funcién de su capacidad
a hacer frente a las diferentes amenazas: la desecacién en los habitats efimeros, y la
depredacion en los ambientes acuaticos mas estables y permanentes. A partir de dos
disefios experimentales se estudid la respuesta de D. pictus a la desecacién bajo
diferentes condiciones de disponibilidad de recursos, asi como su reaccién y la de una
especie de anuro nativo (Pelodytes punctatus) a tres depredadores frecuentes en el drea
de introduccion. Los resultados obtenidos demuestran que D. pictus responde de forma
eficaz a la desecacidn, una respuesta sin embargo dependiente de la disponibilidad de
los recursos. Por otra parte, presenté plasticidad frente a los diferentes depredadores,
aunque menor que la observada en la especie nativa. Estas cualidades permiten
entender la preferencia de D. pictus por los sistemas acuaticos efimeros con poca
abundancia de depredadores, donde cabe esperar un elevado éxito reproductivo que

explicaria su buena capacidad invasora.

El ultimo capitulo (analisis a microescala) analizé la gestion de los recursos troéficos
realizada por D. pictus y su potencial interaccion con la especie nativa con la que
presenta mayor solapamiento espacial y temporal (Bufo calamita), tanto en campo como
en laboratorio (analisis a microescala). Estudios previos, asi como los resultados
obtenidos en la seccién anterior, indican que la gestién de los recursos tréficos es un
factor clave para el éxito reproductivo de los anfibios. El estudio del nicho trofico y la
actividad trofica de ambas especies a microescala indicd que D. pictus presenta una
efectiva estrategia trofica, asi como un desplazamiento de la especie nativa hacia
recursos de menor calidad. Este desplazamiento podria llegar a afectar de forma
negativa a la capacidad de respuesta de la especie nativa a la desecacion de los sistemas

efimeros por los que ambas especies muestran preferencia a la hora de reproducirse.

Este trabajo destaca la estrategia tréfica de D. pictus (microescala) con una gestion de

los recursos inclinada a favorecer crecimientos rapidos y elevados, pero con una gran



capacidad de alterarla en funcién de su disponibilidad. Por otro lado, parece presentar
una mayor capacidad competitiva en el nicho tréfico (microescala) que la especie nativa
con la que convive habitualmente en ambientes efimeros, observandose un
desplazamiento dentro del nicho que podria llegar a alterar la estructuracion de las
comunidades naturales (mesoescala). La disponibilidad de habitats favorables en el
area de introduccion y su potencial expansion futura (macroescala) podria provocar a
medio plazo algin tipo de consecuencia sobre las especies nativas en dreas con
condiciones desfavorables, con escasez de puntos de agua o problemas de

conservacion.

Esta tesis doctoral proporciona una visiéon global de la capacidad invasora de una
especie a diferentes niveles, aplicando para ello diferentes técnicas de estudio: ENMs,
técnicas de ordenacion, disefios experimentales en laboratorio y campo, y analisis de
isotopos estables. El trabajo y resultados obtenidos representan un importante avance
en el conocimiento del proceso de invasién de D. pictus en Europa, y asienta las bases

para el desarrollo de estudios adicionales que profundicen en las cuestiones planteadas.
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INTRODUCCION GENERAL

1. ESPECIES EXOTICAS INVASORAS (EEI)

1.1. CONCEPTO Y CONTEXTO GENERAL

Hoy dia el progreso humano y la celeridad en los avances provocan fuertes impactos
sobre la dinamica natural de los ecosistemas. La fragmentaciéon del habitat, la
intensificacion de la contaminacién en medios terrestres y acuaticos o el efecto
invernadero sélo son algunas de las consecuencias de la actividad humana. En los
altimos 50 afios la mejora de las infraestructuras, y por tanto de las conexiones entre
paises y continentes, ha sido uno de los factores con mayor impacto en el medio
ambiente debido, no solo a la fragmentacion y pérdida del habitat natural, sino a la
dispersién de una gran cantidad de especies en dreas distantes a su distribucion
original (Mooney & Hobbs, 2000; Richardson, 2011). Las especies que una vez
introducidas consiguen establecerse en los nuevos territorios e iniciar su expansion se
denominan comtnmente como invasoras (Richardson et al. 2000). Dichas especies
pueden provocar importantes dafios en los ecosistemas receptores, y son consideradas
uno de los principales problemas en el campo de la biologia de la conservacién junto
con la destruccion del habitat, la sobreexplotacion, la contaminacién y el cambio
climatico (Mack et al. 2000; Clavero & Garcia-Berthou 2005; D’ Amore et al. 2010). Al
mismo tiempo, el fendmeno es considerado por la comunidad cientifica como una
inestimable oportunidad para avanzar en el conocimiento de la adaptacién de las
especies y de la estructuracion de las comunidades mediante el estudio de los procesos
que tienen lugar en las nuevas interacciones. Tanto ha crecido el interés en este campo
que ya han surgido revistas dedicadas exclusivamente a este tema (Biological Invasions

o Aquatic Invasions, por ejemplo), enciclopedias o volimenes como Simberloff &
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Rejmanek (2011) asi como webs o congresos nacionales e internacionales monograficos
sobre esta tematica. Las invasiones bioldgicas, son procesos continuos en el tiempo y el
espacio que pasan por tres etapas: la introduccion, el establecimiento y la invasion
propiamente. No todas las especies introducidas consiguen establecerse con éxito en
los nuevos habitats, hablandose entonces de especies casuales (casual species). Solo tras
su establecimiento en ntcleos reproductores se considera a una especie como
naturalizada (naturalized species), paso previo que puede dar lugar a la expansion de la
misma, momento a partir del cual se denominaria especie invasora (invasive species) (ver
Cuadro 1). S6lo una parte de las especies introducidas se establecen con éxito y de éstas
solo un porcentaje muy bajo de especies se convierten en invasoras con fuerte presencia
en las comunidades receptoras (Pimentel et al. 2001; Richardson & Pysek, 2006; Vila et
al., 2008).

En la actualidad existe un extenso debate en cuanto a si la capacidad invasora de las
especies debe definirse sobre la base de los impactos ecolégicos que causan sobre los
ecosistemas o de la magnitud y la rapidez de expansién de su rango (por ejemplo,
Richardson et al., 2000; Daehler, 2001; Simberloff et al, 2012; Blackburn et al, 2014).
Mientras unos autores defienden que especie invasora es toda aquella especie
naturalizada que consigue expandir su distribucién con éxito, otros consideran como
invasora unicamente aquellas especies que ademas de tener estas caracteristicas,

conllevan un impacto negativo sobre el sistema y/o la biota receptora (Alpert et al,

AY
1 . . . . . . . .1
. Especies casuales (casual species) — especies introducidas fuera de su distribuciéon que

no forman poblaciones con autoreemplazamiento en el drea de introduccién y cuya

persistencia depende de la introduccién repetida de individuos o propagulos.

Especies naturalizadas (naturalized species) — especies introducidas fuera de su
distribucion que mantienen poblaciones reproductoras y que persisten durante un

periodo determinado sin intervencion directa del hombre.

Especies invasoras (invasive species) — especies naturalizadas que mantienen
poblaciones reproductoras a menudo abundantes y con una elevada capacidad de
expansion. Definicién aceptada por el World Conservation Union (IUCN), the
Convention on Biological Diversity y el World Trade Organization add economy,

', environment or health impacts to invasive species denomination. ,

Cuadro 1. Definicién de los términos especies casuales, naturalizadas e invasoras basados en
Richardson et al. 2000, Colautti & Maclsaac 2004, Occhipinti - Ambrogi & Galil 2004 y PySek et al.
2009.
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2000). Los dos puntos de vista tienen su origen en dos percepciones distintas del
fendmeno, uno con una clara vocacién practica y conservacionista, y otra mas bésica
interesada no tanto en sus efectos negativos sino en entender los mecanismos
intrinsecos y extrinsecos que permiten a una especie introducida desarrollarse y
expandirse favorablemente en un nuevo ambiente. Los impactos negativos que se han
descrito de estas especies son muy diversos. Estos van desde su efecto en la alteracion
del equilibrio dindmico natural de los ecosistemas a la contaminacion genética, actuar
como vector de enfermedades e incluso a ser responsables de la modificacion del
habitat (Elton 1958; Manchester & Bullock 2000; Gilbert & Doods 2001). Sin embargo,
diferenciar entre especies exdticas invasoras y no invasoras en funcién de su impacto
puede conllevar a equivoco. Aunque algunas especies exdticas tienen efectos notables
e inmediatos sobre las comunidades nativas como la depredacion o degradacion del
habitat (Rodda & Savidge 2007), otros presentan efectos menos perceptibles a corto
plazo como la reduccion de la fitness de las especies nativas, contaminacion genética de
las poblaciones nativas, desestabilizacion de la organizacién natural de las poblaciones
o alteraciones con efecto dominé en las comunidades receptoras (Santos et al, 2007;
Kraus, 2015). Por otro lado, el proceso de invasién de una especie es dinamico y los
efectos derivados de su introducciéon pueden diferir también dependiendo del
momento o lugar de la invasién: una invasiéon puede categorizarse como no dafina
hasta que entra en contacto con una especie determinada o las condiciones ambientales
cambian, alterando las condiciones ecoldgicas y resultar nociva en la nueva zona
alcanzada (Mack et al., 2000; Clavero & Garcia-Berthou 2005; Strayer et al. 2006; Jeschke
et al, 2014). Su potencial nocivo puede responder a las caracteristicas de los habitats o
comunidades receptoras (riqueza de especies, la degradacion del habitat, la co-
ocurrencia con especies o poblaciones amenazadas, entre otras) que varian a lo largo
de su area de expansion. Es el caso, por ejemplo, del arbol del viajero (Ravenala
madagascariensis) plantado ampliamente por motivo ornamental en todo el trépico sin
aparentes impactos pero que se ha convertido en plaga en las islas Macarenas (Cronk
y Fuller, 1995). En consecuencia, la prudencia y la ampliacién del conocimiento
especifico de cada caso son fundamentales para el correcto manejo de esta problematica
(Joly 2000; GEIB ed. 2010; Vila et al. 2008), y una definicién en funcién de sus
propiedades de expansion mas que en los dafos causados parece mas adecuada para
identificar a aquellas especies con un potencial dafiino a lo largo de su futura

expansion.

El estudio de las especies invasoras (con o sin efectos evidentes) no sélo tiene un
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elevado interés en materia de conservacion sino que posee un inestimable valor
cientifico (Sax et al, 2007), como ya se dijera anteriormente. La especiacién y
organizacion de las comunidades actuales derivan de un proceso prolongado de
adaptacion al nicho ecolégico disponible (condiciones climaticas, interacciéon entre
especies y procesos de competencia alrededor de los recursos disponibles). Es esperable
que en sistemas saturados las especies introducidas de otras regiones estén peor
adaptadas a las nuevas condiciones que las nativas y no consigan establecerse con éxito.
Sin embargo las especies invasoras, consiguen naturalizarse y expandirse en un
periodo extremadamente corto de tiempo. Su estudio presenta una oportunidad tnica
en el estudio de la evolucién y adaptacion de las especies a nuevos ambientes y
comunidades tanto de las propias especies invasoras como de las autoctonas que
conforman la comunidad de recepcion. Permite a los investigadores analizar que
fenémenos ecoldgicos y evolutivos capacitan a dichas especies para penetrar en las
nuevas comunidades, mediante el estudio de su plasticidad fenotipica, sus
interacciones ecoldgicas, o su composicion genética. Responder a qué factores y
caracteristicas facilitan su éxito, es el primer paso para el analisis de una invasién y sus

posibles consecuencias.

1.2. ESTABLECIMIENTO Y EXITO DE INVASION

El éxito de invasion de una especie viene definida fundamentalmente por tres factores
principales: el historial de su introduccién, la permeabilidad del sistema receptor a la
invasion y la capacidad invasora propia de la especie (Cuadro 2). El historial de su
introduccién esta principalmente relacionada con el nimero de individuos
introducidos, la frecuencia de los eventos de introduccién y la viabilidad y capacidad
de reproduccién de estas especies tras su introduccién (Blackburn & Duncan, 2001;
Lockwood et al, 2005; Colautti et al, 2006). En el caso de las plantas invasoras, sobre las
que puede encontrarse una extensa bibliografia con respecto a invasiones bioldgicas,
dicho proceso suele definirse bajo el término de “propagules pressure” (Williamson &
Fitter, 1996). Un alto niimero de individuos o introducciones numerosas y consecutivas
parece favorecer el establecimiento de las especies y ser clave para algunas de ellas
(Jeschke & Strayer, 2006; Hayes & Barry, 2008; Blackburn et al, 2013, Blackburn et al,
2015a y b). Por otro lado, la permeabilidad del sistema receptor a la invasion indica la

susceptibilidad del mismo a ser invadido, haciendo referencia a aquellas condiciones
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del medio que facilitan la naturalizacion de las especies introducidas (Crawley 1987;
Mack et al, 2000). Se ha observado, por ejemplo, que el grado de humanizacion del
sistema receptor estd relacionado con el éxito de algunas de éstas (Simberloff, D. 1986;
Gasso et al. 2009; Pysek, et al. 2010). Por ultimo, la capacidad invasora de la especie,
que incluye todas aquellas caracteristicas propias de la especie que aumentan su éxito
de invasién. Se ha tratado de elaborar un listado de caracteristicas generales que
definieran un modelo de invasor con el objetivo de responder a porqué unas especies
obtienen éxito y otras fallan en alguna de las fases del proceso de invasion (Pysek &
Richardson, 2007; van Kleunen et al, 2010). Caracteristicas recurrentes en la bibliografia
que definen a los invasores que tienen éxito son, por ejemplo, la capacidad de
dispersidn, el ser especies generalistas en las diferentes dimensiones del nicho (tréfico,
espacial, etc), la plasticidad fenotipica o las estrategias reproductivas propias de
especies con estrategias tipo R, que aseguren camadas o puestas abundantes y de
desarrollos rapidos (Rehage et al, 2005; Rodda & Tyrrell, 2008).

En la mayoria de los casos, determinar la historia de la introduccién es extremadamente
dificil al carecer de datos y registros histdricos, sin embargo el avance en las técnicas y
analisis de genética de poblaciones permite cada vez con mayor exactitud reinterpretar
cuando y como tuvo lugar la introduccion de las poblaciones (Sato et al, 2010; Cristescu
2015). Dicha dificultad ha dado lugar a que hasta el momento gran parte de los trabajos
se centren en determinar la permeabilidad del sistema y/o la capacidad invasora de la
especie. Ambos factores, aunque independientes, estan estrechamente relacionados.
Especies con los rasgos generales propios de buen invasor, que harian pensar que
tendran un potencial invasor alto, pueden no prosperar en su extension como es
esperado en funcion del sistema en el que son introducidos La permeabilidad del
sistema (invasibility) esta definido por los requerimientos y caracteristicas de la especie
y la capacidad invasora de las especies (invasiveness) por las condiciones del sistema

(Alpert et al, 2000). Asi deben ser estudiados de forma conjunta.

Por otro lado, dos factores claves a la hora de estudiar la capacidad invasora de una
especie es su variabilidad entre taxones, y mas concretamente entre especies, y de la
escala de estudio (Hayes & Barry, 2008; Kraus, 2009; Hortal et al, 2010; Reed et al, 2012;
Hulme et al, 2013). Asi diferentes autores han destacado los factores que de forma
general caracterizan a una especie como una buena especie invasora en plantas (por
ejemplo Williamson and Fitter, 1996; Dawson et al, 2011) o en peces (por ejemplo

Marchetti et al, 2004). Dependiendo de la fisiologia, los requerimientos especificos y las
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/' Presion de propagulos o historia de introduccion (history of introduction or propagule
pressure) — cantidad de organismos o partes viables del mismo que son introducidos en
un determinado lugar y pueden llegar a desarrollar individuos adultos. Se incluye
también dentro del término la frecuencia en la que se producen dichas introducciones y
la capacidad de los individuos a formar nuevas poblaciones (Lonsdale, 1999; Colautti et
al, 2006; Chytry et al., 2008; Kraus 2009)

Permeabilidad del sistema (invasibility) — susceptibilidad del sistema o comunidad
residente al establecimiento y expansion de nuevas especies (Lonsdale, 1999; Alpert, 2000;
Chytry et al., 2008).

Capacidad invasora de la especie (invasiveness) — capacidad de una especie introducida

a superar las diferentes barreras bidticas y abidticas del sistema y las comunidades

' residentes y volverse invasivas (Alpert, 2000; Richardson, D.M., & Pysek, P. (2006). /
4

Cuadro 2. Definicion de los términos historia de introduccién, permeabilidad del sistema y

capacidad invasora de la especie.

amenazas que limitan el éxito de cada grupo, se han escogido los aspectos mas
relevantes para cada taxén con la intencion de buscar generalidades que permitan
identificar de antemano a los potenciales invasores. Un trabajo de referencia en este
aspecto es el llevado a cabo por Baker (1974) que destaca los 12 caracteres que
caracterizan a la “maleza ideal” (Tabla 1). Caracteres como aquellos que favorezcan la
fecundidad o la tasa de crecimiento rapida se repiten en otros grupos de animales, como
en el de los peces, y destacan otros caracteres decisivos por sus caracteristicas
especificas como la tolerancia a la variacion de ciertos compuestos quimicos en el medio
acuatico (Marchetti et al, 2004). También entre especies, estos caracteres varian
(Moravcova et al, 2015) respondiendo a los requerimientos especificos de cada una,
como la seleccion de hébitat o la amplitud en la tolerancia a determinados

contaminantes, entre otros.

La escala de estudio por su parte responde a diferentes cuestiones y un mismo caracter
puede llegar a ser favorable a una escala y no a otra, variando la percepcion de la
capacidad invasora de una especie dependiendo de la escala de estudio. A macroescala
por ejemplo, la riqueza de especies puede favorecer la introducciéon de nuevas especies
y sin embargo a nivel comunitario o microescala desfavorecerlo (Alpert et al, 2000). La
riqueza de especies estd ligada a ecosistemas con nichos variados y con recursos donde
una especie puede encontrar facilmente su nicho idéneo o recursos que explotar

frente a ecosistemas mas pobres (Robinson et al. et al. 1995; Palmer & Maurer et al.
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Requisitos de germinacion para diferentes habitats

Germinacién discontinua y longevidad de las semillas
Crecimiento rapido en fase vegetativa (floracién temprana)
Produccién de semillas continua y extendida en el tiempo
Autocompatibilidad pero no autogamia completa

Polinizacion cruzada no especializada

Alta produccién de semillas en condiciones ambientales favorables

Produccién de semillas en amplio rango de condiciones ambientales

Nele N H e S O A N

Adaptaciones para la dispersion a cortas y largas distancias

=
(=)

En plantas perennes, una reproduccion vegetativa vigorosa

—_
—_

En plantas perennes, quebradiza para evitar ser arrancada del suelo

=
N

Fuerte potencial para competencia interespecifica

Tabla 1. Caracteres de la “maleza ideal” seguin Baker 1974.

1997; Stohlgren 1999). Sin embargo, dentro de una misma comunidad la riqueza
especifica puede favorecer la presencia de interacciones competitivas o depredadores
potenciales (Case 1991; Tilman 1997). Asimismo el estudio jerarquizado o en diferentes
escalas también responde a diferentes cuestiones que permiten obtener una vision
integrada de la capacidad invasora de una especie. Estudios a macroescala responden
a cuestiones como qué factores limitan la distribucion de las especies, si es probable
una expansion continuada en el espacio y en el tiempo, o si existen indicios de
adaptacion de la nueva especie durante su invasiéon. Mientras que a mesoescala y
microescala analizarian como las nuevas especies se estructuran en las comunidades
nativas o las interacciones bidticas con las especies residentes. Ademas de la capacidad
invasora de una especie introducida entendida como su capacidad de expansién y
adaptacion a nuevos ambientes, el estudio a diferentes niveles permite determinar con
mayor rigurosidad el potencial efecto de su introduccién. Una especie podria tener un
aparente escaso impacto a macroescala debido por ejemplo a tasas de expansion lentas,
y sin embargo resultar dafiinas a microescala por su fuerte capacidad competitiva, o
por el contrario tener una rapida expansioén y por tanto percibir una alta capacidad
invasora y no mostrar efectos negativos a mesoescala por ocupar nichos vacios en el

area de introduccion.

Por este motivo un correcto disefio analitico que tenga en cuenta las peculiaridades de
cada especie en un sistema y que integre trabajos a diferentes escalas es esencial a la

hora de evaluar la capacidad invasora de las especies introducidas y/o potencialmente
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invasoras (Pauchard & Shea, 2006; Sober6n & Nakamura, 2009; Soberdn, 2010). Esta
tesis doctoral explora la capacidad invasora de una especie de anfibio. Inicialmente es
necesario tener en cuenta el cardcter bifasico de su ciclo vital y su sensibilidad a la vez
que plasticidad ecolégica que les permite responder a la presion generada por
diferentes factores (como la desecacién o respuesta a depredadores), y que despierta
un gran interés en el mundo cientifico (Denver et al, 1997, 1998; Laurila et al, 2002a,
2002b; Newman, 1992). Por otro lado, en la actualidad este grupo de vertebrados es uno
de los mas amenazados del planeta (Catenazzi, 2015) afiadiendo mayor importancia al
estudio de aquellos factores que pueden alterar sus poblaciones y especies locales,
como es la introduccion de especies invasoras (Baillie et al., 2004; Bucciarelli et al., 2014).
Dada la particularidad y complejidad de cada especie de anfibio, la siguiente seccion

explica la seleccion de los factores y escalas analizados en esta tesis doctoral.

2. ESPECIES EXOTICAS INVASORAS DE ANFIBIOS: CONTEXTO
Y CAPACIDAD INVASORA

2.1. CONTEXTO

En 2008, un proyecto de investigacion financiado por la UE (DAISIE— Alien Invasive
Species Inventory for Europe) desarroll el primer inventario paneuropeo de especies
exoticas invasoras, con aproximadamente 12.000 registros de especies exdticas con
presencia en Europa, de las cuales se estimo que alrededor de un 10-15% eran invasivas.
Estas especies se encontraban representadas en todos los grandes grupos taxondmicos:
mamiferos, anfibios, reptiles, peces, invertebrados, plantas, hongos, bacterias y otros
organismos (DAISIE 2009, Figura 1). De las especies introducidas con éxito tinicamente
7 corresponden al grupo de los anfibios con algun impacto negativo sobre la

biodiversidad nativa europea.

Hasta los tiltimos 25 afios la problematica de las especies invasoras de anfibios y reptiles
Unicamente era citada en algunos trabajos de forma puntual (Groves & Burdon, 1986).
La mayor parte de estudios y medidas de conservacion en este grupo, se iniciaron y se
tomaron cuando las especies ya se encontraban establecidas y eran problematicas,

especialmente cuando las introducciones generaban costes econdmicos. Actualmente,
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Figura 1. Ntimero estimado de especies exéticas en Europa por grupos taxonémicos.
Fuente: En base a los datos elaborados por Alien Invasive Species Inventory for
Europe (DAISIE, 2009).

en el caso de los anfibios, el conocimiento se reduce a escasas especies, y su control se
limita a su erradicacion en puntos de agua localizados pero no a su total eliminacion
(Kraus, 2009).

Probablemente el caso de anuro invasor mas estudiado a nivel mundial sea el del sapo
de cana (Rhinella marina). Con distribucién nativa al sur de Texas (Estados Unidos),
ejemplares de esta especie fueron introducidos en Florida y Hawai para el control de plagas de
insectos, asi como en Australia en 1935 donde ha llegado a convertirse en un verdadero
problema ambiental (Philips et al, 2007). Las predicciones iniciales sobreel alcance de
la invasién de esta especie subestimaron su alcance y en la actualidad presenta una
creciente capacidad expansiva mas alla de sus puntos de introduccién (Urban et al,
2007). Su rapida adaptacion, velocidad de dispersion y el impacto registrado hace de
esta especie, una de las mas estudiadas y la convierte en un referente entre los estudios
de anuros invasores. Se han registrados multiples impactos directos y efectos en cadena
sobre la biota nativa como consecuencia de su introduccién. Debido a su toxicidad
muchas de las especies afectadas son depredadores (como los varanos Varanus spp.
(Doody et al, 2006) o especies de gatos marsupiales o Quoll (Burnett, 1997), que han
sufrido altas tasas de mortalidad o adaptaciones conductuales derivadas con el fin de
evitar el riesgo toxicoldgico que la especie invasora representa. En cuanto a los efectos

sobre otros anuros, se han obtenido resultados contradictorios. En algunos estudios

11
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parece ser el agente que facilita el incremento poblacional de especies nativas y en otros
casos las especies nativas parecen resultar negativamente afectadas con severas
reducciones en sus poblaciones, como ocurre con diferentes especies de anfibios anuros
del género Limnodynastes (Williamson, 1999). Dos de los factores que explican la
elevada capacidad invasora de esta especie son su rapida dispersion y su alta capacidad

adaptativa.

Otra de las especies de anuros invasores mas estudiados son las ranas coqui comunes.
Nativas de Puerto Rico (Eleutherodactylus coqui) fueron introducidas accidentalmente
en Hawai en los afios 80. En su caso se han detectado diferentes efectos sobre la biota y
comunidades nativas como la desestructuracion de la red tréfica como efecto derivado
de su elevada abundancia y escasez de depredadores (Sin et al., 2008). Destaca también
el gran coste econémico observado como consecuencia de la contaminacion actstica
producida por sus descontroladas poblaciones que ha afectado a la industria hotelera
y residencial entre otras (Lescure & Marty, 2000; Kraus et al., 1999; Kraus y Campbell,
2002). La capacidad invasora de esta especie parece estar relacionada con su

abundancia y la ausencia de depredadores en su area de introduccion.

En Europa hay varias especies de anfibios introducidos que actualmente se encuentran
en expansion. Las més destacadas son la rana toro (Lithobates catesbeianus), la rana
africana de unas (Xenopus laevis), multiples especies del género Pelophylax (proveniente
tanto de Europa oriental y nororiental y Asia) y el sapillo pintojo mediterraneo
(Discoglossus pictus auritus) (Ficetola et al., 2007; Rebelo et al, 2010; Cayuela, Besnard, &
Joly, 2013). Hoy en dia el interés por la capacidad invasora del sapillo pintojo
mediterraneo y su proceso de expansion es cada vez mayor debido al aumento del area
colonizada por la misma y el desconocimiento sobre ésta, con algunos estudios de
referencia (Richter-Boix et al, 2012; Escoriza & Boix, 2012, Escoriza et al, 2014). D. pictus
auritus se introdujo a principios del siglo XX en Banyuls Sur Mer, Francia (Wintrebert
1908), y actualmente esta aumentando cada afio su gama de areas adecuadas del
noreste de Espafia y el sureste de Francia (Franch et al, 2007; Martens & Veith 1987;
Montori et al, 2007). Se han detectado efectos negativos a nivel comunitario que podria
suponer la desestructuracion de las poblaciones nativas y una reduccion en la fitness de
algunas de las especies residentes (Richter-Boix et al, 2012). A pesar de ello, la
informacién sobre cual podria ser el alcance de esta expansion y sus consecuencias
sobre las especies nativas, asi como las caracteristicas que determinarian su éxito en el

area nativa es limitada.
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2.2. CAPACIDAD INVASORA EN ANFIBIOS

El estudio de la capacidad invasora o de qué factores conducen al establecimiento y
éxito de invasion esta escasamente desarrollado en el caso de la herpetofauna. Algunos
autores se han centrado en parte de los factores que podrian explicar este éxito. Por
ejemplo, Bomford et al. (2009) entre otros presenta el estudio del nicho climatico de una
especie en su area nativa como herramienta para predecir su éxito en el area de
introduccién siguiendo la teoria de conservacién de nicho. Otros autores se centran en
los rasgos bioldgicos y ecoldgicos de la especie para determinar su capacidad invasoral.
Incluso Meshaka en 2004 indica un grupo de caracteristicas que definirian un modelo
de herpeto invasor. Muchas de sus caracteristicas se encuentran relacionadas con
reproducciones tempranas y prolongadas en el tiempo, en una dieta generalista y una
alta tolerancia a la perturbacion derivada de la actividad humana. También Van
Bocxlaer et al (2010) relaciona la capacidad de expansién y el rango de distribucion de
una especie de anuro con una serie de caracteres que definen el Optimal Range
Phenotype (ORP). En este estudio indica como el sapo de cafia posee la mayor parte de
ellos, destacando su escasa dependencia del medio acuatico o a la humedad, disponer
de tamarfios corporales grandes, una ubicuidad en el lugar de puesta, asi como la
efectiva explotacion de los recursos durante su fase larvaria, entre otros. Aun asi la
determinacién de qué factores determinan la capacidad invasora de un anfibio sigue
siendo un tema complicado debido, como ya ha sido indicado anteriormente, a los
diferentes requerimientos de cada especie dentro de la comunidad receptora y las

condiciones de la misma.

2.2.1 Macroescala geografica

El establecimiento y expansion de una especie introducida depende en gran medida de
que el habitat de la region receptora proporcione un entorno favorable. A la hora de
comprender la distribucion geografica de las especies han de entenderse los
requerimientos medioambientales de cada una, se trate de una especie nativa,
naturalizada o invasora. En 1917 Joseph Grinnell introdujo el término nicho ecolégico
que englobaba todos aquellos factores ambientales que permitian la supervivencia y
reproduccion de una especie (Grinnell 1917 y 1924). Sin embargo esta definicion

Unicamente tenia en cuenta factores abioticos como el clima o la topografia, entre otros.
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Posteriormente, Hutchinson (1957) definié matematicamente los conceptos de nicho
fundamental y realizado. El nicho fundamental es definido como un volumen de n
dimensiones dentro del espacio ambiental donde la especie mantiene poblaciones
viables y persiste en el tiempo sin inmigracién. Este viene delimitado por la tolerancia
fisioldgica de las especies a lo largo de los gradientes ambientales. Las dimensiones del
nicho fundamental definen las condiciones bajo las cuales los organismos pueden
interaccionar pero no define la naturaleza, intensidad ni direccién de esas interacciones.
Las especies no suelen disponer de la totalidad de su nicho fundamental debido a factores
abioticos, bidticos y de dispersion. Por ejemplo, un darea predicha como iddnea
climaticamente para una especie por encontrarse en los rangos viables, puede no ser
colonizada por la nueva especie debido a la presencia de depredadores o de barreras
geograficas que impidieran su dispersion. La subseccién del nicho fundamental que
finalmente utiliza la especie se denomina nicho realizado y viene definido como conjunto
de factores donde las especies viven y no son excluidas por interacciones bidticas
(Figura 2). Los modelos de nicho ecolégico tratan de definir el nicho de una especie a
partir de aproximaciones empiricas o matematicas que relacionan la distribucion de
ésta con las variables ecogeograficas que ocupan. Los ENM describen los rangos y las
variables que limitan la presencia de las especies. A partir del supdsito de conservacion
de nicho que defiende que las especies no varian dicho nicho a diferentes escalas
temporales ni espaciales, los ENM permitirian realizar predicciones por ejemplo de la
distribucién potencial de las especies, suponiendo que estos limites se conservan en el
espacio y el tiempo. A pesar de la limitacion que comporta definir el nicho ecoldgico de
una especie invasora a partir del nicho ocupado (nicho realizado) por la especie en su
area nativa, los ENM se utilizan ampliamente en el estudio y gestién de estas especies
con resultados importantes (Peterson & Vieglais 2001; Roura-Pascual et al. 2004; Real
et al. 2008; Ficetola et al. 2009).

Esta herramienta tiene multiples aplicaciones en el estudio y gestion de las invasiones
bioldgicas ya que permite realizar predicciones sobre la potencial distribucion de la
especie introducida en un rango concreto o en un futuro bajo diferentes escenarios de
cambio climatico por ejemplo. Pocos estudios detectan cambios en el nicho ocupado
entre el area nativa y la invadida, siendo frecuentemente relacionado con estos factores
limitantes o con una aclimatacion y potencial aumento de la amplitud del nicho nativo
(Petitpierre et al, 2012). A pesar de ello las predicciones basadas en el nicho climatico
de las especies se han convertido en uno de los primeros pasos necesarios a la hora de

estudiar la capacidad invasora de una especie, dando pie al desarrollo de posteriores
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Figura 2. Representacién grafica de los diferentes nichos ecol6gicos basado en el
diagrama BAM (Soberon & Peterson 2005). El circulo A representa la region
geografica donde la especie encuentra las condiciones abidticas adecuadas. Esta
region puede ser considerada como la expresion geografica del nicho fundamental.
El circulo B representa la region donde la especie encuentra las interacciones biéticas
adecuadas. Por ultimo el circulo M corresponde a la region disponible por la especie
teniendo en cuenta los factores histdricos y limitaciones de dispersiéon (movimiento).
El habitat s6lo es adecuado para la especie dentro del drea comtin a los tres circulos,

el cual se denomina nicho realizado.

estudios relacionados con la adaptacion de dichas especies al nuevo medio y la toma

de medidas de control de estas especies.

2.2.2. Mesoescala geografica

Mientras que a macroescala el analisis del nicho climatico parece fundamental a la hora
de entender el establecimiento y expansion de las especies introducidas, a mesoescala
el estudio de su anclaje o distribuciéon dentro de la estructura natural de las

comunidades es fundamental.

Los anfibios son animales bifasicos que dependen tanto del medio acuatico como del
terrestre. Utilizan el habitat acuatico en mayor o menor medida en funcién de la especie

pero todos (salvo excepciones como algunos casos de viviparismo) dependen de él
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como medio de reproduccion y para el desarrollo de la fase larvaria (Wilburn 1980).
Esta fase es la mas vulnerable para los anfibios y de ella depende en gran parte su éxito
posterior (Calef, 1973; Wells 2007). Estos ecosistemas presentan diferentes
caracteristicas en funcion de multiples factores (localizacién, habitat colindante, etc.),
siendo el hidroperiodo un factor determinante en la organizacion de las especies de
anfibios a nivel local (Wilbur 1997; Wellborn et al. 1996; Urban, 2004). Dentro del
gradiente de temporalidad determinado por su hidroperiodo, las charcas se
distribuyen a lo largo de un gradiente que abarca desde las efimeras, originadas por las
precipitaciones y de escasa duracion, hasta las permanentes que no se secan durante
largos periodos de afios. Basandose en estudios anteriores (Skelly 1996; Babbitt et al,
2003; Van Buskirk 2003) Richter-Boix y colaboradores (Richter-Boix et al, 2006)
categorizan para los anfibios de ambientes mediterraneos estos ecosistemas en tres
categorias: efimeras, temporales y permanentes. A pesar de la gran ubicuidad de
algunas especies, éstas suelen presentar una distribucién restringida a una porcion del
gradiente relacionada con su capacidad de responder a los diferentes factores abidticos
y bidticos que varian a lo largo del sistema (Morand & Joly 1995; Snodgrass et al. 2000;
Dayton & Fitzgerald 2001). A medida que el hidroperiodo del medio aumenta, la
reduccion de los recursos y el riesgo de desecacion propio de los ambientes efimeros se
reducen, pero en su lugar aumenta la amenaza por depredacién y la competencia
interespecifica en las charcas temporales (Smith 1983; Wellborn et al, 1996). En los
ambientes permanentes la competencia decae de nuevo al incrementarse mucho la
presion de los depredadores mas agresivos o letales (Figura 3). Asi pues los ambientes
efimeros estdn ocupados normalmente por especies con una alta capacidad de
aceleracion del desarrollo y una eficaz gestion de los recursos, caracteristicas que las
definen como especies bien adaptadas a explotar los ambientes temporales y su
principal riesgo, la desecacion, pero con una respuesta menos eficaz a la presencia de
depredadores. Por el contrario las especies de ambientes temporales y permanentes
presentan una mayor respuesta plastica morfoldgica y conductual a la presencia de
depredadores para minimizar sus riesgos, pero una menor capacidad plastica ante la
desecacion del medio (Schneider & Frost, 1996; Wellborn et al., 1996; Richter-Boix 2005,
2006; 2007a). El estudio de estas habilidades en una especie invasora definiria su habitat
idoneo a lo largo del gradiente, en el cual se esperaria que obtuviese mayor éxito
reproductivo. La evaluacion del habitat ocupado por la especie invasora en el area
invadida versus su habitat idéneo en funcién de su respuesta a diferentes factores,
permitiria analizar si la especie obtiene su maximo rendimiento en el drea invadida o

se ve reducida por algtn factor.
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Sistemas acuaticos Sistemas acuaticos Sistemas acuaticos
efimeros temporales permanentes
Desecacion

Depredacion

Figura 3. Esquema del gradiente de hidroperiodo y caracteristicas asociadas en sistemas acuaticos.
Las flechas gruesas indican efectos fuertes que limitan la distribucién de especies. Flechas mas
delgadas indican efectos mas débiles que no impiden la coexistencia de las especies que
interactuan. Diagrama extraido de Wellborn, Skelly, & Werner (1996).

2.2.3 Microescala geografica

Como ya se ha indicado, las especies de anfibios se estructuran en el territorio
presentando una distribucién diferencial en los diferentes tipos de medios acuaticos en
respuesta a sus habilidades. La organizacién de las comunidades de anfibios dentro del
mismo punto de agua suele responder al uso del nicho disponible que utiliza cada
especie (microhabitat) y que puede estar limitado por las interacciones biéticas entre
ellas. El nicho fundamental de una especie esta definida como —siguiendo Hutchinson,
1957-, el hipervolumen muldimensional en el que una especie puede desarrollarse
indefinidamente. Al igual que ocurria cuando lo definfamos para la macroescala
geografica éste se encuentra limitado por las interacciones bidticas (la competencia y la
depredacion principalmente) y abidticas (dimension e hidroperiodo entre otras) que

reducen el nicho fundamental a aquel que realmente utilizan y que se denomina nicho
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realizado. Asi, la organizacién y funcionamiento de las comunidades responden a las
interacciones ecoldgicas entre organismos que coexisten en el tiempo y en el espacio
junto con los factores abidticos. En particular, la competencia interespecifica ha sido
objeto de estudio por diversos autores, no sélo como reguladora de las poblaciones y
estructuradora de las comunidades (Heatwole, 1982; Schoener, 1983), sino también
como fuerza motriz de los procesos evolutivos (Odum, 1986). Lack (1954) sostiene que
la competencia es un proceso regulador debido a que los organismos se desarrollan
hasta puntos cercanos a la capacidad de carga de los ecosistemas, motivo por el cual,
son los recursos, o la competencia por los mismos, los que limitan a las poblaciones.
Por su parte el Principio de la Exclusién Competitiva (Hardin, 1960) afirma que la
competencia interespecifica y la supervivencia del mas apto son las fuerzas que hacen
que especies que utilizan los mismos recursos no puedan coexistir, y en definitiva
asignan un rol protagénico a la competencia como fuerza estructuradora de
comunidades. Todo esto dio lugar a una teoria desarrollada en base al paradigma de
que especies con similares caracteristicas morfoldgicas y ecoldgicas tienden a segregar
alguna de las dimensiones del nicho ecolégico. Sin embargo la exclusividad
competitiva observada a nivel de microescala deberia dar lugar con el tiempo a la no
ocurrencia de las especies similares en un mismo habitat, situacién que sin embargo
muchas veces no se cumple. La respuesta a ello puede deberse a sucesos que ocurren
en la escala superior: la mesoescala y lo que se ha denominado metacomunidades
donde las especies poseen diferentes capacidades que les permiten de una manera
dinamica coexistir (Richter-Boix et al, 2005, 2007c). Asi por ejemplo, en el caso de las
larvas de anfibios, podria ocurrir que la especie con menor capacidad competitiva se
viera desplazada a otra parte del nicho por ejemplo explotando recursos troficos
infrautilizados (Tilman et al, 2004; Sol et al, 2012), variando su nicho reproductivo
temporal o fenologia (efectos prioritarios* Wilbur, 1997; Wilbur & Alford, 1985; Knight et
al 2009) o incluso modificando su seleccién de habitat reproductivo (Cadi & Joly, 2003;
Polo-Cavia et al, 2010). Las carencias en capacidades esenciales a una escala puede ser
solventada con otras favorables a mayor escala: una escasa capacidad competidora
puede compensarse con una mayor capacidad colonizadora de nuevos habitats,
permitiendo asi la subsistencia de ambas especies a nivel de mesoescala y su
coexistencia con frecuencia a nivel de microescala. El problema podria llegar en el caso
de la introduccién de especies invasoras con buena capacidad colonizadora y

competitiva al mismo tiempo.

*efectos prioritarios: conjunto de consecuencias derivadas de una reproduccién mas temprana de una
especie con respecto a otra.
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Es importante por tanto, conocer qué habilidades presentan las especies nativas y
exdticas y como encaja en las poblaciones residentes, tanto a nivel de microescala como
de mesoescala, para evaluar mejor la capacidad invasiva de la especie y sus posibles

consecuencias sobre las especies nativas.

El nicho ecolégico es multidimensional y la dimensién tréfica, espacial y temporal son
esenciales en su estudio (Pianka, 1982). Aunque existen autores que defienden que el
nicho tréfico es el menos importante (Calef, 1973; Heyer, 1976), otros destacan su
importancia a la hora de explicar la organizacién de las comunidades en base a procesos
de competencia (Pianka, 1981), depredacion (Sih, Crowley, McPeek, Petranka, &
Strohmeier, 1985) u otras interacciones indirectas (Werner & Peacor, 2003). En
comunidades que ocupan sistemas cerrados y que coinciden en el nicho espacial (a
escala del medio reproductivo) y temporal, el uso realizado de los recursos disponibles
seria esencial para comprender el funcionamiento de la comunidad y el éxito de
determinadas especies asi como su capacidad invasora. Por un lado, la seleccion de un
subnicho tréfico frente a otro tiene importantes implicaciones para el desarrollo y éxito
posterior de las especies. Y por el otro, la segregacioén o la alteracion de la misma son
reflejo de las interacciones interespecificas que conforman las comunidades. Por
ejemplo, la introduccion de especies mas competitivas puede desplazar a las especies
nativas a nichos subdptimos obteniendo una menor fitness. Por otro lado, especies con
gran capacidad de explotaciéon de los recursos disponibles tendran una mayor

capacidad invasora que especies sin estas caracteristicas.

3. ESPECIE DE ESTUDIO: Discoglossus pictus auritus Héron-Royer
1888

El objeto de estudio de esta tesis doctoral es el sapillo pintojo mediterraneo
Discoglossus pictus subespecie auritus Héron-Royer 1888. Esta especie pertenece al
género Discoglossus (Otth, 1837), representantes del clado Discoglossoidea. Las
actuales especies de este género poseen una distribucién circunmediterranea (Gasc et
al., 1997; Real et al., 2005; Salvador, 1996; Vences y Grossenbacher, 2012; Zangari et al.,
2006) y presentan importantes similitudes morfoldgicas y en la seleccién de habitat

(Knoepfler 1962; Capula 2007). La mayor parte de ellas, a excepcion de D. montalentii,
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seleccionan habitats reproductivos efimeros o temporales (Salvidio et al. 1999). Hasta
hace poco, dada su similitud morfoldgica, especialmente entre las especies del
Mediterraneo occidental, éstas se consideraban como una tinica especie. Sin embargo
en la actualidad se distinguen 6 especies (Figura 4 y 5), en base a los tltimos estudios
(Speybroeck et al, 2010; Pabijan et al., 2012; Vences et al, 2014): D. nigriventer
Mendelssohn & Steinitz, 1943 en Israel (especie considerada extinta y redescubierta
recientemente), D. galganoi Capula, Nascetti, Lanza, Bullini and Crespo, 1985 en la
peninsula ibérica (con dos subespecies: D. galganoi jeanneae y D. galganoi galganoi), D.
scovazzi Camerano, 1878 en Ceuta, Melilla y Marruecos, D. montalentii Lanza, Nascetti,
Capula and Bullini, 1984 en Coércega, D. sardus Tschudi, 1837 en Cerdefia, Cércega y
algunas islas de menores dimensiones, y D. pictus Otth, 1837 en Sicilia, Malta, Tinez
y Argelia (con dos subespecies D. pictus pictus y D. p. auritus, aunque Zangari et al,
2006 pone en duda esta validez subespecifica). Actualmente D. p. auritus presenta
poblaciones introducidas en Espafa y Francia, procedentes de Algelia (Busack, 1986;
Veith & Martins, 1987; Glaw & Vences, 1991; Garcia-Paris & Jockusch, 1999; Fromhage
et al.,, 2003; Martinez-Solano, 2004; Martinez-Solano et al., 2004; Real et al., 2005;
Zangari et al, 2006). En el area de distribucion nativa no se observa simpatria de ésta
y la especie del mismo género D. scovazzi. Tampoco las poblaciones introducidas de
D. p. auritus presentan solapamiento en su distribuciéon con las especies nativas

presentes en la peninsula ibérica (D. g. galganoi y D. g. jeanneae).

D. montalentii
D. pictus

D. sardus

D. scovazzi
D. g. galganoi

D. g. jeanneae

37939

Figura 4. Relacidn filogenética de las especies de Discoglossus de la Mediterranea

occidental en base a genes nucleares y mitocondriales. Pabijan et al, 2012.
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N

Discoglossus g. galganoi Discoglossus g. jeanneae

Figura 5. Distribucion de 3 de las especies del género Discoglossus con zonas de contacto entre si.
Vences et al, 2014.

3.1. DISCOGLOSSUS PICTUS AURITUS

3.1.1. Distribucion nativa

La distribucion nativa de Discoglossus pictus auritus se encuentra en el Magreb
occidental donde ocupa principalmente parte de Argelia, Tinez y Marruecos (Veith &
Martens, 1997; Amor et al, 2013). Mientras en la parte nororiental del pais se encuentra
ampliamente extendida (desde la costa mediterrdnea a zonas semidesérticas), en el
oeste parece extenderse mas alla de la cuenca del rio Moulouya y tanto su limite de
distribucién como su potencial contacto con D. scovazzi son un tema de interés en el
estudio de la especie (Beukema et al, 2013; Pabijan et al, 2012). Su area de distribucién
se caracteriza por el clima mediterraneo, sin embargo, se encuentra estrechamente
relacionada a zonas de clima semiarido, donde se localiza en poblaciones mas
fragmentadas en oasis situados al borde del desierto del Sahara (Ben Hassine & Nouira,
2012b; Mateo et al, 2013). Presenta poblaciones desde zonas costeras a nivel del mar

hasta un méaximo de 1800 m. sobre el nivel del mar en Argelia (Llorente et al, 2015).

En su rango nativo comparte parte de su distribuciéon con otras especies de anfibios
como los urodelos Pleurodeles poireti (Gervais, 1835), Pleurodeles nebulosus (Guichenot,
1850) y Salamandra algira Bedriaga, 1883 y los anuros Bufo spinosus Daudin, 1803,
Sclerophrys mauritanica (Schlegel, 1841), Bufo viridis (Laurenti, 1768), Hyla meridionalis
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(Boettger, 1874) y Pelophylax saharicus (Boulanger in Hartert, 1913). En el drea se ha
observado recientemente que existe cierto solapamiento tréfico con P. saharicus, que
podria conllevar procesos de competencia entre ambas especies (Samraoui et al, 2012).
Estudios realizados en poblaciones nativas indican cierto oportunismo en su dieta, que
sumado a su ubicuidad en el territorio, y un periodo reproductivo prolongado en el
tiempo, podria favorecer su aclimatacién y colonizacion de nuevas areas (Ben Hassine
& Nouira, 2009). A pesar de ser una de las especies mas abundantes en la zona, junto
con P. saharicus, se encuentra amenazada por la contaminacion de los sistemas acuaticos
y la intensificacion agricola a la que se ve sometida la region (Bosch et al, 2009; Ben
Hassine & Nouira, 2012a).

3.1.2. Distribucidon en el rango de introduccion

La distribucion de la especie en el drea introducida se localiza en el noreste peninsular
y sureste de Francia (Geniez & Cheylan 1987; Llorente et al. 2015). Actualmente se ha
expandido por el norte, en Francia, hasta las inmediaciones de la ciudad de Montpellier,
mientras su limite meridional se localiza en la provincia de Barcelona, proximo a la
poblacion de Sant Celoni en el interior y entre Malgrat de Mar y Pineda de Mar en la
costa. Esta area se caracteriza por pertenecer a la region biogeografica «Mediterranea»
principalmente y a la «Eurosiberiana», caracterizada por tener principalmente un clima
Mediterraneo con influencias continentales y atlanticas. En su area de distribucion
introducida se registran unos valores de pluviosidad anual medios o altos (de 600 a 900
mm) y con temperaturas comprendidas entre los 14 y 15°C (Llorente et al., 1995, 1997).
Aunque presenta poblaciones de forma excepcional a 980 metros sobre el nivel del mar
en Girona o 1250 metros sobre el nivel del mar en Francia, la especie se distribuye

principalmente desde el nivel del mar a los 500 metros de altitud (Llorente et al, 2015).

En el area introducida convive con tres especies de urodelos (Salamandra salamandra,
Triturus marmoratus y Lissotriton helveticus) y siete de anuros (Alytes obstetricans,
Pelobates cultripes, Pelodytes punctatus, Hyla meridionalis, Bufo calamita, Bufo spinosus,

Pelophylax perezi).

Aunque las dos subespecies nativas de D. galganoi del rea de introduccién tienen zonas
de contacto dentro de la peninsula ibérica, donde parece darse un intercambio genético
(Vences et al, 2014), 1a hibridacién con D. p. auritus es poco probable ya que la distancia

de la distribuciéon de la especie invasora a las nativas es aun elevada, siendo de
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momento, una mera hipétesis de futuro. Procesos similares de contaminacion genética
se han observado con anterioridad en la peninsula ibérica provocando la consecuente
pérdida de patrimonio genético como el detectado en Pelophylax (P. lessonae, P.
ridibundus, P. perezi) (Graf et al., 1977; Uzzel, & Tunner, 1983; Arano & Llorente, 1995;
Arano et al., 1995; Crochet et al., 1995).

3.1.3. Establecimiento y expansion en el rango de introducciéon

La primera evidencia de la presencia de la subespecie D. p, auritus en Europa data de
1906 (Wintrebert 1908) en Banyuls-sur-Mer (sur de Francia) (Knoeppler 1962, Martens
& Veith 1987), aunque probablemente su introduccion sea anterior (Montori et al, 2007;
Llorente et al, 2015). En la actualidad se expande a través del sureste de Francia y el
noreste de Espafia, desde Montpellier en el norte, hasta la provincia de Barcelona en el
sur (Knoepffler 1962; Geniez & Cheylan 1987; Martens & Veith 1987; Lanza 1989;
Llorente et al 1995 & 1997; Barbadillo et al 1999; Salvador & Garcia- Paris 2001; Fradet
& Geniez 2004; Montori et al, 2007; Llorente et al, 2015). Su tasa de expansion general
fue estimada en 2007 en 1.52 km/afio en Cataluna y 1.3 km/afio en territorio francés

(Montori et al, 2007), obteniendo los maximos valores de 2.7 km/afio hacia el sur.

Por otra parte, las diferentes translocaciones y/o nuevas introducciones registradas
proximas al limite de distribucion actual de la especie tanto en Francia (Sete,
Montpellier y Lattes) como en Espafia (Prat de Llobregat), pueden aumentar su rango
de dispersion si se convierten en nuevos focos de expansion, como es el caso del Prat
de Llobregat situado a 60 km de su limite de expansion y que ya registra crecimiento

poblacional y signos de dispersién (Franch et al. 2007).

En el area invadida, ocupa principalmente estanques efimeros y temporales que
comparte con especies oportunistas como el sapo corredor (B. calamita) y el sapillo
moteado comun (P. punctatus), principalmente. Estas especies presentan importantes
similitudes con D. pictus en factores como la dieta o la fenologia reproductiva (Montori
et al, 2007; Escoriza & Boix 2012), lo cual prioriza el estudio de las consecuencias de
dicho solapamiento o la comparativa entre las habilidades de estas species entre si.
Aunque los primeros trabajos sugirieron que no existia interaccién entre D. pictus y las
especies nativas con las que se solapa en su actual distribucion (Veith y Martens, 1987),
estudios recientes han indicado lo contrario. La superposiciéon espacial y de nicho

tréfico descrito por algunos autores entre la especie introducida y algunas nativas
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Figura 6. Graficos de la distribucion de los anuros del area introducida (NE peninsular) en el
gradiente de ambientes acudticos y fenologia de las mismas durante el afio. Datos extraidos del
trabajo presentado por Montori et al (2007). A la izquierda: Dp: Discoglossus pictus, Rt: Rana
temporaria, Rp: Pelophylax perezi, Hm: Hyla meridionalis, Bc: Bufo calamita, Pc: Pelobates cultripes, Pp:
Pelodytes punctatus, Ao: Alytes obstetricans.

podria estar desencadenando procesos de competencia que podrian llegar a alterar el
equilibrio de la comunidad de anfibios (Montori et al, 2007; Escoriza & Boix, 2012).
Richter et al. (2012) observaron que la presencia de larvas de D. pictus provocaba la
reduccion de la fitness de algunas especies como B. calamita, reduciendo su tasa de
supervivencia, peso y actividad, y aumentando la duracién del periodo larvario.
También se observé que las poblaciones de anfibios del area colonizada por D. pictus
presentaban una estructuracion en el gradiente de habitats (en base al hidroperiodo)
casi aleatoria, mientras que aquellas que ocupaban zonas a las que la especie aun no
habia llegado presentaban una organizacién espacial diferenciada. A pesar de ello,
parece que las especies autdctonas contintian presentes y con buenas poblaciones en

toda el area de distribucién actual de D. pictus (Llorente et al, 2015).

Se trata de una especie oportunista con requerimientos ecolégicos amplios y capaz de
aprovechar las alteraciones humanas (Llorente et al, 2005). Al margen de su
distribucién y el tipo de ambientes que selecciona preferencialmente como habitats
reproductivos, se tiene poco conocimiento de la biologia basica de la especie. Su

periodo reproductivo es amplio, pudiendo reproducirse en varios momentos del afio:



Introduccion general

En cada copula depositan un pequefio grupo de 20 a 50 huevos, pudiendo producir
entre 500 a 1.000 huevos. La eclosién suele producirse en los 2 a 6 dias posteriores y el
desarrollo larvario completarse en un periodo comprendido entre 1 y 3 meses. La
madurez sexual suele alcanzarse a los 2 o 3 afios. Se encuentra catalogada bajo la

categoria de preocupaciéon menor (LC) por la UICN (2006) debido a su relativa amplia

distribucion y su elevada capacidad de tolerar una amplia gama de habitats (Bosch et
al., 2008).

Figura 7. Arriba, ejemplares de Bufo calamita, Discoglossus pictus auritus y Pelodytes punctatus
(arriba). Ejemplar de Discoglossus pictus auritus (abajo). Fotografias de Marc Franch Quintana

(arriba) y Olatz San Sebastian (abajo).
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El objetivo principal de esta tesis es explorar la capacidad invasora de Discoglossus
pictus en Europa. Para ello se analiza los principales factores que determinan su éxito a
macroescala, mesoescala y microescala geografica englobados en los siguientes

objetivos especificos:
1. Capacidad invasora de Discoglossus pictus a macroescala

1.1. Analisis del proceso de invasion y capacidad de expansién de Discoglossus

pictus en Europa
2. Capacidad invasora de Discoglossus pictus a mesoescala

2.1. Evaluacién de la respuesta de Discoglossus pictus a la desecacién y la

restriccion de alimento y su efecto en el desarrollo pre- y post-metamorfico

2.2. Analisis comparativo de la respuesta de Discoglossus pictus y la especie
nativa Pelodytes punctatus a la presencia de depredadores autdctonos y

aléctonos y su efecto en el desarrollo pre- y post-metamorfico

3. Capacidad invasora de Discoglossus pictus a microescala

3.1. Analisis comparativo de la capacidad de explotaciéon de los recursos
troficos de Discoglossus pictus y la especie nativa Bufo calamita en co-ocurrencia

y Nno ocurrencia.

3.2. Estudio de la estructuracion de Discoglossus pictus y la especie nativa Bufo
calamita en el nicho tréfico de ambientes efimeros y analisis de la potencial

interaccion entre ambas especies en condiciones naturales.

Estos cinco objetivos especificos, son presentados como recopilacion de los cinco
articulos cientificos (cuatro publicados y uno por enviar) ordenados en tres capitulos,

en la presente tesis. Cada uno de los objetivos ha sido explorado a través de la
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aplicacion de diferentes metodologias (trabajo de campo y disefios experimentales de
laboratorio en condiciones controladas) y técnicas (desde la modelacién de nicho
ecoldgico hasta el andlisis de isétopos estables). La capacidad invasora de D. pictus se
ha evaluado en parte a partir de estudios comparativos con las especies nativas con las
que co-ocurre habitualmente. Este método es una de las opciones mas utilizadas para
el estudio de esta capacidad ya que permite maximizar la objetividad de las
conclusiones (Alpert et al, 2006; Richards et al, 2006; Leishman et al, 2010). Los
principales resultados y conclusiones de los diferentes manuscritos se unifican y
presentan en una discusién general que trata de responder al objetivo general de la

tesis.

A continuacion se explica la importancia de cada uno de los factores estudiados para el
analisis de la capacidad invasora de D. pictus en cada una de las escalas, asi como se
indica la seccion, capitulo y articulo correspondiente a cada uno de los objetivos

especificos.

SECCION1. Capacidad invasora de Discoglossus pictus a macroescala

CAPITULO 1: Anélisis del proceso de invasion y capacidad de expansién de

Discoglossus pictus en Europa

El objetivo de esta seccidn es analizar la capacidad invasora de D. pictus a nivel de
establecimiento y expansién (Rago et al, 2012). El establecimiento de una especie
invasora depende en gran parte de su historia de introduccion. La cantidad de
individuos introducidos, el nimero de introducciones realizadas y la distancia
entre cada foco son algunos de los parametros que propician el éxito de una especie
introducida. Como ya se indicara estos parametros son de dificil disponibilidad
para la mayor parte de las introducciones. Por ello, en este trabajo centramos el
estudio en explorar su capacidad invasora entendida como el alcance potencial de
su expansion (spatial spread), su capacidad de expansion (dispersal ability), la
plasticidad del nicho ocupado por la especie durante su introduccion y expansion
(plasticity of realized niche) y la continuidad potencial de su expansion en el futuro
(increasing/decreasing expansion of D. pictus at the future). Para ello se han aplicado
diferentes técnicas ampliamente utilizadas en las invasiones bioldgicas: la
modelacién del nicho realizado (environmental niche model - ENM) y técnicas de
ordenacién (PCAs).
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Con el fin de determinar si D. pictus atin presenta hébitats con condiciones idoneas
a su expansion en el area de introduccion y el alcance de su invasién en la misma,
se ha aplicado la modelacion de nicho (ENM) a partir de su distribucién
actualizada. También se ha analizado la viabilidad de las nuevas introducciones o
translocaciones registradas en el territorio y que podrian convertirse en nuevos
focos de expansion acelerando asi el proceso (spatial spread). Por otro lado, se ha
explorado la potencial relacién entre su tasa de expansion y la idoneidad de las
condiciones encontradas durante la expansion. Se esperaria que especies con baja
capacidad de expansion ralentizaran su invasion conforme el héabitat presentara
condiciones mas desfavorables. Siguiendo esta teoria la velocidad de expansion
deberia tener una clara relacion positiva con la idoneidad del héabitat. En este caso,
su potencial expansion se detendra cuando la especie haya ocupado todos los
habitats adecuados. Por el contrario, una ausencia de relacion o relacién negativa
indicaria que D. pictus presenta alta capacidad de invasién y es muy adaptable a los
nuevos habitats (dispersal ability). La plasticidad de nicho realizado por su parte
indicaria que D. pictus es capaz de colonizar habitats no ocupados anteriormente.
Este caracter ha sido estudiado en base al andlisis de las potenciales diferencias en
el nicho realizado a lo largo de la progresion temporal y espacial de su invasion
(plasticity of realized niche). Por tltimo se evalu si la expansion de la especie en un
futuro se veria incrementada o, por el contrario, reducida teniendo en cuenta
modelos predictivos de futuro con diferentes escenarios de cambio climatico

(increasing/decreasing expansion of D. pictus at the future).

Se ha considerado que estos cuatro caracteres son esenciales a la hora de caracterizar
la capacidad invasora de una especie introducida a macroescala. Este trabajo

corresponde al siguiente capitulo:

(CAPfTULO 1) San Sebastian, O., Franch, M., Montori, A., Richter-Boix, A.,
Llorente, G. & Sillero, N. 2015. Exploring invasiveness of exotic species at macro-

scale Biological Invasions (en prep.).
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SECCION?2. Capacidad invasora de Discoglossus pictus a mesoescala

Como ya se ha citado con anterioridad la distribucién espacial de las especies de anuros
en el gradiente de hidroperiodo suele responder a su habilidad a hacer frente a las
amenazas o presiones que presenta cada sistema. D. pictus selecciona charcas
temporales y efimeras como habitat reproductivo, donde presenta una alta co-
ocurrencia con otras especies nativas como Bufo calamita y Pelodytes punctatus (Escoriza
& Boix, 2012; Richter-Boix 2012). El factor limitante en el éxito reproductivo de los
anuros que ocupan las charcas efimeras es la desecacién. En cambio a medida que
alarga su hidroperiodo presentan menor amenaza de desecacién y mayor de

depredacion o competencia con otras especies.

En esta seccion se analiza la respuesta de D. pictus a la desecacion y la presencia de
depredadores con el fin de explorar las capacidades de la especie y entender su
estructuracion en el territorio. Para ello, se han disefiado una serie de experimentos bajo

condiciones controladas de laboratorio distribuidos en diferentes capitulos.

CAPITULO 2: Evaluacién de la respuesta de Discoglossus pictus a la desecacion

y la restriccion de alimento y su efecto en el desarrollo pre- y post-metamérfico

El éxito reproductivo de las especies de anfibios que ocupan charcas efimeras esta
condicionado a su capacidad de llegar a completar la metamorfosis en el menor
tiempo posible con las mayor fitness o mejores condiciones fisicas. Habitualmente
una reduccién del tiempo de desarrollo larvario conlleva una reduccién en su fitness
posterior reflejada por ejemplo en los tamafios de los metamorficos o la
acumulacion de lipidos. A pesar de que muchos factores pueden afectar a este
equilibrio (como la densidad larvaria, la temperatura o la presién por depredacion),
la habilidad de la especie a acelerar su crecimiento y la disposicién de recursos
suficientes parecen las mas importantes. El efecto del tiempo de desarrollo y la dieta
sobre el desarrollo larvario ha sido estudiado por separado, sin embargo ambos
factores acttian de forma simultdnea y en sinergia en la naturaleza. Durante la
desecacion del punto de reproduccion las larvas estan obligadas a acelerar su
desarrollo mientras se da una reduccién progresiva del espacio y los recursos y al
mismo tiempo, un aumento de la densidad larvaria y descenso de los recursos

disponibles.

El disefio experimental utilizado comprende diferentes grados de desecaciéon y de

restriccion del alimento. Este trabajo permite entender la capacidad de esta especie
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a enfrentarse a los principales problemas de los ambientes ocupados en el area

invadida y los costes potenciales en su desarrollo.

(CAPfTULOZ) Enriquez-Urzelai, U., San Sebastian, O., Garriga, N.& Llorente, G. A.
2013. Food availability determines the response to pond desiccation in anuran
tadpoles. Oecologia, 173:117-127.

CAPITULO 3: Analisis comparativo de la respuesta de Discoglossus pictus y la
especie nativa Pelodytes punctatus a la presencia de depredadores autoctonos y

aloctonos

Otro de los factores clave a la hora de entender la distribuciéon de las especies dentro
del gradiente de hidroperiodo es la respuesta a la depredacion. Mientras especies
que ocupan ambientes poco estables con hidroperiodos cortos tienen que presentar
una respuesta efectiva a la desecacion, especies que ocupan ambientes con
hidroperiodos mas largos suelen presentar mejores habilidades frente a la
competencia o la depredacion. La capacidad de respuesta al riesgo de depredacion
esta relacionada con su comportamiento y morfologia pre y post-metamorfica. Las
especies nativas desarrollan habilidad de deteccién y mecanismos de defensa frente
al depredador derivados de su co-evolucion (Agrawal, 2001). Presumiblemente esta
respuesta seria menos efectiva y evidente en especies introducidas recientemente y

bajo la presién de depredadores aldctonos.

En este capitulo, hemos evaluado el comportamiento y la respuesta morfoldgica de
D. pictus y la especie nativa P. punctatus ante los depredadores potenciales mas
frecuentes de los sistemas acuaticos del Mediterrdneo en el drea invadida. Los
depredadores escogidos fueron: larvas de aeshna de origen nativo (Anax sp.) y dos
especies aldctonas: gambusia (Gambusia holbrooki) y cangrejo rojo americano
(Procambarus clarkii). La respuesta de D. pictus a esta amenaza ayudara a entender

su establecimiento en el area introducida y su distribucién a escala regional.

(CAPfTULOB) Pujol-Buxd, E., San Sebastian, O., Garriga, N. & Llorente, G. A. 2013.
How does the invasive/native nature of species influence tadpoles’ plastic
responses to predators? Oikos, 122: 19-29 pp. Doi: 10.1111/j.1600-0706.2012.20617.x
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SECCION 3. Capacidad invasora de Discoglossus pictus a microescala

Habitualmente D. pictus y B. calamita se encuentran en co-ocurrencia en ambientes
efimeros u ocupan ambientes vacios por separado. Uno de los factores criticos a la hora
de entender el establecimiento, éxito y potencial impacto de las especies introducidas
es el conocimiento de como estas especies gestionan los recursos tréficos e interactiian
con las especies nativas. Por un lado por el efecto clave del tipo de dieta sobre el
desarrollo de las larvas de anfibios y la fitness de los metamorficos, y por otro por el
efecto de la introduccion de nuevas especies sobre la estructuracién natural de las
comunidades. La amplitud de nicho o la dieta generalista estan frecuentemente
relacionados con una alta capacidad invasora, derivado de su capacidad de explotacién
de diferentes tipos de nicho y por tanto su inherente capacidad de adaptacion. Por otro
lado la distribucién de cada especie dentro del nicho tréfico disponible puede llegar a
definir su éxito reproductivo. Niveles altos dentro de la jerarquia tréfica estan
relacionados con una mayor calidad de los recursos explotados y mejores resultados o

fitness.

Estudios previos sefialan la existencia de procesos de competencia entre D. pictus y la
especie nativa B. calamita cuando se encuentran en el mismo habitat reproductivo. Estos
trabajos basan estas evidencias en caracteres morfoldgicos o disefios experimentales
que indican una probable similitud en la dieta de ambas especies y una mayor
capacidad competitiva de la especie aldctona sobre la autdctona. Si estos resultados se
corroboran en condiciones controladas y naturales, D. pictus podria estar explotando
de forma mas efectiva los recursos disponibles y su presencia podria llegar a limitar el

éxito de la especie nativa e incluso su supervivencia bajo condiciones desfavorables.

En esta seccion se analiza la gestion de los recursos y potencial interaccion entre ambas
especies a través de dos trabajos (un disefio experimental y un estudio de campo) que

se presentan en los siguientes capitulos.

CAPITULO 4: Analisis comparativo de la capacidad de explotaciéon de los
recursos troficos de Discoglossus pictus y la especie nativa Bufo calamita en co-

ocurrencia y no ocurrencia.

La cantidad y calidad (en términos de contenido proteico) de los recursos
explotados tienen un efecto directo sobre el desarrollo larvario y fitness de los
anfibios. Se ha estudiado en varias especies que una elevada cantidad o calidad de

los recursos aumenta el tamafo final de los metamdrficos y permite la reduccion
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del desarrollo larvario (Kupferberg 1997; Morey & Reznick 2000; Lind & Johansson
2007). En consecuencia, una buena gestion de los recursos permitiria hacer frente a
la desecacion y mejorar la fitness final de los metamorficos entendida como todos
aquellos factores que mejoran el éxito de los metamorficos (como una tasa de
supervivencia mayor, tamafnos mas grandes, mejora en la capacidad de locomocion,
etc). Se esperaria por tanto que si la especie invasora presenta una gestion de los
recursos mas efectiva en el habitat seleccionado que una especie nativa, ésta posea
una alta capacidad de establecimiento en el habitat ocupado. Por otro lado, el
estudio de este factor por parte de ambas especies cuando comparten nicho tréfico
y cuando no lo comparten explicaria en parte el éxito de la especie aldctona en el
area invadida y contribuye también a la determinacién de su potencial efecto sobre

la comunidad de anfibios nativa.

Este capitulo analiza la gestion de los recursos tréficos disponibles realizada por
parte de D. pictus y la compara con la realizada por una especie nativa con la que
co-ocurre habitualmente en los ambientes efimeros, B. calamita, asi como compara
dicha gestion cuando co-ocurren y cuando no lo hacen. La gestién de los recursos
ha sido analizada a partir de dos medidas clave: actividad tréfica (feeding activity) y
seleccion de dieta (food preference). La actividad trofica es considerada como una
medida de la capacidad de explotacién de los recursos y también ha sido
relacionada en multitud de trabajos con la capacidad competitiva (Holway, 1999;
Smith et al. 2004). Por otro lado, conociendo el efecto de la calidad del alimento en
el desarrollo y fitness del metamorfico la seleccion de dieta se trataria de un factor
clave en el éxito reproductivo del anfibio invasor. Estos parametros han sido
registrados en dos disefios experimentales: uno que compara la gestion de los
recursos de cada especie por separado y otro que lo hace en co-ocurrencia de ambas

especies.

(CAPfTULO4) San Sebastian, O., Pujol-Bux¢, E., Garriga, N., Richter-Boix, A &
Llorente, G. A. 2015. Differential trophic traits between invasive and native anuran
tadpoles. Aquatic Invasions 10 (4): 475-484.

CAPITULO 5: Estudio de la estructuracién de Discoglossus pictus y la especie
nativa Bufo calamita en el nicho tréfico de ambientes efimeros y analisis de la

potencial interaccion entre ambas especies en condiciones naturales

Numerosos estudios han intentado determinar la estructuracion de las

comunidades de anfibios bajo el punto de vista tréfico. Los métodos tradicionales
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han aportado resultados interesantes pero presentan grandes limitaciones. El
contenido estomacal por ejemplo ha permitido la determinacion de algunos items
que forman parte de la dieta del animal, sin embargo no permite la deteccién de
otros ni la asimilacion que realiza de cada uno. La morfologia larvaria por su parte
relaciona ciertas caracteristicas con el tipo de dieta explotada, asi separa por ejemplo
larvas benténicas con necténicas entre otras (McDiarmid & Altig, 1999). Sin
embargo a partir de estos métodos no se consigue explorar en profundidad las
interacciones entre especies con similitud de dieta (por ejemplo, entre diferentes
especies pelagicas) o determinar la jerarquizacion tréfica de cada especie en el nicho
trofico disponible. En este sentido el analisis de los isdtopos estables (SIA) del
carbono y el nitrégeno es una herramienta muy util y presenta grandes avances en
el conocimiento de la ecologia tréfica de las especies. Su aplicacién proporciona una
visién integrada del consumo de los recursos realizada por cada especie,
identificando estrategias troficas y determinando la jerarquizacion tréfica de las
comunidades. Esta técnica ha demostrado un elevado potencial en amplitud de
campos de la ecologia como las invasiones bioldgicas (Gannes et al, 1998; Vander
Zanden et al, 1999; Caut et al, 2008; Inger & Bearhop, 2008) y ha sido ampliamente
aplicada en comunidades de otros grupos animales (Rubenstein & Hobson, 2004;
Ramos & Gonzalez-Solis, 2012).

Este capitulo tiene como objetivo explorar la estrategia tréfica de D. pictus cuando
comparte charcas efimeras y cuando no lo hace con la especie nativa B. calamita en
condiciones naturales. Gracias a la aplicacion de esta técnica se consigue completar
los resultados obtenidos en laboratorio y nos acerca ain mas a la realidad de la co-
ocurrencia de ambas especies. En definitiva, en este trabajo analizamos la similitud
de dieta entre ambas especies, su potencial interacciéon y determinamos si la

introduccion de D. pictus puede haber desestabilizado la comunidad nativa.

(CAPfTULO5) San Sebastian, O., Navarro, J., Llorente, G.A. & Richter-Boix, A. 2015.
Trophic strategies of a non-native and a native amphibian species in shared ponds.
PLoS ONE 10 (6): e0130549.
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SECCION 1: Capacidad invasora de

Discoglossus pictus a macroescala






Resumen del capitulo 1. Analisis del proceso de invasion y capacidad de

expansion de Discoglossus pictus en Europa

San Sebastian, O., Franch, M., Montori, A., Richter-Boix, A., Llorente, G. & Sillero,

N. 2015. Exploring invasiveness of exotic species at macro-scale Biological Invasions

(en prep.).

Las especies exdticas invasoras (AIS, del inglés Allien Invasive Species) son una de
las principales amenazas para la conservacion de la biodiversidad. La capacidad
invasora de una especie viene determinada por aquellos factores que aumentan su
éxito en el drea receptora. A macro-escala destacan principalmente los factores
abioticos como el clima o la orografia frente a otros como la interacciéon con otras
especies que actuarian a escalas mas reducidas. El estudio de los factores que
definen la capacidad invasora de una especie introducida es de elevado interés a la
hora de predecir qué especies podrian convertirse en invasoras y cual podria ser el
alcance de su invasién. En Europa se han registrado un gran ntmero de
introducciones puntuales de especies aldctonas, aunque so6lo algunas han
conseguido un éxito real de colonizaciéon del territorio y de expansion.
Especialmente reducido es el numero de especies de anuros introducidos
actualmente en expansion. Algunas especies de este grupo han sido ampliamente
estudiadas, sin embargo se posee un conocimiento limitado sobre la expansion del
sapillo pintojo meridional (Discoglossus pictus). Esta especie fue introducida hace
mas de 100 afos en Banyuls de la Marenda (Francia) y hoy dia, se encuentra en
expansion tanto en Francia como en Espafa, presentando poblaciones con un
elevado ntiimero de efectivos. Considerando esta especie como modelo, este trabajo
propone el andlisis de cuatro factores esenciales a la hora de definir la capacidad
invasora de una especie: alcance potencial de su expansion, capacidad de expansion,
plasticidad del nicho realizado y progresion de su expansion en un futuro. Para ello, se han
aplicado técnicas de modelacion del nicho ecoldgico (MNE) y de ordenacion
(andlisis de componentes principales). Los resultados obtenidos indican la
presencia de habitats idéneos para la especie en dreas atin no colonizadas por la
misma, y por tanto la prediccion de una progresion de su expansion en el futuro. D.
pictus no presentd una reduccion de su tasa de expansion en funcion de las
condiciones encontradas, por lo que la fluctuabilidad de su tasa de expansion,
podria responder a otros factores que actian a escalas menores, como la presencia
de corredores o habitats reproductivos favorables. Por otro lado, se observé

conservacion del nicho climatico en su introduccién y la progresién de su
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expansion, y por tanto una ausencia de plasticidad en el nicho realizado hasta la
fecha. Por ultimo se espera una mayor expansion en un futuro hacia habitats
idoneos de Europa, especialmente hacia el norte. Es recomendable una continuidad
en el estudio de estos factores que pueden variar especialmente al alcanzar el limite

de las areas con condiciones favorables del area introducida.
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Invasive species are among the major dangers to environmental conservation. The study of species
invasiveness is important to predict which of the introduced species are prone to be invasive, and to
understand the biological characteristics that contribute to their success. In this work we explored
invasiveness of the introduced frog Discoglossus pictus. We analyzed four characters of invasive species:
spatial spread, dispersal ability, realized niche plasticity, and the potential increase or decrease of its
expansion at future. For that, we applied ecological niche modeling (ENM) and ordination techniques in
order to respond to the question if the species has arrived to its limit of potential distribution, and to define
it dispersal ability to expand throughout unsuitable areas and new environmental conditions, showing
plasticity on its realized niche. Finally we explored its expansion progression in the future. Our results
indicated that D. pictus still has numerous suitable areas to colonize, which could increase in the future,
mostly to the north, because of climatic change. The species presented good dispersal abilities to expand
throughout more unsuitable areas with an expansion pattern described previously on other invasive
species. The species introduction accomplished niche conservatism during introduction and relative
realized niche plasticity during expansion process. This work, integrating four different methods to
analyze invasiveness, highlights the relevance of study invasions as a dynamic process.

1. Introduction

Alien Invasive Species (AIS) are one of the primary
current threats to biodiversity conservation (Shine,
Williams, & Giindling, 2000; Mack et al. 2000; Clavero
& Garcia-Berthou, 2005;). The expansion process of
introduced species is divided into three phases:
introduction, establishment, and invasion. Only a small
proportion of introduced species becomes invasive
(Williamson 1993; Williamson and Fitter 1996; Vila et
al. 2008). The ability of each species to become
established and be
invasiveness. Many studies have assessed the

invasive is denominated
determinants of invasiveness to elucidate why some
species succeed and others fail in establishing
themselves and spreading over the range where they
have been introduced (Jeschke and Strayer 2006;
Richardson and Pys$ek 2006; Py$ek and Richardson D.
M. 2007; van Kleunen et al. 2010; Mahoney et al. 2015;

Moravcova et al. 2015). Invasiveness is related with the
traits of the invading species that make them good
colonists and with the recipient environments and
communities” susceptibility to establishment by these
species (invasivility). The ability of be invasive can be
studied at different scales. While the establishment into
native community is linked to the abilities for
exploiting habitats and managing interactions with
native species, colonization and dispersion need a
higher scale ranges to explain invasive species

distribution and expansion.

The invasion process may be tracked with the
application of different methodological approaches
(Gido et al. 2004; Brasher et al. 2006; Broennimann et
al. 2007; Rodder et al. 2009; Jones et al. 2010). One of
these methods is Ecological Niche Modelling (ENMs;
(Peterson 2006; Sillero 2011). Concretly, correlative
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methods relates known species' occurrences and
environmental data (Peterson 2003; Roura-Pascual et
al. 2004; Guisan and Thuiller 2005). ENMs are able to
define the environmental preferences of species or to
predict the probability of occupancy by them in a
specific area (Ferrier and Guisan 2006). ENMs are used
to predict potential distribution patterns of a species
and are very useful to study the potential invasiveness
of an introduced species (Roura-Pascual et al. 2004;
Ficetola et al. 2009). For example, it is largely applied to
determine the most likely areas to invasions (Peterson
and Vieglais 2001; Real et al. 2008) and to make
predictions for invasion progress in scenarios of future
climate change (Fouquet et al. 2010; Bradley et al.
2010). Furthermore nowadays its application together
with other techniques made possible to respond
questions about dynamic of invasions and to deepen in
the particular ecology of these species (Gallien et al.
2012; Petersen 2013).
techniques are useful to quantify niche changes

Concretely, ordination
between different ranges or times (Petitpierre et al.
2012; Callen and Miller 2015; Tingley et al. 2015;
Dellinger et al. 2016). These techniques order a set of
datapoints (i.e. species occurrences) with respect to one
or more axes which represent multiple information (i.e.
environmental variables). The distance between
datasets or their overlap represent their similitude or
dissimilitude. Many ordination techniques exist (e.g.
Correspondence Analysis or Non-metric
Scaling) but the

Components Analysis is extensively applied to

Multidimensional Principal
biological invasions at present (Guisan and Thuiller
2005; Petitpierre et al. 2012; Broennimann et al. 2012;
Guisan et al. 2014).

There are few cases of amphibian species that have
been described as invasive with negative impacts on
native communities (Bucciarelli et al. 2014). Some
punctual amphibian introductions have been reported
although few of them reached the invasive phase. In
Europe for example, there are several introduced
amphibian species and in expansion such as Lithobates
catesbeianus, Xenopus laevis, multiples species of
Pelophylax (originating from both eastern and north-
eastern Europe and Asia) and Discoglossus pictus
(Pagano et al. 2001; Montori et al. 2007; Ficetola et al.
2007a; Blackburn et al. 2014; Llorente et al. 2015; De
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Busschere et al. 2016). While invasion and invasiveness
of some of them have been widely documented
(McCoid and Fritts 1993; Schmeller et al. 2005; Ficetola
et al. 2007a; Ficetola et al. 2010; Rebelo et al. 2010; De
Busschere et al. 2016), it is not heretofore that the
interest of painted frog (D. pictus) has increased (Pujol-
Buxo et al. 2013; Richter-Boix et al. 2012; Cayuela et al.
2013; Enriquez-Urzelai et al. 2013; Escoriza et al. 2014).
Discoglossus pictus auritus Héron-Royer 1888 was
introduced at the beginning of the XX century in
Banyuls Sur Mer, France (Wintrebert 1908) and
currently is increasing its range annually to
northeastern of Spain and southeastern of France
(Martens and Veith 1987; Franch et al. 2007; Montori
et al. 2007; Llorente et al. 2015). Some negative impacts
have been identified in species as well (Richter-Boix et
al. 2012) and particular traits have been identified to its
invasive success at community level (Ruhi et al. 2012;
Pujol-Bux¢ et al. 2013; Enriquez-Urzelai et al. 2013;
Escoriza et al. 2014; San Sebastidn et al. 2015a; San
Sebastidn et al. 2015b).

The present work aimed to obtain an integrative
approach of D. pictus invasiveness at large scale by the
application of two methods (ENM and ordination
technique) in order to investigate whether D. pictus can
be considered an invasive species. For this, we explore
four aspects that explain the distribution and
expansion ability of D. pictus in Europe:

(1) Spatial spread (Williamson and Fitter 1996).
Has D. pictus arrived to its limit of distribution or still
present available areas in Europe? Invasive species
generally show high spatial spread in the introduced
range (Kolar and Lodge 2001; Colautti and Macisaac
2004). D. pictus occupies 14 squares of the 50 x 50 km
UTM European gird (Sillero et al. 2014). During it
expansion new presence points outside the species
distribution have been observed and one of them seems
to turn in a new dispersal focus (Fradet and Geniez
2004; Franch et al. 2007; Montori et al. 2007). New
introductions or translocations of introduced species
can increase significantly its expansion range as it has
been occurred for example with the zebra mussel
(Dreissena polymorpha) (Carlton 1993; Johnson and
Carlton 1996) or cane toad (Rhinella marina) in
Australia (White and Shine 2009). Therefore exploring



the viability of new potential focus of species dispersion
is essential to study their spatial widespread. In this
work we aimed to examine whether the painted frog
still has suitable areas as well as the potential to expand
in the Iberian Peninsula, and the viability of
introductions or translocations points as potential new
dispersal focus applying ENM (Peterson 2006).

(2) Dispersal ability (Sakai et al. 2001). Is the
ability of D. pictus affected by

environmental conditions?

dispersion

Which is D. pictus dispersal ability in the invaded
region? The capacity of introduced species to disperse
throughout new habitats is crucial for their invasion
success. The dispersal ability can be measured by
estimating the dispersal range of species in the invaded
area and by testing their aptitude to expand throughout
more or less suitable areas. Dispersal limitation often
can be explained by range boundary disequilibrium
with environmental niches, where populations slow
their expansion as quickly as the environment becomes
favorable (Tinner and Lotter 2006; Fang and Lechowicz
2006). Only a species with a high adaptable capacity
would be able to occupy or expand throughout more
unsuitable habitats. D. pictus expansion rate was
estimated by Montori et al. (2007) until 2006 but
nowadays this rate is outdated and there is not a specific
study about the dispersion ability of painted frog in the
invaded region. In order to determine whether the
species has a good dispersal ability we explored the
relationship between the habitat suitability of new
invaded areas and the species expansion rate to
colonize these areas. The species expansion rate was
computed by Geographic Information System (GIS
hereafter) tools and by the habitat suitability values of
new colonized area by temporal periods of invasion
modeling (ENM).

(3) Realized niche plasticity (Sax et al. 2007). Has
the realized niche of D. pictus varied during species
expansion process? Plasticity applied to different traits
(phenotype, behavior, ecological niche, among others)
is a character that contributes to the invasiveness of
alien species (Baker 1974; Richards et al. 2006;
Gonzalez-Moreno et al. 2015). Biological invasions are
dynamical processes and can be associated with
niches

variations in their environmental

(Broennimann et al. 2007; Urban et al. 2007; Kharouba
et al. 2009; Hill et al. 2012). Although these shifts are a
controversial issue because the different explanations
of them (Petitpierre et al. 2012; Early and Sax 2014),
realized niche plasticity can be indicative of their
potential ability to colonize new or variable
environmental conditions (Holt and Keitt 2005;
Fitzpatrick et al. 2007; Pearman et al. 2008). Escoriza et
al. (2014) indicated niche conservatism in D. pictus
introduction but theirs models obtained contradictory
results according to the selected threshold. In order to
deepen in species introduction and invasion, we
explored the potential variations in the environmental
niche occupied by D. pictus under different conditions
and invasion progression. The analysis was performed
applying ordination methods (Broennimann et al,
2014; Guisan et al. 2014), from the perspective of their
control distribution (native range) and during invasion
process (invaded range).

(4) Increasing/decreasing expansion of D. pictus at
the future. Would it expect a continuation of the
expansion in the future? Environmental conditions
change over time, and consequently, the spatial
invasiveness of introduced species (Roura-Pascual et al.
2004; Pyron et al. 2008). Nowadays temporal change of
climate is integrated in mostly future predictions of
invasions progress (Jeschke and Strayer 2008a; Fouquet
et al. 2010; Capinha et al. 2013). Climate change in the
Mediterranean region (current distribution of the
studied species) can modify drastily species’
distributions (Sala, 2000; Giorgi, 2006). In this work we
projected current models (ENM, based in the whole
distribution) to future climatic change scenarios (2050
and 2070) and analyzed their differences to know if D.
pictus will follow its expansion (increasing or

decreasing).

The study of these four different aspects (spatial
spread, dispersal ability, realized niche plasticity and
increasing/decreasing expansion of D. pictus at the
future) will contribute to better understand patterns
and abilities of D. pictus invasion.

2. Methodology

2.1. Study species
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The painted frog (Discoglossus pictus) is a native
species to North Africa occurring in northeastern
Morocco, northern Algeria and a little extension of
Tunisia (Schleich, Kiastle, & Kabisch 1996; Haffner
1997; Martinez-Solano 2009). In 1906 the painted frog
was detected in a small village in continental Europe
(Banyuls Sur Mer, France) (Wintrebert 1908), although
the first evidences of its expansion appeared some years
later (Knoepffler 1962; Kruyntjens et al. 1979; Geniez
and Cheylan 1987; Martens and Veith 1987).
According to Montori et al (2007), the distribution of
D. pictus throughout southern France and northeastern
Spain in 2006 was estimated in 7000 km? with a rate of
expansion of 1.53 km/year + 0.8 km. The new
populations were discovered outside its range of
expansion in Spain and France that might act as new
focus of dispersion (Fradet and Geniez 2004; Franch et
al. 2007).

2.2. Study area

The study area selected to explore the spatial spread,
the dispersal ability, the realized niche plasticity and the
resilience of expansion encompassed all records of the
species (total distribution). It covered native range
(with Mediterranean and Subdesertic Biogeographical
region in Africa and delimited by desert areas) and
introduced range. The last was defined as a buffer with
200 km ratio from the first registered record of D. pictus
introduction in Europe (Banyuls Sur Mer, France
(Wintrebert 1908)). This mask comprised part of
Iberian Peninsula and France, enclosing all species
records in Europe. It corresponds to the Mediterranean
and Alpine (only Pyrenees) biogeographical regions
(defined by the European Environmental Agency). The
study area is detailed in Supplementary Material S1.

2.3. Species datasets

To model the native distribution of D. pictus, we
compiled 321 records from private datasets of Phillipe
Geniez, Daniel Escoriza and bibliographic support
(Bons and Geniez 1996; Brito et al. 2008; Brunet et al.
2009; Vences et al. 2014). In Europe we collected 1890
records from three databases: Spanish Herpetological
Association Database, Groupe ornithologique du
Roussillon Database, Catalan Herpetological Society
Database, and two atlas published by Cheylan et al in
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1987 and Geniez et al in 2012 (Supplementary material,
S2). Distribution data were extracted with a spatial
resolution of 1 km square.

All records were introduced in a georeferenced
database, and displayed using the GIS ArcMap 9.3. All
duplicates were removed. They were reviewed by
experts and all records were pooled into different time-
limited datasets. To explore the four questions
addressed in the introduction, we used different
datasets (Supplementary Material $3). All records (total
distribution) of D. pictus were used to analyze spatial
spread (except to calculate habitat suitability values of
new potential focus of the species expansion) and to
analyze increasing/decreasing expansion of D. pictus at
the future. Total distribution included translocations
located in Prat de Llobregat because the expansion was
checked (Llorente et al, 2015). To evaluate its realized
niche plasticity and dispersal ability, we pooled
chronologically species records to simulate D. pictus
invasion. To examine the realized niche plasticity we
divided records in six periods: (1) all records of the
species’ native range (time 0), (2) records located in the
colonized area between the introduction data and 1974
(News74), (3) records located in the colonized area
between 1974 and 1984 (News84), (4) records located
in the colonized area between 1984 and 1994 (News94),
(5) records located in the colonized area between 1994
and 2004 in invaded range (News04) and (6) records
located in the colonized area between 2004 and 2014
(News14).

To explore the dispersal ability of D. pictus, we used
the following datasets: (1) all records collected in the
native and introduced ranges until 1964 (timel), (2)
records collected in the native and introduced ranges
until 1974 (time2), (3) records collected in the native
and introduced ranges until 1984 (time3), (4) records
collected in the native and introduced ranges until 1994
(time4) and (5) records collected in the native and
introduced ranges until 2004 (time5). Also we used
these datasets to estimate habitat suitability values of
new potential focus (translocations or new
introductions) of the species expansion when we
explored spatial spread of the species.

We selected the limit of the first subset in the
colonized area at 1974 and 1964 in order to have



sufficient numbers of occurrence records to perform
PCA and realized models, respectively (Sillero 2010).
Also the interval of 10 years between datasets respond
to number of records availability. The absence of
enough occurrences between first detections and 1964
corresponds to typical lag-phase of introduced species
and the small number of observer herpetologists in this
period. The first evidence of D. pictus presence dates in
1906. From 1906 to 1964, detections were very low,
registering only 20 new observations in 58 years.
Between 1964 and 1974 only 2 new occurrences were
collected. Therefore we not used this dataset to
compare between corresponding models (realized
niche plasticity) but we do when we needed to extract
habitat suitability values of some locations (dispersal
ability or to explore viability of new focus of the species

expansion in spatial spread aspect).

The last translocations/new introductions records
were not included for species modelling.

2.4. Environmental data

The ecogeographical variables (EGVs) used to build
the models and PCA included 3 topographical
(altitude, aspect and slope) and 19 bioclimatics
variables (Supplementary Material $4), obtained from
the WorldClim database v.1.4 (Hijmans et al. 2005)
with 30 arc-seconds resolution (1 km* approximately:
www.worldclim.org). We selected variables according
to their meaningfulness to the distribution and ecology
of the painted frog (based in Montori et al. 2007). We
used only variables with a Pearson correlation lower
than 0.75 using the Band Collection Statistics tool of
Arctoolbox (ESRI 2006).

2.5. Ecological niche models calculation

We generated 6 chronological sets of models using
Maxent (Phillips et al. 2004; 2006) which requires
presence-only data to explore spatial spread, dispersal
ability and increasing/decreasing expansion of D. pictus
at the future. Given that absences or pseudo-absences
of an invasive species are not certain, techniques using
presence-only data are appropriated to model species
in expansion (Ficetola et al. 2007b; Rodder et al. 2009;
Sillero et al. 2010; Reshetnikov and Ficetola 2011). We
modeled total distribution of D. pictus and project it to
Europe into several future climatic scenarios (spatial

spread and increasing/decreasing expansion of D. pictus
at the future). In addition, we modeled the temporal
sequence of the species' expansion for determinate the
D. pictus dispersal ability and to calculate suitability of
new focus of D. pictus (spatial spread).

Maximum Entropy is a general-purpose machine
learning method (Phillips et al. 2004; Phillips et al.
2006b; Phillips and Dudik 2008; Elith et al. 2011),

implemented in MAXENT  3.3.3k software
(www.cs.princeton.edu/~schapire/maxent).  Maxent

outperforms more established methods, either
presence-only methods (BIOCLIM, DOMAIN) or
presence-absence methods (GAM, GLM), especially
when samples sizes are low (Elith et al. 2006;
Hernandez et al. 2006; Wisz et al. 2008; Jeschke and
Strayer 2008b). Maxent estimates the range of a species
with the constraint that the expected value of each
variable (or its transform and/or interactions) should
match its empirical average, i.e. the average value for a
set of sample points taken from the species-target
distribution. Essentially, Maxent chooses the statistical
model with the maximum entropy, that one with the
most uniform distribution but still infers as accurately
as possible the observed data, selecting at random
uniformly distributed data from the background pixels.
Here, background sample does not mean species
absence at the selected sites, but rather provides a
spectrum of the available conditions. As Maxent results
depend on random background selection, the final
model of each species was the average of 10 slightly
different models (for a review on consensus models see
Marmion et al. 2009). We ran Maxent with
autofeatures (for establishing automatically the type of
relationships among variables) and without duplicated
records (only one sample per 1 km UTM), selecting at
random 70% of the presence records as training data
and 30% as test data. We tested model results with the
area under the curve (AUC) of the receiver operated
characteristics (ROC) plots (AUC values range from
0.0 to 1.0, with values of 0.5 considered as random
models, over 0.7-0.9 as useful models, and above 0.9 as
excellent models) (Liu et al. 2005). Finally, Maxent
obtained an average percentage contribution of each
environmental factor to the models. Maxent output
represents the habitat suitability, ranging from 0.0 to
1.0. To obtain a presence-absence map (0/1, binary
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data) we choose a 10 percentile training presence area
threshold used to study other invasive species (Ficetola
et al. 2010; Jarnevich and Reynolds 2010; Reshetnikov
and Ficetola 2011).

Additionally, we generated the multivariate
environmental similarity surface (MESS) with the total
distribution model at present and future. These maps
let identify the sites where at least one variable has a
value that is outside the range of environments over the
reference set (Elith et al. 2010). These sites are
represented by negative values. In order to improve our
predictions, this sites were eliminated from resultant
maps.

2.6. Ordination methods

Ordination methods allow projecting a multi-
dimensional information corresponding to multiple
data points onto two dimensional space where the
patterns of data can be analyzed (Pielou 1984). These
techniques are recommended to quantify niche overlap
over other methods that use geographical projections
derived from ecological niche models (Warren et al.
2008; Broennimann et al, 2012). For example,
ordination methods for similarity test select random
points in environmental space instead of geographical
association  with

space, correcting  potential

geographical dimension.

To explore variation in D. pictus realized niche
throughout the time we used the PCA-environmental
approach proposed by Broennimann et al. (2012) and
the functions and measures available in the ecospat R
package. We performed a principal component
analyses (PCA) that represented the environmental
space which included total occurrences of species
(time 6 or total distribution).

2.7. Analysis tests
2.7.1. Spatial widespread

We projected the Maxent models with D. pictus
total distribution to Europe and we calculated the
contribution percentage of the environmental
variables. The potential limits of the species expansion
in Europe were represented by presence/absence
habitat suitability maps, applying 10 percentile training
presence area threshold.
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Moreover we evaluated the viability of recognized
translocations or new introductions as new invasion
focus assessing suitability of these located points.
Locations with habitat suitability (HS) values higher
than this threshold should taking as species new
potential focus of the species invasion. Additionally,
the sites with negative values in generated MESS were
rejected to avoid erroneous conclusions.

2.7.2. Dispersal ability

The chronological expansion ratio of D. pictus was
calculated as the increase of area occupied by species
along years. We spatialized the species’ distribution for
each dataset drawing the Characteristic Hull Polygon
(CHP) with ArcGis 10.2 (Downs and Horner 2009). To
obtain the surface of area gained we calculated
graphically differences between CHPs of two
consecutive datasets. We divided resulted area between
lapsed time of each dataset to get expansion ratio. For
example, we estimated expansion ratio of painted frog
during 1994-1984 period as (CHP of 1994 - CHP of
1984)/10.

To explore D. pictus expansion ability, we applied a
Simple Linear Correlation (Pearson r) between average
of habitat suitability values of each CHPs and their
respective expansion ratio. For this, we used CHP of
occupied area in a certain period (CHP of 94, for
example) as mask to extract the average of habitat
suitability of previous model (generated with
occurrences until 1984). We used the values of previous
model because they represent the friction of
environment to the species expansion throughout this
area at the moment of expansion. Thus we supposed
here that habitat suitability and permeability are
synonyms, and that both are the inverse of ecological
cost of expansion (Beier et al. 2007).

2.7.3. Realized niche plasticity

In order to respond if species suffered realized niche
shifts during its introduction and expansion processes
and if the species has the ability to colonize different
habitats in the introduced area, we applied the niche
similarity and equivalency tests (Broennimann et al.
2012; Warren et al. 2008) between two set of
comparisons: native versus chronologically new
invaded areas (e.g. time 0 versus News74). The niche



similarity and equivalency tests evaluate if the observed
overlap between two datasets (for example occurrences
of native range and invaded range until 84) is similar
when we reallocate the species occurrences randomly,
merging two datasets. The niche similarity test
compares niche overlap between two datasets with the
overlap observed between the niche of one and the
niches randomly selected in the environmental space
occupied by the other (Warren et al. 2008;
Broennimann et al. 2012). We performed equivalency
and similarity tests using 100 replicates. Additionally,
we calculated the Schoener’s index (D) (Schoener
1970). This index has values between 0 (for niche
completely different) to 1 (for identical niches).

Secondly, to explore the potential niche similarity
and variations between native and invaded region (time
0 versus News74-News14), we applied the approach
proposed by Guisan et al. (2014). This framework
decomposes the various elements of a niche change in
quantitative measurements of niche shifts. Within this
framework, we explored values of three indexes:
expansion (E) that represents the proportion of niche
occupied by species in introduced range but not in
native range, stability (S) that represents the proportion
of exotic niche overlapping with native ranges, and
unfilling (U) that represents proportion of the native
niche occupied by the species in the native range but
still not occupied in the invaded range. For conduct all
computations was used the ecospat package of R (R
Development Core Team 2008) (Broennimann et al,
2014).

2.7.4. Increasing/decreasing expansion of D. pictus at the
future

To study invasiveness resilience of D. pictus
throughout the time, we projected to Europe the
Maxent models corresponding to the total distribution
of thestudied species onto future climatic change
scenario. Variables were extracted from the WorldClim
series (2050 and 2070). As future scenarios, we used the
general circulation model HadGEM2-ES, a model
developed by the Met Office Hadley Centre, a United
Kingdom based institute for climate prediction and
research (http://www.metoffice.gov.uk/climate-
guide/science/science-behind-climate-change/hadley),

and the average of two Representative Concentration

Pathways rcp 45 and rcp85. These correspond to 4.5
and 8.5 W/m?® radiative forcing values for the average
of years between 2041 to 2060 (2050) and between 2061
to 2080 (2070), respectively. The temperatures would
increasing 1.4 and 1.8°C to rcp45, and 2 and 3.7 °C to
rcp85 (corresponding to 2050 and 2070). On the other
hand, the sea level would increase between 0.24 and
0.30 m. in 2050 (for two rcp) and 0.47 and 0.63 m. in
2070. Attending to MESS we rejected the sites with
negative values as we proceed with spatial spread
exploration.

3. Results
3.1. Spatial spread

The model for the total distribution of D. pictus
obtained AUC values higher than 0.90. Mean Diurnal
Range and Annual Precipitation variables represented
the 429 and 30.1% (respectively) of variable
contributions. Precipitation Seasonality and Mean
Temperature of Coldest Quarter had moderated
importance with 10.8 and 9.5 % of contribution.
Suitable habitats are characterized by coast influence
with stable temperatures and high pluviometry. The
most suitable areas for D. pictus in the invaded region
were found at low Mean Diurnal Range of temperature
with values between 4 to 14°C and Annual
Precipitation of 400 to 1200 mm.

The MESS indicated as non-analog climate the east
of Europe, corresponding to continental, polar and
alpine climates.

The total area predicted as suitable in Europe and
Northern Africa for D. pictus presence was 790740 km?.
Our results indicated that the painted frog does not
occupied all available habitats in Europe. The
projection of our model to Europe and Northern Africa
showed as potential distribution of D. pictus mainly all
coastal areas of Mediterranean and Oceanic
Biogeographical regions (Fig. 1). It should be absent in
high altitudes and continental areas of Iberian, central
Italian and Greece peninsulas where there are more
extrem temperatures than coastal. Also in Eastern of
Great Britain and Ireland there were non suitable
climatic conditions to species presence.

All locations associated to translocations or new
introductions for D. pictus in Europe registered higher
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Figure 1. D. pictus total distribution models projection to Europe and north of Africa. At left: presence absence maps with non-analogue sites
rejected for projection of (a) present, (b) 2050 and (c) 2070 model. At right presence absence maps of (d) present, (f) 2050 and (h) 2070 model.
Under these corresponding (e) present model MESS, (g) 2050 model MESS and (i) 2070 model MESS. Black: presence area, white: absence

area, dark gray: gained area and light gray: lost area. Diagonal bars represent negative values obtained by MESS.

Table 1. Suitability values and data of records located out of continuous colonized area of D. pictus.

MINIMUM
LOCATION DATA OF RECORDS MODEL THRESHOLD VALUE OF HS FORECAST
Séte 1984 time2 0.1975 0.3233 Suitable area
Montpellier and Lattes 2004 time4 0.1654 0.2447 Suitable area
El Prat de Llobregat 2004 time4 0.1654 0.5827 Suitable area
Séte North 2014 time5 0.1618 0.5328 Suitable area
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values of habitat suitability (HS) than their
corresponding threshold (Table 1), indicating them as

new potential focus of D. pictus expansion.
3.2. Dispersal ability

A general increase of expansion rate throughout the
time was observed (Fig. 2). In the decade of 1964-1974,
D. pictus was dispersed at rate of 7.98 km*/year while
between 1974 and 1984, increased this rate to 21.05
km®/year. The highest increase was registered from
1984 being 147.10 km?/year at decade of 1984-1994 and
171.56 km*/year at decade of 2004-2014. In 1994 the
expansion range registered a little decrease (118.91
km?/year) but followed to be high compared with first
phase.

The species seems to expand independently of
habitat suitability of the occupied area, without a
relationship between its expansion rate and habitat
suitability of the invaded area (F,;=1.85 p=0.267) (Fig.
2).

3.3. Realized niche plasticity

The niche equivalency test obtained significant
results in any of the comparisons among native and all
chronological invaded niche. The overlap among them
were small with values of D comprised in the interval
0.03-0.06 (Table 2). Further, the similarity hypothesis
was non rejected in the comparisions of all datasets
(p>0.05).

The PCA counted for 66.74 % of the total variability
in climate of study area (Fig. 3).

The comparisons among the realized niche of native
range and the chronological expansion of D. pictus in
the invaded region indicated that expansion index
increased with time (from 0 to 0.09) while stability
decreased (from 0.99 to 0.91). The unfilling index was
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Figure 2. Annual range (km?/year) by each temporal datasets and
habitat suitability of corresponding occupied area (HS*100).

high for all comparisons (between 0.91 to 0.73) and
decreased with expansion progress (Table 2).

3.4. Increasing/decreasing expansion of D. pictus at the

future

The MESS indicated as non-analogue the 48% of
total studied area for the future. In both, 2050 and 2070,
the non-analogue area located in east of Europe and the
proximate areas to Sahara desert.

Our future predictions (without non-analogue areas)
(Fig. 1) to 2050 and 2070 indicated an increment of
suitable areas in Europe and North of Africa. D. pictus
would gained a 15% of analogue area in 2050. This
percentage increase in 2070 to 20% (Table 3).

The most gained area is located in Europe central
where the temperatures would increase and be softer.
The aridification of Southern Iberian Peninsula and
Northern Africa should explain the absence of D. pictus
in these areas. It seems that the lost locations in the
future are also related with the intensification of
temperatures and decrease of precipitations, being
mainly some zones of Iberian Peninsula nearby to
North of Africa.

Table 2. Schoener’s index (D), Expansion, Stability and Unfilling indexes values and Equilavence and Similarity Test between invaded datasets

and native datasets comparisions.

D EXPANSION STABILITY UNFILLING EQUIVALENGY SIMILARITY TEST
TEST 2->1 1->2
Native-News74 0.0295 0.0024 0.9976 0.9147 0.0198 0.6139 0.1089
Native-News84 0.0345 0.0009 0.9991 0.8807 0.0198 0.7129 0.0891
Native-News94 0.0614 0.0001 0.9999 0.7892 0.0198 0.6337 0.1287
Native-News04 0.0549 0.0461 0.9539 0.6514 0.0198 0.8614 0.0495
Native-News14 0.0458 0.0918 0.9082 0.7331 0.0198 0.8416 0.0792

53



Table 3. Prediction of D. pictus potential distribution at present and future (2050 and 2070) without non-analogue area.

ANALOGUE AREA (Km?) % OF TOTAL AREA % OF ANALOGUE AREA
Present
Absence 5218366 44 47
Presence 5840792 49 53
2050
Absence 4276452 36 70
Lost area 111384 2
Gained area 908202 8 15
Presence 826583 7 14
2070
Absence 3568209 30 63
Lost area 116827 1 2
Gained area 1146850 10 20
Presence 798189.83 7 14

4. Discussion
4.1. Expansion ability of D. pictus.

Does D. pictus presented dispersion ability in the
invaded region? Our work showed a general increase of
D. pictus expansion rate during its dispersion and
absence of relationship between species expansion rate
and environmental suitability of invaded habitat.

The absence of this relationship highlighted the
good ability of D. pictus to expand throughout less
suitable habitats found in the introduced range.
However all values of suitability were high for
colonized area and probably not offered enough
resistance against D. pictus expansion. The potential
causes of expansion rate variations could find in other
factors, namely at smaller: population dynamics of
invasions, the precipitation regimen during each
dataset or ecological corridors presence, among others.
Even so the relationship between expansion rate and
habitat suitability/friction of new colonized areas could
be a good tool to explain the invasiveness of other
species.

D. pictus expansion process followed typical pattern
of other invasive species of amphibians as cane toad
(Rhinella marina). Firstly invasions present lag-phase
that can be derived of different causes. Mack et al 2000
described four potential factors that can act combined
or separated to explain this initial relay: reduced
detectability of new population’s growth, number and
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location of initial introductions, natural selection
among newly created genotypes adapted to the new
conditions and stochasticity of environmental
conditions. After years or decades, populations of a
future invader accelerate growth rapidly, in both
numbers and areal spread. Initially, invasive species D.
pictus advanced at around 21 square kilometers for year
between 1964 to 1974, while from 2004 to 2014
accelerated this spread to 129 square kilometers for
year. Also R. marina increased its expansion range of
progress of the toad invasion front about fivefold since
the toads first arrived through time with initial low
speed values and exponential increase of it (Phillips et
al. 2006a). Some studies highlighted the higher ability
to spread of individuals located in invasion front,
increasing their speed through time (Travis and
Dytham 2002; Phillips et al. 2008; Perkins et al. 2013).
The ecological and evolutionary forces triggering the
increment in the dispersal ability of these individuals
can be diverse: from natural selection interacting with
spatial sorting (Shine et al. 2011) that select individuals
with high dispersal abilities (Perkins et al. 2013; Brown
et al. 2014) to demographic characteristics (Caswell et
al. 2003; Ellner and Schreiber 2012). The population at
first period has small size which increase exponentially
to find climatic, geographic or biologic barrier.
Additional genetic and landscape studies are necessary
to clarify which are the real causes of this acceleration.
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Figure 3. Representation of obtained results in realized niche
plasticity analysis. The correlation circle illustrates the percentage
of inertia explained by the axis and contribution of environmental
predictors for loading them in PCA-env axes. Left: the greyscale
plots show the occupancy of D. pictus (grey gradient) and
environmental availability for corresponding dataset (solid line
shows 100% of available climates; dashed line shows 50% most
frequent available climates). Right: realized niche comparisions
between the native and invaded ranges of D. pictus. Green pixels
indicate the U values (native only), blue pixels the S values
(common between native and invasive) and red pixels the E values
(invasive only). The arrow indicates the change in the centroid of

the niche.

4.2. Realized niche plasticity

Has realized niche of D. pictus varied during species
expansion process? The results obtained in our study
indicated that D. pictus invasion in Europe has been
associated to general climatic niche conservatism. The
application of new quantitative methods improved the
exploration of niche variations registered by other
methods and promoted great advances in invasions
dynamics (Warren et al.  2010;
Broennimann et al. 2012; Guisan et al. 2014). The

differences showed by the equivalency tests and low

knowledge

values of overlapping (Schoener’s index) per two
ranges comparisons, but the absence of these in the
similarity tests, highlighted the important influence of
background on these differences (Warren 2012). The
high values of niche stability between the two ranges
compared (origin areas and introduce areas) support
the hypothesis of niche conservatism initially proposed
by Escoriza et al. (2014) for this species introduction.

Niche conservatism has been broadly observed in
other invasive species of plants and vertebrates (Stiels
et al. 2011; Petitpierre et al. 2012; Alexander 2013;
Palaoro et al. 2013; Strubbe et al. 2015). D. pictus had
been introduced in habitats with conditions few or
marginally represented in realized niche of native range
but inside it, as it is represented in Fig 2. The centroid
was displaced to less frequent conditions but always
remaining inside the realized niche. The native and
invaded ranges are characterized by the same
bioclimatic region (Mediterranean Climate), but with a
deviance from hot-summer Mediterranean climate
habitats to warm-summer Mediterranean climate
characterized by lower annual thermal oscillations
(attending to Koppen-Geiger classification (1990).

In the other hand, when we compared the realized
niche of native and introduced range’s during invasion
progress, the niche expansion values (the proportion of
realized niche occupied in the introduced range but not
in native range) increased without a high decrease of
the unfilling index (the area occupied only by the native
model). These results suggest an increasing ability of D.
pictus to colonize novel climatic habitats through space
and time and therefore ecological niche plasticity. The

ecological niche conservatism and shifts is a

55



controversial subject (Peterson et al. 1999; Wiens and
Graham 2005; Peterson 2011). Traditionally, there was
supposed that species maintained their niche at space
and time and therefore invasive species should
occupied habitats with similar conditions to their
native range (Peterson 2003; Sober6n 2007; Early and
Sax 2014). Logically, a species introduced in similar
conditions may obtain higher success and faster
expansion than species introduced in different habitats.
In this case, the niche conservatism could be an
advantage. But species with realized niche mismatch
during invasion are also linked to good colonize ability
and high potential invasiveness (e.g. Broennimann et
al. 2007; Fitzpatrick et al. 2007; Pearman et al. 2008).
The multiple factors that could cause these niche shifts
hamper to distinguish between real and unreal
variations and to take clear conclusions about this.
Despite D.pictus obtained low expansion value, we
should consider the possibility that the realized niche
in the native area represents only a portion of the
physiological fundamental niche. The available climate
conditions in native range only could encompass a
subset of its fundamental niche (Schulte et al. 2012;
Broennimann et al. 2012; Guisan et al. 2014). In the
case of D. pictus, the Mediterranean see in one side and
the Sahara desert extreme conditions on the other,
could function as strong geographic barrier reducing
the capacity of the species to occupy different
fundamental niches. Other biotic factors as predation
or interaction with other species, could also limit the
distribution of D. pictus. The study of the realized niche
plasticity of invasive species is an intermediate step
which indicate the colonize ability of them. The
realized niche expansion detection motivate
complementary works which clarify these variations
causes, developing physiological or ecological studies
to improve the models (Kearney et al. 2009; Kearney
and Porter 2009; Jiménez-Valverde et al. 2011; Tingley
et al, 2014). On the other hand, we should consider the
potential effect of variables selection and number of
occurrences used for niche comparisons (Callen and
Miller, 2015). Statistical approaches to select variables
could ignor relevant information and vary the
expansion values registered in our work. The addition
of more variables could define better the D. pictus niche
boundaries and alter our results (Wendel, 1962). We
recommended used the results of D. pictus expansion
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index with caution and contrast them with other
analysis.

In summary, we observed relative realized niche
plasticity by D. pictus, but not a real shift. The good
response to marginal climatic conditions available in
the introduced range and expansion values suggest the
species ability to colonize new areas in introduced
range. This work is another evidence of the importance
of the chronological studies of invasions. One of the
most knowing example of underestimate predictions in
anuran invasive species is the Australian cane toad (R.
marina) (Urban et al. 2007; Tingley et al, 2014). These
studies evidence the necessity of review predictive
models, which have been generated only with native
distributions.

4.3. D. pictus spatial spread in Europe and
increasing/decreasing expansion of D. pictus at the

future

Has species arrived to its limit of distribution or still
present available areas in invaded area? Would this
species follow to expand at the future? Invasive species
term includes widespread species whereas non-
invasive species should include only relatively localized
species around the point of introduction (Kolar and
Lodge 2001; Colautti and Maclsaac 2004). An
important and necessary approach to define
invasiveness of introduced species in certain moment
is to distingish between localized or expansive
distributions. Our results showed that D. pictus still has
suitable areas for its expansion throughout Europe at
present. Also, the species potential distribution tends to
increase throughout the time. Predictions at present
indicated temperate climates with rainy winters as
good habitats for its colonization. Future models follow
a similar pattern, where D. pictus would expand to areas
that minimize the effect of climatic changes. Aratjo et
al. (2011) evaluated the climatic change on potential
distribution and conservation status of 292 terrestrial
vertebrates of Iberian Peninsula. Concretely,
amphibians seems to be specially affected and D. pictus
would decrease its distribution area (see
http://www.wwf-spainsites.com/adaptacion/#inicio).
Our models showed similar results in the Iberian
Peninsula but not at higher level, such as at European
level. Despite D. pictus could suffer a reduction in their

potential distribution in Spain located in the southern



areas of the peninsula, the species have not arrive to
them yet and probably will not in the future attending
to the estimated expansion rate. In France the number
of suitable areas for the species increases to the north.
In the rest of Europe these areas also increase as climate
change progresses. Most of suitable areas present good
connectivity and D. pictus seems to present good
dispersal ability (as we observed in this work) that
presumably would facilitate new areas colonization in
the future. On the other hand, although the amount of
annual rainfall can be the same or decrease slightly in
indicate that the
precipitations will be more concentrated and irregular

the future, some authors
in heavy precipitation events during the 21st century,
favoring rain-generated floods emergence (Bates et al.
2008; Colomer et al. 2014) and reproductive activity of
opportunistic species as D. pictus which occupies
ephemeral ponds to complete its larval development.
However this species in its native area could suffer a
reduction of their suitable areas without connection
with other favorable habitats. The models assume niche
conservatism and change of species distribution
because the climate change can be too fast for species
adaptation (Bradshaw and Holzapfel 2006). However
invasive species are characterized by fast adaptation to
new conditions (Maron et al. 2004) and we need to
consider the potential ability of this species to maintain
these population despite climate change. Species with
tolerance to changes in climatic conditions (e.g., good
acclimation response or high temperatures tolerance)
or high plasticity (e.g. , shifts in their phenology or
diurnal activity) could not disappear in this actual
distribution (Deutsch et al. 2008; Somero 2010; Arribas
et al. 2012). D. pictus seems to respond well to milder
temperatures and higher precipitations in the invaded
range but its response to climate change new
conditions is unknown. D. pictus native distribution
seems to be limited by aridity of Sahara Desert. The
future predictions include an increase of general
temperatures thus D. pictus could response worse to
these changes in the native area. Studies about its
tolerance to high temperatures or aridity are
recommendable in order to profound about D. pictus

future.

On the other hand, the painted frog has registered
some recent translocations or new introductions near

the expansion range which could turn in new dispersal

focus and increase significantly the expansion range
(Fradet and Geniez 2004; Franch et al. 2007; Montori et
al. 2007). The large number of new locations of species
in areas near the limit of expansion and high human
pressure in actual distribution of species, could increase
the expansion of this. The number and arrangement of
translocations or new introductions influence on
invasions spread. They proceed faster from among
many small and widely separated dispersal focus
compared with a single larger one (Moody and Mack
1988). Our results showed that the D. pictus dispersion
promoted by man and recorded so far are at short
distance from the boundary of the expansion which
facilitates the climatic similarities and therefore its
suitability for growth of the painted frog. On the other
hand, the strong human activity of the actual invaded
area could facilitate the transport of individuals to
other locations or proportionate degraded or empty
niches that could occupy easily invasive species (Hulme
2009).

5. Conclusions
5.1. Invasiveness of D. pictus in Europe

Our results allow us to respond to the initial
questions that characterized the spatial widespread,
dispersal  ability, ecological niche plasticity and
increasing/decreasing expansion of D. pictus at the
future. In summary, D. pictus can still occupy suitable
habitats in Europe and our predictions showed that the
species could follow their expansion mainly for regions
with stable and mild temperatures, and high values of
precipitation. We expect that this distribution could
increase at the future under a climatic change scenario.
Its dispersion may be slow comparing with other
anuran invasive species but its expansion range
increase progressively, following typical pattern of
invasive species expansion process. On the other hand,
this species presents good ability to expand through
habitats with more or less suitable climatic conditions
although the studies at local scale can be necessary to
take definitive conclusions. Lastly, D. pictus during its
invasion has occupied habitats with different
conditions throughout invasion progression although
they are enclosed into the realized niche of species.
Therefore, it has presented niche conservatism during
its expansion. In general, species seems to present good

abilities to expansion and has found suitable conditions
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in invaded range that has allowed to obtain high
success and therefore relative high invasiveness at large
scale.

The use of historical and current data highlights that
invasion is an ongoing dynamic process and
demonstrates the necessity to include this factor in
studies about invasiveness of species. Our results help
better understand patterns, abilities and widespread of
painted frog. It can highlight the characters that
contribute to invasive denomination for D. pictus and
approach to this species invasiveness.
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Supplementary Material S1. Representation of all compiled records and study area. Study area compassed total
distribution (A) highlighted by dark grey. The translocations or new introductions are detailed in (B): (1) Montpellier
and Lattes, (2), Seté North, (3) Seté and (4) Prat de Llobregat.




Supplementary Material S2. Databases and references of compiled records.
Databases
Biodiversity Database of Catalonia (Banc de Dades de Biodiversitat de Catalunya)

http://biodiver.bio.ub.es/biocat/

Base de Datos Herpetoldgica (Amphibians and Reptiles Database of Spain—- AHE)

http://www.herpetologica.es/index.php/programas/base-de-datos-herpetologica

Servidor de Informacion de Anfibios y Reptiles de Espana — SIARE
http://siare.herpetologica.es/

Institut Catala d'Ornitologia — ICO (Catalan Ornithological Institute Vertebrates Database)
http://www.ornitho.cat/index.php?m id=1

Societas Europaea Herpetologica - SEH
http://gorperpignan.pagesperso-orange.fr/

Groupe Ornithologique du Roussillon - GOR (Ornithological Group of Roussillon)

http://gorperpignan.pagesperso-orange.fr/

Société Herpétologique de France - SHF

http://lash.fr

References

Geniez P, Cheylan M (2012) Les Amphibiens et les Reptiles du Languedoc-Roussillon et régions limitrophes. Atlas
biogéographique. Biotope, Méze & Muséum national d’Histoire naturelle, Paris (collection Inventaires et

biodiversité)

Geniez P, Cheylan M (1987) Atlas de Distribution des Reptiles et des Amphibiens du Languedoc-Roussillon.

Montpellier. Glaw

Bons J, Geniez P (1996) Amphibians and reptiles of Morocco (including Western Sahara), biogeographical atlas.

Asociacion Herpetoldgica Espafiola, Barcelona

Brito JC, Feriche M, Herrera T, et al (2008) En los limites de su distribucién: anfibios y reptiles palearticos en el

noroeste de Tunez. Bol la Asoc Herpetol Esp 19:75-82.

Brunet P, Sanuy D, Oromi N, et al (2009) Anuran studies from Tiaret region, north-west of Algeria. Boletin la Asoc

Herpetologica Espariola 20:68 — 72.

65



Supplementary Material S3. Methodology and datasets used in each analysis. The number of occurrences of each
dataset are detailed in parentheses.

Traits Methodology Datasets Acumulative/

non-acumulative

Spatial spread Maxent total distribution (992) acumulative
Spatial spread - translocations ~ Maxent time2 (299), time4 (519), time5 (606) acumulative
Increasing/decreasing expansion  Maxent total distribution (992) acumulative

of D. pictus at the future
Dispersal ability Maxent timel (297), time2 (299), time3 (431), acumulative

time4 (519), time5 (606)
Ordination methods
Environmental niche plasticity ~ (PCA) time 0 (282), News74 (17), News84 (66), non-acumulative

News94 (43), News04 (62), News14 (152)



Supplementary Material S4. Ecogeographical variables (EGVs) extracted from WorldClim database v.1.4 (Hijmans et
al. 2005) and the variables selected for each method.

CODE VARIABLES UNITS SELECTION
Climatic
biol Annual Mean Temperature °C non-selected
bio2 Mean Diurnal Range (Mean of monthly (max temp - min temp)) °C selected
bio3 Isothermality (BIO2/BIO7) (* 100) n.u. selected
biod Temperature Seasonality (standard deviation *100) 2¢ non-selected
bio5 Max Temperature of Warmest Month °c non-selected
bio6 Min Temperature of Coldest Month °C non-selected
bio7 Temperature Annual Range (BIO5-BIO6) °C non-selected
bio8 Mean Temperature of Wettest Quarter °C selected
bio9 Mean Temperature of Driest Quarter °Cc selected
biol0 Mcan Temperature of Warmest Quarter 26 non-sclected
bioll Mean Temperature of Coldest Quarter °C selected
bio12 Annual Precipitation millimeter selected
biol3 Precipitation of Wettest Month millimeter non-selected
biol4 Precipitation of Dricst Month millimeter non-sclected
biol5S Precipitation Seasonality (Coefficient of Variation) millimeter selected
biol6 Precipitation of Wettest Quarter millimeter non-sclected
biol7 Precipitation of Driest Quarter millimeter non-selected
bio18 Precipitation of Warmest Quarter millimeter non-selected
biol9 Precipitation of Coldest Quarter millimeter non-sclected
Topographic
alt Altitude meters non-selected
asp Aspect radians non-sclected

slo Slope grades non-selected
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Supplementary Material S5. Results of Maxent models of spatial spread. Percentage of variable contribution to the
model construction, derived from the permutation importance analysis from MaxEnt. The ecological response curves
for the model of four variables with higher values of percentage of contribution. Response curves show the ranges in
environmental conditions that are more favourable for the distribution of the species. The x-axis of the variables
represents their ranges for the complete study area, while the y-axis represents the predicted suitability of the focus
variable when all of the other variables are set to their average.

Variable contribution
Models n AUC bio2 bio3 bio8 bio9 bioll biol2 biol5
Total
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Resumen del capitulo 2: Evaluacion de la respuesta de Discoglossus
pictus a la desecacion y la restriccion de alimento y su efecto en el

desarrollo pre- y post-metamdrfico

Enriquez-Urzelai, U., San Sebastian, O., Garriga, N. & Llorente, G. A. 2013. Food
availability determines the response to pond desiccation in anuran tadpoles.
Oecologia, 173:117-127.

La disponibilidad de alimentos y la desecacion del habitat reproductivo son dos de
los factores con mayor efecto sobre el éxito reproductivo de los anfibios. Una
elevada cantidad de recursos permite mantener tasas de crecimiento elevadas y la
aceleracion del desarrollo larvario de los anfibios. Por otro lado, la capacidad de los
anfibios a responder a la desecacion de los habitats reproductivos se encuentra
ampliamente estudiada, especialmente para aquellas especies que ocupan
ambientes temporales y efimeros. Ambos factores interactiian en la naturaleza.
Durante la desecacion, la cantidad de recursos per capita se reduce
considerablemente. En este trabajo se analiza la capacidad de respuesta del sapillo
pintojo meridional (Discoglossus pictus) bajo diferentes condiciones de
disponibilidad de alimento y de desecacion del sistema por separado y en
interaccion. Se observo que la privacion de alimentos conduce a una reducciéon de
las tasas de crecimiento en D. pictus, retrasando su metamorfosis y produciendo un
menor tamafio y peso de los metamorficos. Se confirma una elevada capacidad de
respuesta de esta especia a la desecacion del sistema, acelerando la metamorfosis
pero limitada a la disponibilidad de los recursos. Ademas, las tasas de desecacion
lenta producen un estrés en las larvas de la especie, pero no lo suficiente para
provocar un acortamiento del periodo larvario. La interaccién de la desecacién y la
reduccion de la disponibilidad de alimento presentaron costes en la morfologia y
capacidad de salto de los metamorficos. A pesar de ello, las bajas tasas de
mortalidad observadas en todos los tratamientos y la adecuada respuesta a la
desecacion de la especie, indica un elevado potencial invasor de D. pictus en su
nueva area de distribucion mediterranea, donde ocupa principalmente ambientes

temporales y efimeros.
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Abstract Food availability and pond desiccation are two
of the most studied factors that condition amphibian
metamorphosis. It is well known that, when food is abun-
dant, organisms undergo metamorphosis early and when
they are relatively large. The capability of anurans to
accelerate their developmental rate in response to desic-
cation is also common knowledge. These two variables
must act together in nature, since we know that, as a pond
dries, the per capita resources decrease. We conduct an
experiment to evaluate the effects of desiccation and food
availability separately and in combination in tadpoles of
the painted frog (Discoglossus pictus). We demonstrate
that food deprivation leads to slow growth rates, which
delay metamorphosis and produce smaller size and weight.
The capability to accelerate metamorphosis when facing a
drying pond is also confirmed, but, nevertheless, with
factor interaction (when the pool is drying and resources
are scarce) the capacity to respond to desiccation is lost. In
addition, slow drying rates are shown to be stressful situ-
ations, but not enough to provoke a shortening of the larval
period; in fact, the larval period becomes longer. We also
demonstrate that the interaction of these factors changes
the allometric relationship of different parts of the hind
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limb, which has implications for the biomechanics of
jumping. Due to low mortality rates and an adequate
response to both environmental factors, we expect D. pic-
tus to have a great invasive potential in its new Mediter-
ranean distribution area, where lots of temporary and
ephemeral ponds are present.

Keywords Phenotypic plasticity - Development -
Metamorphosis - Feeding restriction - Drying

Introduction

Amphibians are unique among tetrapods in the complexity
of their lifecycles and the degree to which their lifecycles
vary in response to environmental conditions. The life
history of most anurans is characterized by an abrupt
ontogenetic change in morphology, physiology and
behavior (Wilbur 1980; Wells 2007). Even so, many
studies have shown that the morphology of metamorphs is
causally affected by the tadpole environment. The con-
nection between larval and juvenile stages limits the range
of adaptive larval phenotypes that can be expressed even
though it has a low impact on adult fitness (Van Buskirk
and Saxer 2001; Watkins 2001; Richter-Boix et al. 2006).

Although there has long been an interest in the influence
of environmental factors on the growth and developmental
rates of amphibian larvae (Savage 1952, 1962), the first
synthetic theory of the timing of metamorphosis was not
postulated until 1973 (Wilbur and Collins 1973; mathe-
matically formalized by Day and Rowe 2002). The Wil-
bur—Collins model is based in the hypothesis that there is a
negative relationship between growth and developmental
rate, and the model thus predicts that, if the growth rate of a
larva increases, development is retarded to exploit the new
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growing conditions to the maximum. In contrast, if the
growth rate decreases, development should increase in an
attempt to escape a deteriorating environment. The model
also establishes that there is a minimum and a maximum
body size at which metamorphosis will occur, and the
range of possible body sizes will depend on the phenotypic
plasticity of the species (Wilbur and Collins 1973). Day
and Rowe (2002) mathematically formalized the develop-
mental threshold below which larvae are expected to
respond to slow growth rates by lengthening the larval
period and above which larvae are thought to accelerate
development and expedite metamorphosis. As a conse-
quence, different food levels will produce an L-shaped
reaction norm (Plaistow et al. 2004; Lind et al. 2008). Even
though the exact mechanisms underlying developmental
thresholds remain unclear, endocrinological mechanisms
have been suggested (Wilbur and Collins 1973; Hensley

metamorphosis earlier and when they are larger than they
do if food is scarce (Gotthard and Soren 1995; Morey and
Reznick 2000; Lind et al. 2008). This could be explained by
them reaching the development threshold earlier under
abundant food conditions, as they have more energy
available to allocate to growth. Furthermore, only a slight
delay in maturity after the developmental threshold has
been reached will produce a large increase in weight in
animals exposed to an abundance of food (Lind et al. 2008).

A major threat for developing tadpoles that has been
well studied is pool desiccation (Newman 1992). Many
amphibians breed in temporary ponds that are sporadically
filled by rain and then dry out at different rates. Such
species have evolved adaptive plasticity, including the
capacity to accelerate development in response to pond
drying; these traits allow successful development (Denver
et al. 1998; Leips et al. 2000; Loman and Claesson 2003;

1993). Since the threshold has been demonstrated to evolve
(Morey and Reznick 2000, 2004; Lind et al. 2008), it is not
surprising to find differences between populations (Lind
et al. 2008) and species (Morey and Reznick 2000, 2004).
As an alternative to the Wilbur—Collins model, Travis
(1984) proposed the “fixed-rate model”. Travis stated that
the developmental rate may lose its responsiveness to food
supply, metabolic state and growth rate, although remain-
ing responsive to temperature, water level and predators
(Travis 1984; Leips and Travis 1994; Rose 2005).

As a very important part of the growth of most
amphibians occurs in the terrestrial habitat, Werner (1986)
developed a model that includes the terrestrial phase. The
predictions of that model were based on an optimal balance
between maximizing growth and minimizing mortality in
both aquatic and terrestrial habitats. In water, amphibian
potential for changes in growth and mortality rates are
reflected by phenotypic plasticity (Rudolf and Rédel 2007).

The three models have been extended by many authors
in order to include more factors such as time constraints or
seasonality (Rowe and Ludwig 1991; Rudolf and Rodel
2007; for more information, see Harris 1999 and Wells
2007), but they are still the main conceptual framework.

A number of biotic and abiotic factors can determine the
growing conditions that larvae experience. These factors
include changes in larval density (Wilbur and Collins 1973;
Tejedo and Reques 1994; Richter-Boix et al. 2004), aquatic
predators (Laurila et al. 2002; Benard 2004; Pujol-Buxd
et al. 2012), and food availability (Alford and Harris 1988;

Merild et al. 2004). When the risk of death in the larval
environment increases as a function of time, metamor-
phosis may be favored at a younger age, in spite of the
costs associated with a smaller body size (Loman and
Claesson 2003; Rudolf and Rodel 2007; Marquez-Garcia
et al. 2009).

As ponds dry, tadpole density increases, thus reducing
the per capita resources through the reduction of the
available foraging range (Leips et al. 2000). Therefore, the
two variables affecting the timing of metamorphosis (food
availability and pool desiccation) must act together in
nature. The effects of each of them are well known on their
own and there have been several attempts to unravel the
effects of their interaction (Semlitsch 1987; Newman
1989). Nevertheless, we consider the experimental design
in the papers addressing the interaction not to be entirely
appropriate as the results could have been influenced by
other unmeasured factors (e.g., temperature or changes in
water chemistry). For instance, Semlitsch (1987) stated that
“water temperature in the drying ponds becomes more
variable (increase in range during a 24-h period) at the end
of the experiment and probably contributed to the overall
‘drying effect’.”

In this study, we evaluate the effects of food availability
and pool desiccation, separately and acting together, on the
painted frog Discoglossus pictus (Otth 1837). The species
is native to North Africa, and was introduced into Europe
where it is currently expanding (Geniez and Cheylan 1987;
Llorente et al. 1995, 2001; Barbadillo et al. 1999; Salvador

Morey and Reznick 2000; Lind et al. 2008) as well as a
variety of abiotic parameters such as pool temperature
(Newman 1998) and desiccation (Richter-Boix et al. 2006;
Lind et al. 2008; Marquez-Garcia et al. 2009).

One of the factors that conditions the timing of meta-
morphosis that has been most studied is food availability. It
is known that, if food is abundant, organisms undergo
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and Garcia Paris 2001; Franch et al. 2007; Martinez-Solano
2009). We consider the adaptability that this invasive
species shows in its new Mediterranean distribution area,
where pond drying is a normal event, to be particularly
interesting. We also analyze the plasticity of the life-his-
tory traits of this species. Furthermore, we evaluate which
metamorphosis timing model best fits our data.
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Materials and methods
Study species and populations

Discoglossus pictus is a North African anuran species that
was first introduced into Europe in the late nineteenth
century, but the introduction was not successful until the
early twentieth century (Martinez-Solano 2009). Since
then, D. pictus has expanded its area of distribution and is
now present in the northeast of Spain and the south of
France (Geniez and Cheylan 1987; Llorente et al. 1995,
2001; Barbadillo et al. 1999; Salvador and Garcia Paris
2001). The species breeds in irrigation canals, streams,
natural ponds and even in pools of seawater with high
salinity (Llorente et al. 1997). D. pictus shows a clear
preference for ephemeral and temporary ponds (Richter-
Boix et al. 2012), representing 70 % of the ponds used
(personal data). They usually lay their egg clutches in small
ponds (from 20 x 20 cm to 10 x 20 m) and therefore
often suffer from high mortality rates owing to pool des-
iccation (Martinez-Solano 2009).

Experimental procedures

We collected three clutches of eggs from Riudarenes (Gi-
rona, Spain) to try to include some variability in the sam-
ple, but the specific genetic make-up was not within the
scope of the study. The eggs were transported to the lab-
oratory where the experiment was carried out, and each
clutch was kept in individual plastic containers with de-
chlorinated tap water until the larvae reached develop-
mental stage 25 (Gosner 1960).

In order to evaluate the effects of both food availability
and desiccation, we designed a 2 x 4 factorial experiment.
A “food availability” factor with two levels [ad libitum
(A) and restricted (R) food supply] and a “hydroperiod”
factor with four levels [constant (C), fast drying (F), vari-
able (V) and slow drying (S)]. Each treatment consisted of
10 randomly selected tadpoles from each of the three egg
clutches (240 tadpoles in total) being placed individually in
1-L plastic containers, and all 240 containers were initially
filled with 700 mL of dechlorinated tap water. The water
was changed every 3 days and the tadpoles were fed with
lightly boiled spinach (ad libitum; A) or once every two
water changes (restricted food supply; R). The fast drying
hydroperiod (F) lasted 30 days, the variable level (V) dried
for 23 days at the fast drying rate and then the water col-
umn was restored and the slow drying (S) lasted for
60 days. For each water regime, the level was decreased
following the curve defined by Wilbur (1987). When the
water depth reached the zero level, the bottoms of the
plastic containers were covered with wet filter paper, which
simulated moist soil. All the treatments were conducted at

the same time, under the same conditions of photoperiod
(12L:12D) and at 20-22 °C.

Response variables

The containers were checked daily and the larval period
(Gosner stage 25-42) and the time to the end of meta-
morphosis (Gosner stage 25-46) of each animal were
recorded. The time from stage 42 to 46 (tail resorption) was
also noted. The tadpoles that did not accomplish meta-
morphosis before the pond dried were considered dead, and
emergence and survival rates were calculated accordingly.

When the toadlets reached the climax of metamorphosis,
we measured their hopping performance by placing them
into a cage covered with wet filter paper and marking the
successive landing points of their jumps until they showed
signs of fatigue (Richter-Boix et al. 2006). After that, we
analyzed the total distance covered, the length of the lon-
gest jump, the average of all the jumps, and the average of
the 5 longest jumps. The jumps were measured in centi-
metres with a ruler.

After jumping performance, the toadlets were sedated
using tricaine methane sulphonate (MS-222) and weighed
to a precision of 0.001 g. We also took photographs of each
specimen and made eight measurements of the body and
hind limbs (body length, head width, femur length, femur
width, tibio-fibula length, tibio-fibula width, foot length,
and phalanx length) using SigmaScan Pro 5.0. All the
morphological measurements were taken in millimetres.

The metamorphs were released to their original location
after they had been photographed.

Statistical analysis

We analyzed the effects of food availability (FA) and
different hydroperiods (H) on life-history traits, morphol-
ogy and jumping performance using mixed linear models
for each of the variables measured. Water regime and food
availability were treated as fixed factors and the clutch (CI)
as a random effect. We constructed a full factorial model in
order to study the combined effect of food availability and
hydroperiod (FA x H), among clutch variation in plastic
responses to food availability and hydroperiod (FA x ClI
and H x Cl) and all the factors together (FA x H x Cl).
Tukey post hoc tests were performed to test for differences
among treatments. Tests were conducted using the SPSS 16
for mac statistical package.

In order to test whether the L-shaped reaction norm
predicted by the threshold model (Day and Rowe 2002)
was indeed produced in D. pictus by different food sup-
plies, we plotted the weight at metamorphosis as a function
of developmental time. The same was done for the tadpoles
fed ad libitum in order to see what was the reaction norm of
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the weight in front of distinct hydroperiods. We then
adjusted different regression lines to both plots and we
chose the quadratic as it showed the highest R? value.

To look for differences in metamorph phenotypes in
response to food availability and desiccation, we first tested
for shared allometry between treatments through common
principal component analysis (CPCA) using the cpcbp
v.0.3.2.1. package (Bolker and Phillips 2011) in R v.2.11.1.
(R Development Core Team 2007). This approach allows
us to compare the phenotypic covariance matrices of the
log-transformed morphological measures between treat-
ments (Flury 1988; McCoy et al. 2006). If a common size
axis is present (i.e. if they share their first CPC), the data
can be size-corrected and analyzed to observe the size-
independent variation in shape. If no common size axis is
present, the size correction is not possible (McCoy et al.
2006). We conducted independent CPCA in order to study
the effects of food availability (AC vs. RC treatment),
desiccation (AC vs. AF vs. AV vs. AS) and the interaction
of both (all treatments).

Because CPC1 differed for some of our treatments, we
analyzed the allometric growth relationships between
morphological measurements in a pairwise fashion
(McCoy 2007; Touchon and Warkentin 2011). This kind of
relationship is defined by the equation y = bx“, where
y and x are the aspects of body shape of interest (log-
transformed), b the intercept and a the slope (allometric
scaling component) of the regression line (Huxley 1932).
We compared the variation of the allometric scaling
component as it is known to reflect the relative size of a
body measurement versus another, regardless of overall
size differences (Touchon and Warkentin 2011). The
allometric scaling component was calculated via ordinary
least squares regressions.

As the size correction was not possible, we analyzed the
allometric scaling component of the regression between the
log-transformed longest jump and tibio-fibula length.
Although we chose the log-tibio-fibula length (as it has
been used in previous studies related to locomotor speed;
Llewelyn et al. 2010), similar results were obtained using
the femur length and body length (results not shown). This
technique was used to help us understand the change of this
relationship between treatments, not to provide statistical
inference.

Results
Percentage of emergence and survival
The percentage of individuals that survived to metamor-

phosis ranged from 56.67 to 100 % depending on the
treatment. The treatment in which the fewest tadpoles
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metamorphosed was the RF (56.67 %), while, in the AF
treatment, 86.67 % of tadpoles survived and emerged. All
that mortality was due to the failure of tadpoles to meta-
morphose before complete desiccation. Only one other
tadpole, from the AV treatment, died, but that was due to
external factors (probably a fungal infection). The other
treatments showed 100 % survival.

Life-history traits

The larval period was influenced by food availability (F 225 =
2,166.208, P < 0.001), hydroperiod (F3 2,5 = 5.934, P =
0.031), and the interaction between them (F3 255 = 5.498,
P = 0.037). No among clutch differences were detected
(Fzﬂ 225 — 03, P = 0766)

In all the different hydroperiods, the tadpoles fed
ad libitum started metamorphosing earlier than those sub-
jected to food restriction. The individuals fed ad libitum
responded to pond desiccation by shortening the larval
period in the two fast drying treatments (F and V:
P < 0.001) but not when the desiccation rate was slow
(P = 0.436). All the tadpoles under food restriction reached
Gosner stage 42 at the same time, with the exception of
individuals under the slow drying treatment (P < 0.001),
which metamorphosed later (Fig. 1a; Table 1).

The tadpoles that experienced abundant food completed
tail resorption sooner than individuals with reduced food
availability (Fy, y0 = 117.778, P = 0.007), except in the
case of the slow desiccation treatment, where there was no
difference between the two food availabilities (AS =
4.733 £ 0.166; RS = 4.633 & 0.337) (F} ss = 0.803,P =
0.436). Pool desiccation had no effect on this life-history
trait (F3, 20 = 1.671, P = 0.268).

The time until the end of metamorphosis was also affected
by food availability (F;, 20 = 8,095.17, P < 0.001), hy-
droperiod (F3, 220 = 6.334, P = 0.027) and their interaction
(F3, 220 = 5.969, P = 0.03). We observed a significant
H x Cl interaction, which means there were among clutch
differences for the age at stage 46 due to distinct desiccation
levels (Fg, 200 = 5.475, P = 0.029). The pattern observed
was almost the same as that of the larval period. The only
difference is that, as the individuals in the AS treatment took
longer to resorb their tails than the rest of the ad libitum
treatments, they took longer from the start of the experiment
to complete metamorphosis (AS = 29.033 & 0.277 vs.
AC = 27.6 £ 0.459) (see Table 1).

Size and weight at metamorphosis

Size (total body length) and weight at metamorphosis were
both significantly lower with the restricted food supply in
all water regimes (Tables 1, 2, 3; Fig. 2). Although the
hydroperiod did not affect these two traits, we observed
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Fig. 1 a Larval period and b body length (mean + 1SE) in
Discoglossus pictus tadpoles fed ad libitum (filled circle) and
undergoing food restriction (empty circles) in four different hydro-
period treatments, control (C), fast drying (F), variable (V) and slow
drying (S). Different letters above datapoints (z, y, x, w) indicate
statistical differences in the post hoc analysis between treatments

that in combination with food availability it had a signifi-
cant influence. Size was influenced by a clutch factor and
the response of the different clutches to the different des-
iccation treatments turned out to be distinct (Table 2). In
the case of weight, we detected a clutch effect, which
translated to different responses to food availability
(FA x Cl) and pool desiccation (H x Cl) (Table 3).

All the tadpoles under the ad libitum treatments reached
the same weight, except the AV which passed to the ter-
restrial stage at a lower mass. In contrast, the RC and RV
tadpoles reached the same size and were larger than the RF
and RS treatments. We obtained the same results for size
(body length) at the end of metamorphosis (Fig. 1b;
Table 1).

There is an inverse relationship between age and weight
at the end of metamorphosis. Regardless of hydroperiod,
individuals with abundant food reached the juvenile state
earlier and bigger than those with less food (Fig. 2a;

Fy. 210 = 94.930, P < 0.001, R* = 0.4644). The influence
of pool desiccation on this trade-off was evaluated by
plotting only the tadpoles fed ad libitum, as these animals
only responded to pool desiccation. We observed that the
individuals that accelerated or delayed metamorphosis had
lower body weights, although the correlation was non-
significant (Fig. 2b; F, 512 = 1.125, P = 0.328, R? =
0.0197).

Morphology of post-metamorphic individuals

We obtained the same results for all the absolute mor-
phological measurements, so only the results for the
absolute femur length are commented on (Table 1).
The food availability influenced the absolute length of the
femur (F, 20 = 134.229, P = 0.007) and tadpoles fed
ad libitum resulted in metamorphs with longer femurs
(Fig. 3a). The influence of the hydroperiod alone on this
trait was not significant (F3, 20 = 2.045, P = 0.209), but
we detected a significant effect of the interaction of both
factors (F3, 200 = 25.234, P = 0.001). A clutch component
that determined the length of the femur in response to
distinct hydroperiods was also detected (Fg, 220 = 4.803,
P = 0.039). The pattern observed was the same as that of
the weight and size at metamorphosis (Fig. 3a; compare
with Fig. 1b).

The CPCA revealed that neither food availability
(P = 0.377) nor desiccation (P = 0.343) produced differ-
ences in the body size axis. Interestingly, metamorphs did
not share common allometry due to the interaction of
factors (P = 0.021). Therefore, morphology could not be
size-corrected for shape comparisons and we studied the
allometric scaling relationships between different biome-
chanically important aspects (Zug 1972; Choi and Park
1996; Choi et al. 2003; Handrigan and Wassersug 2007).
Food restriction resulted in a less steep slope between the
femur and body length in the absence of desiccation.
However, when any rate of desiccation was present, the
differences produced by food availability disappeared and
the slope approached 1 (isometry between femur and body
length) (Fig. 3b), suggesting an interactive effect of food
availability and pond duration. The allometric scaling
component of the femur width and femur length was higher
in the treatments where tadpoles had been subjected to a
slow desiccation rate (a > 1). This was true for the tad-
poles fed ad libitum, but not for the tadpoles with restricted
food supply, as the standard errors between RC and RS
overlapped. Therefore, it can be said that, when tadpoles
had enough food available and were subjected to slow
desiccation rate, they allocated more to femoral muscula-
ture relative to femur length. At higher desiccation rates,
the scaling component remained near or below isometry
(Fig. 3c). The lack of desiccation allowed tadpoles to
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35.8 + 0.892
4.633 £ 0.337

40.433 £ 0.97

304 + 0.513
5.233 £ 0.149
35.633 + 0.504

30.103 £ 0.776  30.762 £+ 0.793

243 + 0.215
4.733 £ 0.166
29.033 £ 0.277

22 + 0.227
3.552 £ 0.176
25.552 £ 0.36

22.143 £ 0.210

23.8 + 0.36
38+02

Larval period (days)

5.0 £ 0.21

5.0+ 0.172
35.233 £ 0.829 34.588 £+ 0.767

3.923 + 0.248
26.154 £ 0.349

Tail resorption (days)

27.6 £ 0.459

Time until the end of

metamorphosis (days)

Weight (g)

22.147 £ 0.711

26.831 £ 0.709
8.452 £+ 0.09
3.742 + 0.06
3.379 £ 0.048

28.053 £+ 1.193 22.747 £+ 1.224

36.035 + 1.014 4335+ 1.5
10.082 £ 0.126

42917 £ 1.419

43.634 £+ 1.494

7.952 + 0.094
3.424 + 0.053
3.066 + 0.053

94.1 + 11.977 64.533 £ 9.018

8.003 + 0.158
7.667 £ 0.393

3.431 £ 0.096

8.66 + 0.119
3.794 £ 0.06

3.448 £+ 0.07
95.067 £ 9.116  72.875 £ 13.508

9.421 £ 0.093

9.926 + 0.109
4.567 £ 0.07
4.194 £ 0.075

10.08 £+ 0.11

Body length (mm)

4.604 £ 0.068
4.399 £ 0.069

4.2 + 0.055

3.866 + 0.056
143.931 £ 10.066 202.533 + 22.831

4.578 £ 0.076
4.282 + 0.083
176.767 £+ 14.284

Femur length (mm)

3.14 + 0.064

Tibio-fibula length (mm)

169.5 £ 11.419
11.653 + 0.444

Total distance covered (cm)

5.833 £ 0.453
2.927 £ 0.218
4.871 £ 0412

6.188 + 0.714
3.355 £ 0.38
5.278 £ 0.665

7.5+ 0412
3.409 + 0.205

11.967 £ 0.385 10.103 £ 0.273 11.967 £ 0.588
6.576 £ 0.378

5.166 + 0.249
10.07 £ 0.365

Longest jump (cm)

3.52 + 0.193
6.259 + 0.368

5.137 £ 0.181 5.123 + 0.254
10.351 £ 0.517

5.747 £ 0.223
10.035 £ 0.334

Average of all jumps (cm)

8.83 £ 0.272

Average of the 5 longest jumps

(cm)

C Control, F fast drying, V variable, S slow drying

Table 2 Mixed model ANOVAS of the body length at the end of
metamorphosis for all treatments

df MS F P value
(Intercept) 1 16,904.442  2,696.432  0.000*
Food availability (FA) 1 137.03 480.843  0.002*
Hydroperiod (H) 3 2.683 3.107  0.110
Clutch (CI) 2 6.314 6.787  0.035*
FA x H 3 4.016 19.874  0.001*
FA x Cl 2 0.285 1.399 0312
H x Cl 6 0.87 4318  0.049%
FA x H x Cl 6 0.201 0.741  0.617

* Significant effect (P < 0.05)

Table 3 Mixed model ANOVAS of the weight at the end of meta-
morphosis for all treatments

df MS F P value
(Intercept) 1 224751347 550932 0.002*
Food availability (FA) 1 14,238.08 88.709  0.011*
Hydroperiod (H) 3 223.936 1.885  0.233
Clutch (CI) 2 410.747 1.571  0.304
FA x H 3 424.154 26.221  0.001*
FA x Cl1 2 161.453 9.725  0.010*
H x Cl 6 119.648 7477  0.014%*
FA x H x Cl 6 16.002 0.479  0.823

* Significant effect (P < 0.05)

display near or higher than 1 slope values for the tibio-
fibula and femur length regression. This indicates a greater
allocation to the distal part of the leg. In the ad libitum
treatments, no differences produced by desiccation were
detected, with the exception of AV, in which the gradient
was lower. With food restriction, in contrast, the fast
desiccation rates (RF and RV) resulted in shorter tibio-
fibula lengths relative to femur length (a < 1) (Fig. 3d).

Hopping performance

Food availability had a significant effect on the total dis-
tance covered by metamorphs, but pool desiccation did not.
The interaction between the two factors also produced
significant differences. Furthermore, a clutch effect was
observed that affected capabilities when faced with pond
drying (Table 4). Tadpoles fed ad libitum jumped a larger
total distance than those with restricted feeding (see
Table 1). Feeding, but not desiccation, had a significant
effect on the longest jump (F;, 220 = 99.574, P = 0.01),
the average of all the jumps (Fy 20 = 52.144, P = 0.018)
and the average of the 5 longest jumps (F;, 20 = 92.543,
P = 0.01). The FA x H x ClI interaction also influenced
the average of the 5 longest jumps (Fg 20 = 2.158,
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fed ad libitum with four hydroperiod treatments: control (filled
circles), fast drying (empty circles), variable (filled triangles) and
slow drying (gray triangles). Quadratic regression is shown by the
solid line in each panel
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Fig. 3 Food availability and desiccation, as well as their interaction
had effects on metamorph morphology. a Femure length
(mean £+ SE) at the end of metamorphosis for four different
hydroperiods, control (C), fast drying (F), variable (V) and slow

P =0.049) and the longest jump (Fs 220 = 2.495,
P = 0.024). Although the longest jump was always bigger
for the tadpoles fed ad libitum than for those undergoing
feeding restriction (see Table 1), the slope between the log-
transformed longest jump against tibio-fibula length was
higher for the animals with a restricted food supply

drying (S). Pairwaise comparisons of b femur length and body length,
¢ femur width and femur length, and d tibio-fibula length and femure
length (slope £ SE of log—log plots, with log base 10). See Fig. 1 for
symbols and abbreviations

(Fig. 4). Moreover, the differences became bigger due to the
effect of desiccation, as the AC versus RC and AF versus RF
treatment comparisons suggest. The feeding treatment did
not influence that relationship either in the V or S treatments.
The slow drying treatment on its own provoked an increase in
the steepness of that relationship slope.
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Table 4 Mixed model ANOVAS of the total distance covered in the
hopping performance at the end of metamorphosis for all treatments

df MS F P value
(Intercept) 1 3290 x 10° 391.675  0.002*
Food availability (FA) 1 4,275.924 x 10> 148372 0.006*
Hydroperiod (H) 3 4,543.683 0273 0.843
Clutch (CI) 2 8,432.159 0.486  0.637
FA x H 3 19,763.186 11.194  0.006*
FA x Cl 2 2,868.044 1.546  0.275
H x Cl 6 16,768.321 9.65  0.007*
FA x H x Cl 6 1,737.613 0.351  0.909

* Significant effect (P < 0.05)

4 oA

Slope of longest jump to tibio-fibula length
-

§

F v s
Hydroperiod treatment

o4

Fig. 4 Comparison between the longest jump and the tibio-fibula
length at the end of metamorphosis (slope £ SE of log—log plots,
with log base 10) for four different hydroperiod treatments. See Fig. 1
for symbols and abbreviations

Discussion

As previously reported in other work (Morey and Reznick
2000; Lind et al. 2008), we found an inverse relationship
between age and size at metamorphosis under different
food availabilities. This relationship is predicted by the
threshold proposed in the Wilbur—Collins model (Wilbur
and Collins 1973; Day and Rowe 2002), and the predicted
L-shaped reaction norm is also confirmed by our data
(Fig. 2a). These results support the thesis that slow growth
delays metamorphosis as the tadpoles take longer to reach
the threshold weight and size. In contrast, fast growth has
opposite consequences (Day and Rowe 2002). Unfortu-
nately, our experimental design did not allow us to test
whether the growth rate became fixed at some point (Travis
1984) or it continued to be susceptible to change at every
moment (Alford and Harris 1988; Leips and Travis 1994).

The capacity to accelerate metamorphosis when faced
with a drying pond (Leips et al. 2000; Merili et al. 2004;
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Richter-Boix et al. 2006; Marquez-Garcia et al. 2009) is
also confirmed by our results, which demonstrate that pond
desiccation provokes a shortening of the larval period.
However, it does not influence the time needed to resorb
the tail, so the differences detected in the time elapsed until
the end of metamorphosis are fully due to the shortened
larval period of the tadpoles under drying treatments.
Surprisingly, tadpoles under the AS treatment needed more
time to resorb the tail than the control tadpoles (AC), so
they metamorphosed later, which is in disagreement with
the published literature (Marquez-Garcia et al. 2009). We
postulate that a slowly drying pond represents stress but not
enough to accelerate metamorphosis. The animals under
these conditions experienced a cost associated with living
in a stressful environment but they were not induced to
metamorphose earlier. These specimens slowed tail
resorption. This extended time of tail resorption could be
hormonally mediated by prolactin secretion (Brodeur et al.
2009), or merely a consequence of reduced energy intake
during the larval period (Hourdry and Beaumont 1985).
The observed lower weight of the AS metamorphs seems to
support the latter explanation.

Although both environmental cues are important in
determining the timing of metamorphosis (Wilbur and
Collins 1973; Werner 1986; Morey and Reznick 2000,
Marquez-Garcia et al. 2009), we think that food availability
is probably the more important factor and abundant food is
needed to respond to pool desiccation. When well-fed
tadpoles are exposed to pond desiccation, they are capable
of accelerating metamorphosis, but when food resources
are limited, they cannot respond to pond desiccation by
increasing their rate of development. In the latter situation,
tadpoles receive two cues that work in opposite directions:
pond drying pushes them to metamorphose earlier, but food
deprivation incapacitates them from doing so. Recently,
Kulkarni et al. (2011) have demonstrated that tadpoles
invest most of their body fat in order to accelerate meta-
morphosis when faced with pond drying, supporting our
results. Amazingly, the RS tadpoles took longer than the
RC tadpoles to start and end metamorphosis. In this case,
pond desiccation was not enough to trigger the tadpoles to
metamorphose earlier (as in Gervasi and Foufopoulos
2008) but it constituted a stressful situation. So, the animals
had lower developmental and growth rates related to food
deprivation and, furthermore, they had to pay the energetic
cost associated with the stressful situation.

Hence, our results support Werner’s model (Werner
1986), but indicate that growth conditions and mortality
rates are not equally important. Instead, growth conditions
seem to determine the response to increasing mortality risk.
Therefore, only the most competitive tadpoles, those that
best exploit the resources, are able to respond to a drying
pond and successfully metamorphose.
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The size and weight at metamorphosis were influenced
by food availability but not by the distinct water regimes,
as previously indicated by Gervasi and Foufopoulos (2008)
(but see Denver et al. 1998; Morey and Reznick 2000;
Merili et al. 2004). However, the AV tadpoles appeared to
be smaller and lighter. All this evidence indicates that
D. pictus is able to increase its rate of development without
decreasing its growth rate (Gervasi and Foufopoulos 2008)
except in the case of the variable water regime. In that case,
the tadpoles accomplished metamorphosis earlier with
smaller size and weight. Rudolf and Rodel (2007) under-
lined the importance of the unpredictability of the envi-
ronment where the tadpoles grow, and that could be an
explanation of our results. When the water volume was
restored, the tadpoles did not readjust their accelerated
development, but probably suffered from a reduced energy
intake due to an unexpectedly high water level. Even
though they paid that cost, they had a greater survival rate
than those exposed to the fast drying treatment owing to the
water level recovery.

The reaction norm that the tadpoles fed ad libitum and
subjected to distinct water regimes followed indicates that,
although there are no statistically significant differences,
the acceleration of metamorphosis resulted in slightly
lighter metamorphs (either because of the energetic cost of
accelerating metamorphosis or because of the shortened
growth period), and that some tadpoles experienced worse
growth conditions and, because of that, they delayed the
metamorphosis (Fig. 3b).

Size and weight at metamorphosis were also influenced
by the interaction between food availability and desicca-
tion. We observed that tadpoles exposed to food restriction
and desiccation (either fast or slow) had reduced size and
weight (as previously reported in Denver et al. 1998;
Morey and Reznick 2000; Merild et al. 2004). However,
although the tadpoles under the variable water regime were
subjected to fast drying, the restoration of the water level
meant they did not suffer in terms of reduced size and
weight. As small metamorphs show reduced survival to
maturity (Goater 1994; Newman and Dunham 1994),
smaller size at maturity (Smith 1987), and smaller clutch
size (Wilbur 1977; Berven 1981; Smith 1987), the costs of
living in a pond (drying or not) with low food availability
are clear.

Food availability and the interaction of both environ-
mental factors were responsible for differences in the
absolute morphological measurements. As suggested by
the threshold model of Day and Rowe (2002), the entire
toadlets were smaller due to food restriction. The CPCA
revealed that metamorphs shared common allometry when
they had faced only one of the stimuli in their larval stage,
but that the combination of them resulted in differences in
the growth axis. Both desiccation and resource availability

had effects on the allometric scaling components of the
pairwise comparisons studied. Tadpoles in the AC treat-
ment showed the highest increase in femur length with
increasing body size and also higher tibio-fibula length
with augmenting femur length (the last statement was also
true for the RC treatment). These elements are the most
relevant ones involved in the jumping biomechanics; the
bigger the hind limb, the higher the jumping capacity.
Moreover, it has been demonstrated that strong jumpers
have a longer tibio-fibula than femur (Zug 1972; James and
Wilson 2008), and therefore we could say that metamorphs
from the AC treatment had the most effective morphology
for jumping. This, however, was counteracted by desicca-
tion. At any desiccation rate, the slopes of the log—log plots
overlapped, and the relationship between femur and body
length became more or less isometric, while the relation-
ship between tibio-fibula length and femur length turned to
below isometry. Surprisingly, when tadpoles had been
subjected to a slow desiccation rate but with enough
resource availability, the allocation in femoral musculature
(measured as femur width) relative to femur length was
higher than in any other treatment (with restricted food
supply standard errors overlapped between RC and RS).
We hypothesize that, as mentioned above, slow drying
represents a stressful situation, which leads to a higher
allocation in the musculature involved in jumping at the
expense of lower size and weight. Nevertheless, this
hypothesis needs to be addressed in more detail.

All the hopping performance variables were affected
absolutely by food abundance. This means that as the
metamorphs were bigger due to abundant food, their
jumping capacity was enhanced (Gomez-Mestre et al.
2010). The interaction of food availability and pond des-
iccation only affected the total distance covered among the
hopping performance variables. This result suggests that,
although the average length of the jumps and the longest
jump are only determined by the food supply, the total
distance covered is somehow dependent on the hydroperiod
of the pond where the tadpole grew. We can say that, while
the one-off ability of D. pictus to escape is not influenced
by the hydroperiod, this environmental factor in combi-
nation with food availability determines the total distance
that can be covered. Since jumping ability is known to have
a positive influence on food acquisition (Walton 1988) and
predator avoidance (Wassersug and Sperry 1977), underfed
tadpoles would have reduced fitness in nature. We also
found differences in the slope of the regression between the
log-transformed longest jump and log-transformed tibio-
fibula length due to food availability. Besides, when
combined with desiccation, these differences became
greater. Similarly to the femur length, the tibio-fibula was
shorter in the tadpoles undergoing feeding restriction, and
the greatest difference was observed in the AF versus RF
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treatments. Consequently, we argue that the same increase
in length for a shorter tibio-fibulas leads to greater
improvement in the distance of the longest jump than for
longer tibio-fibulas. As we pointed out previously, the
animals in the AS treatment showed more femoral mus-
culature relative to femur length, and this seems to be the
reason why their increase in longest jump relative to tibio-
fibula length was higher.

Finally, we have likewise shown that, within the same
population, there are among clutch differences that provide
distinct capacities to respond to environmental cues, as
previously reported for different populations (Merila et al.
2004; Lind et al. 2008). However, although the level to
which they responded to the factors was not the same, we
have to say that all of them did respond to the different
environmental conditions and that the direction of their
responses was the same.

Our data show that this species is highly adapted to
drying water ponds because no tadpoles died when facing
only desiccation. However, when food was restricted and
the pond dried, the mortality rate increased. Nevertheless,
survival continued to be high, which suggests that this
species would be a good competitor in nature. So, we think
that the invasive strength of this species comes from its
capacity to survive even in the most stressful ponds.
Therefore, this species is preadapted for the conditions of
its new Mediterranean distribution area, which is known to
have a lot of temporary ponds.

Acknowledgments We thank the Departament de Medi Ambient i
Habitatge of the Generalitat de Catalunya for their support and per-
mission to collect clutches. We also thank Marc Franch for providing
the clutches for this study. B. Bolker provided helpful statistical
consultation. Francesc Oliva (Departament d’Estadistica), Ross
Alford (handling editor) and two anonymous reviewers gave helpful
comments on the manuscript.

References

Alford RA, Harris RN (1988) Effects of larval growth history on
anuran metamorphosis. Am Nat 131(1):91-106

Barbadillo LJ, Lacomba JI, Pérez-Mellado V, Sancho V, Loépez-
Jurado LF (1999) Anfibios y reptiles de la Peninsula Iberica,
Baleares y Canarias. Planeta, Barcelona

Benard MF (2004) Predator-induced phenotypic plasticity in organ-
isms with complex life histories. Annu Rev Ecol Evol Syst
35:651-673

Berven KA (1981) Mate choice in the wood frog Rana sylvatica.

Choi IH, Park K (1996) Variations in the take-off velocity of anuran
amphibians: relation to morphology, muscle contractile function
and enzyme activity. Comp Biochem Physiol 113A:393-400

Choi IH, Shim JH, Ricklefts RE (2003) Morphometric relationships
of take-off speed in anuran amphibians. J Exp Zool A Comp Exp
Biol 299:99-102

Day T, Rowe L (2002) Developmental thresholds and the evolution of
reaction norms for age and size at life-history transitions. Am
Nat 159:338-350

Denver RJ, Mirhadi N, Phillips M (1998) Adaptive plasticity in
amphibian metamorphosis: response of Scaphiopus hammondii
tadpoles to habitat desiccation. Ecology 79:1859-1872

Flury B (1988) Common principal components and related multivar-
iate models. Wiley, New York

Franch M, Llorente GA, Montori A, Richter-Boix A, Carranza S (2007)
Discovery of an introduced population of Discoglossus pictus
beyond its known distributional range. Herpetol Rev 38:356-359

Geniez P, Cheylan M (1987) Atlas de distribution des reptiles et des
amphibiens du Languedoc-Roussillon. Laboratoire de Biogéog-
raphie et Ecologie des Vertébrés, Montpellier

Gervasi SS, Foufopoulos J (2008) Costs of plasticity: responses to
desiccation decrease post-metamorphic immune function in a
pond-breeding amphibian. Funct Ecol 22:100-108

Goater CP (1994) Growth and survival of postmetamorphic toads:
interactions among larval history, density and parasitism.
Ecology 75:2264-2274

Gomez-Mestre I, Saccoccio VL, Iijima T, Collins EM, Rosenthal GG,
Warkentin KM (2010) The shape of things to come: linking
developmental plasticity to post-metamorphic morphology in
anurans. J Evol Biol 23:1364-1373

Gosner KL (1960) A simplified table for staging anuran embryos
larvae with notes on identification. Herpetologica 16:183-190

Gotthard K, Soren N (1995) Adaptive plasticity and plasticity as an
adaptation: a selective review of plasticity in animal morphology
and life history. Oikos 74:3-17

Handrigan GR, Wassersug RJ (2007) The anuran Bauplan: a review
on the adaptive, developmental, and genetic underpinnings of
frog and tadpole morphology. Biol Rev 82:1-25

Harris RN (1999) The anuran tadpole: evolution and maintenance. In:
McDiarmid RW, Altig R (eds) Tadpoles. The biology of anuran
larvae. University of Chicago Press, Chicago, pp 279-294

Hensley FR (1993) Ontogenetic loss of phenotypic plasticity of age at
metamorphosis in tadpoles. Ecology 74:2405-2412

Hourdry J, Beaumont A (1985) Les métamorphoses des amphibiens.
Masson, Paris

Huxley JS (1932) Problems of relative growth. Lincoln MacVeagh
Dial, New York

James RS, Wilson RS (2008) Explosive jumping: extreme morpho-
logical and physiological specializations of Australian rocket
frogs. Physiol Biochem Zool 81(2):176-185

Kulkarni SS, Gomez-Mestre I, Moskalik CL, Storz BL, Buchholz DR
(2011) Evolutionary reduction of developmental plasticity in
desert spadefoot toads. J Evol Biol 24:2445-2455

Laurila A, Pakkasmaa S, Crochet PA, Merild J (2002) Predator-
induced plasticity in early life history and morphology in two
anuran amphibians. Oecologia 132:524-530

Leips J, Travis J (1994) Metamorphic responses to changing food

Evolution 35:707-722

Bolker B, Phillips C (2011) Package “cpcbp”. Available from http://
www.math.mcmaster.ca/ ~ bolker/R/src/contrib/cpcbp_0.3.2.1.
tar.gz

Brodeur JC, Svartz G, Perez-Coll CS, Marino DJG, Herkovits J
(2009) Comparative susceptibility to atrazine of three develop-
mental stages of Rhinella arenarum and influence on metamor-
phosis: non-monotonous acceleration of the time to climax and
delayed tail resorption. Aquat Toxicol 91:161-170

@ Springer

82

levels in two species of hylid frogs. Ecology 75(5):1345-1356

Leips J, Mcmanus MG, Travis J (2000) Response of treefrog larvae to
drying ponds: comparing temporary and permanent pond
breeders. Ecology 81:2997-3008

Lind MI, Persbo F, Johansson F (2008) Pool desiccation and
developmental thresholds in the common frog, Rana temporaria.
Proc R Soc Lond B 275:1073-1080

Llewelyn J, Phillips BL, Alford RA, Schwarzkopf L, Shine R (2010)
Locomotor performance in an invasive species: cane toads from




Oecologia (2013) 173:117-127

127

the invasion front have greater endurance, but not speed,
compared to conspecifics from a long-colonised area. Oecologia
162:343-348
Llorente GA, Montori A, Santos X, Carretero MA (1995) Atlas dels
amfibis i reptils de Catalunya i Andorra. El Brau, Barcelona
Llorente GA, Montori A, Santos X, Carretero MA (1997) Discoglos-
sus pictus. In: Pleguezuelos JM (ed) Distribucion y biogeografia

metamorphic stages in the anuran Pelodytes punctatus. Evol
Ecol Res 8:309-320

Richter-Boix A, Garriga N, Montori A, Franch M, San Sebastian O,
Villero D, Llorente GA (2012) Effects of the non-native
amphibian species Discoglossus pictus on the recipient amphib-
ian community: niche overlap, competition and community
organization. Biol Invasions. doi:10.1007/s10530-012-0328-4

de los anfibios y reptiles en Espaia y Portugal. Asociacion

Rose CS (2005) Integrating ecology and developmental biology to

Herpetoldgica Espafiola—Universidad de Granada, Granada,
pp 137-139

Llorente GA, Montori A, Santos X, Carretero MA (2001) Discoglos-
sus pictus (Otth 1837). Sapillo pintojo mediterraneo. In:
Pleguezuelos JM, Marquez R, Lizana M (eds) Atlas y libro rojo
de los anfibios y reptiles de Espafia. Ministerio de Medio
Ambiente, Madrid, pp 91-93

Loman J, Claesson D (2003) Plastic response to pond drying in
tadpoles Rana temporaria: tests of cost models. Evol Ecol Res
5:179-194

Marquez-Garcia M, Correa-Solis M, Sallaberry M, Méndez MA
(2009) Effects of pond drying on morphological and life-history
traits in the anuran Rhinella spinulosa (Anura: Bufonidae). Evol
Ecol Res 11:803-815

Martinez-Solano I (2009) Sapillo pintojo mediterraneo—Discoglos-
sus pictus Otth 1837. In: Salvador A, Martinez-Solano f (eds)
Enciclopedia virtual de los vertebrados espafioles. Museo
Nacional de Ciencias Naturales, Madrid, pp 1-13. http://www.
vertebradosibericos.org/

McCoy MW (2007) Conspecific density determines the magnitude and

explain the timing of frog metamorphosis. Trends Ecol Evol
20:129-135

Rowe L, Ludwig D (1991) Size and timing of metamorphosis in
complex life cycles: time constraints and variation. Ecology
72:413-427

Rudolf VHW, Rodel M-O (2007) Phenotypic plasticity and optimal
timing of metamorphosis under uncertain time constraints. Evol
Ecol 21:121-142

Salvador A, Garcia Paris M (2001) Anfibios espafioles. Identificacion,
historia natural y Distribucion. Esfagnos, Talavera de la Reina

Savage RM (1952) Ecological, physiological and anatomical obser-
vations on some species of anuran tadpoles. Proc Zool Soc Lond
122:467-514

Savage RM (1962) The ecology and life history of the common frog:
Rana temporaria temporaria. Hafner, New York

Semlitsch RD (1987) Paedomorphosis in Ambystoma talpoideum:
effects of density, food, and pond drying. Ecology 68:994-1002

Smith DC (1987) Adult recruitment in chorus frog: effects of size and
date at metamorphosis. Ecology 68:344-350

Tejedo M, Reques R (1994) Plasticity in metamorphic traits of

character of predator-induced phenotype. Oecologia 153:871-878
McCoy MW, Bolker BM, Osenberg CW, Miner BG, Vonesh JR
(2006) Size correction: comparing morphological traits among

natterjack tadpoles: the interactive effects of density and pond
duration. Oikos 71:295-304
Touchon JC, Warkentin KM (2011) Thermally contingent plasticity:

populations and environments. Oecologia 148:547-554
Merild J, Laurila A, Lindgren B (2004) Variation in the degree and
costs of adaptive phenotypic plasticity among Rana temporaria

temperature alters expression of predator-induced colour and
morphology in a neotropical treefrog tadpole. J Anim Ecol 80:79-88
Travis J (1984) Anuran size at metamorphosis: experimental test of a

populations. J Evol Biol 17:1132-1140
Morey S, Reznick D (2000) A comparative analysis of plasticity in

model based on intraspecific competition. Ecology 65:1155-1160
Van Buskirk J, Saxer G (2001) Delayed costs of an induced defense in

larval development in three species of spadefoot toads. Ecology
81:1736-1749
Morey SR, Reznick D (2004) The relationship between habitat

tadpoles? Morphology, hopping, and development rate at
metamorphosis. Evol Int J Org Evol 55:821-829
Walton M (1988) Relationships among metabolic, locomotory, and

permanence and larval development in California spadefoot
toads: field and laboratory comparisons of developmental
plasticity. Oikos 104:172—-190
Newman RA (1989) Developmental plasticity of Scaphiopus couchii
tadpoles in an unpredictable environment. Ecology 70:1775-1787
Newman RA (1992) Adaptive plasticity in amphibian metamorphosis.

field measures of organismal performance in the fowler’s toad

(Bufo woodhousei fowleri). Physiol Zool 61:107-118
Wassersug RJ, Sperry DG (1977) The relationship of locomotion to

differential predation on Pseudacris triseriata (Anura: Hylidae).

Ecology 58:830-839
Watkins TB (2001) A quantitative genetic test of adaptive decoupling

Bioscience 42:671-678
Newman RA (1998) Ecological constraints on amphibian metamor-
phosis: interactions of temperature and larval density with
responses to changing food level. Oecologia 115:9-16
Newman RA, Dunham AE (1994) Size at metamorphosis and water loss
in a desert anuran (Scaphiopus couchii). Copeia 1994:372-381

across metamorphosis for locomotor and life-history traits in the
pacific tree frog, Hyla regilla. Evol Int J Org Evol 55:1668-1677
Wells KD (2007) Complex life cycles and the ecology of amphibian
metamorphosis. In: Wells KD (ed) The ecology and behavior of
amphibians. University of Chicago Press, Chicago, pp 599-644
Werner EE (1986) Amphibian metamorphosis: growth rate, predation

Plaistow SJ, Lapsley CT, Beckerman AP, Benton TG (2004) Age and
size at maturity: sex, environmental variability and develop-
mental thresholds. Proc R Soc Lond B 271:919-924

Pujol-Buxé E, San-Sebastian O, Garriga N, Llorente GA (2012) How
does the invasive/native nature of species influence tadpoles’
plastic responses to predators? Oikos. doi:10.1111/j.1600-0706.
2012.20617.x

R Development Core Team (2007) R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna

Richter-Boix A, Llorente GA, Montori A (2004) Responses to
competition effects of two anuran tadpoles according to life-
history traits. Oikos 106:39-50

Richter-Boix A, Llorente GA, Montori A (2006) Effects of pheno-
typic plasticity on post-metamorphic traits during pre-

All in-text references underlined in blue are linked to publications on ResearchGate, letting you access and read them immediately.

risk, and the optimal size at transformation. Am Nat 128:319-341

Wilbur HM (1977) Propagule size, number, and dispersion patterns in
Ambystoma and Rana sylvatica. Am Nat 111:43-68

Wilbur HM (1980) Complex life cycles. Ann Rev Ecol Syst 11:67-93

Wilbur HM (1987) Regulation of structure in complex systems:
experimental temporary pond communities. Ecology 68:1437-1452

Wilbur HM, Collins JP (1973) Ecological aspects of amphibian
metamorphosis: nonnormal distributions of competitive ability
reflect selection for facultative metamorphosis. Science 182:
1305-1314

Zug GR (1972) Anuran locomotion: structure and function. I. Preliminary
observations on relation between jumping and osteometrics of
appendicular and postaxial skeleton. Copeia 4:613-624

@ Springer

83






Resumen del capitulo 3. Analisis comparativo de la respuesta de
Discoglossus pictus y la especie nativa Pelodytes punctatus a la presencia

de depredadores autdctonos y aldctono

Pujol-Buxé, E., San Sebastian, O., Garriga, N. & Llorente, G. A. 2013. How does the
invasive/native nature of species influence tadpoles’ plastic responses to predators?
Oikos, 122: 19-29 pp. Doi: 10.1111/j.1600-0706.2012.20617 .x

El impacto ecoldgico de las invasiones bioldgicas ha sido ampliamente estudiado,
sin embargo es reducido su conocimiento en términos de ecologia evolutiva. Tal y
como indican estudios previos, la plasticidad fenotipica frente a la depredacion es
una de las fuerzas ecoldgicas mas importantes en la supervivencia y evolucion de
la presa frente a nuevos depredadores. Asimismo, las invasiones bioldgicas
representan una oportunidad tinica en el estudio de la evolucion potencial de dicha
plasticidad y, por tanto, de respuesta ante los depredadores del sistema receptor.
La diferencia en el tiempo de coexistencia entre las especies nativas y las invasoras
frente a los depredadores nativos y ante depredadores introducidos, permite
explorar el potencial efecto de la naturaleza invasora en la respuesta de las especies
y su evolucién potencial. Por otra parte, el estudio de la plasticidad fenotipica de
las especies invasoras frente a los depredadores del sistema receptor indica el éxito
potencial de éstas en el nuevo sistema. Este trabajo analiza la respuesta de un anuro
invasor (Discoglossus pictus) a diferentes depredadores, asi como la de una especie
nativa (Pelodytes punctatus) a los mismos. Para ello se seleccionaron 3 depredadores
potenciales del area de introduccién con diferencias en su tiempo de coexistencia
con ambas especies: larvas de odonato nativas (Anax sp.), y dos especies de
depredadores introducidas, la gambusia (Gambusia holbrooki) y el cangrejo rojo
americano (Procambarus clarkii). Se observdé una marcada respuesta de los
renacuajos de ambas especies frente al depredador nativo y una mas leve ante los
introducidos. Las larvas del anuro nativo (P. punctatus) desarrollaron una respuesta
morfoldgica frente al cangrejo rojo americano con el que ha convivido apenas 30
afnos y una respuesta conductual ante la presencia de gambusia. Por otro lado, D.
pictus presentd una respuesta conductual ante todos los depredadores y
morfoldgica inicamente ante el depredador nativo. Estos resultados reafirman el
caracter especifico de esta respuesta destacado en otros estudios, y sugiere una
potencial disociaciéon evolutiva entre la plasticidad conductual y morfoldgica en

anfibios. Probablemente la especificidad en la plasticidad de la respuesta y los
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costes asociados se deba al nicho ecoldgico que ocupa cada una y su historia
evolutiva. Teniendo en cuenta la velocidad en los cambios evolutivos y su utilidad
a la hora de evitar la depredacidn, estos resultados destacan la importancia de la
plasticidad fenotipica en las dindmicas poblacionales durante las invasiones

biolégicas.



Oikos 122: 19-29, 2013

doi: 10.1111/j.1600-0706.2012.20617.x

© 2012 The Authors. Oikos © 2012 Nordic Society Oikos
Subject Editor: Lars-Anders Hansson. Accepted 20 April 2012

How does the invasive/native nature of species influence tadpoles’
plastic responses to predators?

Eudald Pujol-Buxé, Olatz San Sebastian, Niria Garriga and Gustavo A. Llorente

E. Pujol-Buxé (eudaldp @hotmail.com), O. San Sebastidn, N. Garriga and G. A. Llorente, Depto de Biologia Animal, Facultat de Biologia,
Univ. de Barcelona, Av. Diagonal 643, ES-08028 Barcelona, Spain. OSS also at: Depto de Herpetologia, Aranzadi Zientzia Elkartea-Sociedad
de Ciencias Aranzadi, Zorroagagaina 11, ES-20014 Donostia-San Sebastidn, Spain.

Anti-predator phenotypic plasticity is expected to be one of the major ecological forces driving

survival and rapid evolution of prey facing new predators. This implies that biological invasions embody a

perfect case for studying the tradeoffs and evolution of phenotypic plasticity. Our manuscript reports on
2 high prey—predator specificity in these reactions and an evolutionary dissociation between behavioral and
é morphological plasticity in anurans. Each species displayed a particular set of tradeoffs between plastic
£ responses and their costs, but interestingly we also detected mild patterns in combinations using
& . . . . .
introduced predators. Given the speed at which these evolutionary changes become noticeable and their
potential in reducing predation risk, the role of antipredator phenotypic plasticity is expected to be crucial
for population dynamics during biological invasions.

Although the purely ecological impacts of biological invasions have been well studied, a less thorough effort has been
made in terms of their evolutionary ecology. Previous studies show that anti-predator phenotypic plasticity may be one
of the major ecological forces driving survival and rapid evolution of prey facing new predators. In turn, this means that
biological invasions embody a perfect case for studying the tradeoffs and evolution of phenotypic plasticity per se. Here,
we studied the plastic responses of native (Pelodytes punctatus) and invasive (Discoglossus pictus) anurans facing a native
(dragonfly Anax sp.) and two invasive (fish Gambusia holbrooki and crayfish Procambarus clarkii) predators. Marked
responses were reported against the native predator from both the native and the invasive anuran, but they both responded
mildly to the exotic predators as well. Native 2 punctatus displayed a morphological reaction to invasive P clarkii after
scarcely 30 years of coexistence with this predatory crayfish and responded behaviorally to the invasive fish G. holbrooki.
Invasive D. pictus reacted behaviorally to all predators, but unexpectedly only reacted morphologically to native Anax sp.
All these results support high prey—predator specificity in these reactions and an evolutionary dissociation between behav-
ioral and morphological plasticity in anurans. Each species displayed a particular set of tradeoffs between plastic responses
and their costs, which is probably due to differences in ecological niche and evolutionary history, but interestingly we
usually detected unexpected patterns in combinations using introduced predators. This suggests that perhaps singular
plastic shifts usually occur when tadpoles face recently introduced species. Given the speed in which these evolutionary
changes become noticeable and their potential in avoiding predation risk, this study supports that phenotypic plasticity
might play an important role in population dynamics during biological invasions.

Of all the possible interactions between species in a
community, predation often constitutes the major force

2004), rapid evolutionary change, which usually involves
inducible defenses, can enhance the ability of prey popu-

that affects prey population dynamics, possibly triggering
considerable cascade effects (Shurin et al. 2002). Accord-
ingly, prey commonly evolve several ways of avoiding and
reducing predation risk, ranging from permanent struc-
tures and behavior to morphological and behavioral plastic-
ity (Agrawal 2001). However, introduced predator species
may come from remote biotas. In such cases, there is no
previous contact with the native community and the naive
prey is initially more vulnerable, what may give invasive
predators a considerable advantage. Although various cases
of prey extinction have been reported (Gurevitch and Padilla

lations to respond to and survive novel predators (Phillips
and Shine 2006, Fisk et al. 2007). Consequently, some
studies have modeled adaptive phenotypic plasticity as a
key evolutionary force opposing species invasions (Peacor
et al. 2006, Latta et al. 2007). An assessment of these fast
evolutionary changes in novel predator—prey interactions
is essential to predict the long-term ecological impact of
biological invasions (Strauss et al. 2006). Given the grow-
ing presence of invasive species interacting in the same
food webs, in this field it is also becoming necessary to work
on possibilities such as interaction among invasive species,
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considering all the evolutionary changes that may be hap-
pening at once.

Mediterranean anuran tadpoles represent common
prey in ponds and show anti-predator adaptive plastic
responses (Richter-Boix et al. 2007). These responses are
triggered by chemical cues coming from predators and
from injured prey during predation events (Petranka et al.
1987, Schoeppner and Relyea 2005, Fraker et al. 2009).
According to previous studies, reducing general levels
of activity is a common behavioral change when anuran
tadpoles are exposed to known cues from potential predators
or from predation events. This shift is usually interpreted
as a way to avoid being perceived as prey (Anholt and
Werner 1995, Relyea 2001b).

On the other hand, the most commonly reported
morphological response to frequent arthropod predators
such as dragonfly naiads is an increase in the height of
tail fins. Given that these morphological changes do not
seem to enhance swimming performance (Van Buskirk and
McCollum 2000, Wilson et al. 2005), this can be interpreted
as an effective lure to attract predator strikes to body
surfaces on which an attack may not be lethal (Van
Buskirk et al. 2003). Interestingly, further studies with vari-
ous predators show that different anti-predator reactions
are displayed confronting different threats (Relyea 2001b).
Thus, reactions may be predator-specific, depending mainly
on the effectiveness of each behavioral-morphological set
in reducing predation risk (Wilson et al. 2005, Touchon
and Wharkentin 2008). However, it is obvious that these
advantageous inducible changes must have limits and that
they are linked to some costs. Some studies have shown that
they can cause tadpoles to grow and develop more slowly
(Relyea 2002), and that their costs are not only linked to
larval development, but also to subsequent stages in onto-
geny (Tejedo et al. 2010).

If we properly consider the responses to different native
and invasive predators with different times of coevolution
and the positive and negative aspects of these responses,
invasion events serve as a perfect occasion to address the
costs, limits and all other aspects driving the evolution
of phenotypic plasticity. Hence, in recent years, some studies
have addressed issues related to tadpoles’ inducible defenses
against invasive predators, with divergent results. While
some studies clearly demonstrate a lack of response to
invasive predators in certain anuran species (Smith
et al. 2007, Polo-Cavia et al. 2010, Gomez-Mestre and
Diaz-Paniagua 2011), other works report varied combina-
tions of behavioral and morphological responses in other
species after a relatively short period of coexistence with the
invasive predator (Kiesecker and Blaustein 1997, Griffiths
et al. 1998, Chivers et al. 2001, Pearl et al. 2003, Cruz and
Rebelo 2005, Almeida et al. 2011, Gongalves et al. 2011).
This suggests that no single rule can be made for these events.
Thus, when confronting this complex topic, aspects like
the frequency of co-occurrence, the recognition and impor-
tance of chemical cues, and each species’ use of microhabitat
or ecological niche need to be taken in consideration.

Here we tested the plastic responses of a native
(common parsley frog Pelodytes punctatus) and an invasive
(Mediterranean painted frog Discoglossus pictus) anuran
species acting as prey in front of three different predators,
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two of them invasive (crayfish Procambarus clarkii and fish
Gambusia holbrooki) and the other native (dragonfly lar-
vae Anax sp.). We expected an effective plastic behavioral
and morphological response when native prey were exposed
to native predators and some novel responses in the other
combinations. The nature and the degree of these initial
responses (and even their sole presence or absence) should
be related with the time of coevolution, several ecological
factors and the hypothetical effectiveness of each reaction
in each case. Finally, we expected a set of reactions to induce
a predictable set of costs. Hence, the chosen list of species
gives us the opportunity to test native and invasive prey
responses in front of native and invasive predators, while
indeed testing utterly real interactions that take place in
nature.

Material and methods
Study species

Since its recent introduction from Algerian specimens
(Francesca and Roberta 2006) in around 1906 in Banyuls-
sur-Mer, Discoglossus pictus auritus has expanded approxi-
mately 130 km northwards, 140 km southwards and 60 km
inland. This species now occupies a wide coastal strip
from the River Orb in France to the River Tordera in Spain
(Montori et al. 2007) and all published material confirms
and predicts continuing expansion of this species. These
populations show great versatility in their choice of repro-
duction points, but prefer temporary and ephemeral ponds
in open spaces, overlapping niche chiefly with the natives
Bufo calamita and Pelodytes punctatus (Montori et al. 2007).
We chose Pelodytes punctatus out of these two native spe-
cies because it is highly plastic and is the most likely to
face all three selected invasive species at some point, given
its reproductive adaptability using the entire pond perma-
nency gradient (Richter-Boix et al. 2007). As native preda-
tor, we chose larval Aeshnid dragonflies (Anax sp.). These
species are proven predators of tadpoles and commonly
occur together with P punctatus and D. pictus larvae in
ponds within the study area (Richter-Boix et al. 2007),
and they are usually used in inducible defenses experiments
(Peacor and Werner 1997, Van Buskirk et al. 2003). We
chose Gambusia holbrooki as an introduced fish predator
present in the same area. This species was first reported in
the Iberian Peninsula in 1921, when it was introduced to
control mosquito populations in order to fight malaria.
Since then, the approach became quickly common to cope
with mosquitoes all over the peninsula (Elvira 2001), so
this species could also be deemed a recent introduction.
Some studies have confirmed this species’ ability to predate
tadpoles and interfere drastically with the reproductive
dynamics of amphibian populations in permanent pond
communities (Kats and Ferrer 2003). The third predator
chosen was the American red swamp crayfish Procambarus
clarkii. First citations of this invasive species in the same
study zone date from the start of the 1980s. It became a
widely extended species in the area before 1990 (M. Franch
pers. comm.), so it is a very recent introduction. It is well
adapted to live in areas with seasonal fluctuations in water



levels, where survives the dry season in simple burrows.
Therefore, it can potentially colonize most water bodies
except the most ephemeral ones (Cruz and Rebelo 2005).
Several studies have reported that this species predates
the spawn, larvae and adults of local amphibians (Cruz
et al. 2006a), and some indicate that Procambarus clarkii is
a key factor in inducing the decadence of amphibian pop-
ulations in the Iberian Peninsula and Europe (Cruz et al.
2006b, Gherardi and Acquistapace 2007), which makes
an in-depth study of its predatory relationship with larval
anurans highly desirable.

General experimental design

The morphological and behavioral anti-predator responses
of Pelodytes punctatus and Discoglossus pictus to the three
chosen predators were tested in two equivalent short-term
laboratory experiments in consecutive years (2008 and
2009 respectively for P punctatus and D. pictus). We repro-
duced precisely the same controlled conditions for both
species, even using exactly the same material and experi-
mental venue, which makes the results completely compa-
rable. The clutches and predators used in each experiment
were collected from natural ponds within each species’
natural range. We took five clutches of P punctatus from
the Garraf massif (Barcelona, northeastern Spain) and four
clutches of D. pictus from Riudarenes (Girona, northeast-
ern Spain). We collected several larvae of Anax sp., median
size individuals of P clarkii (8-10 cm body length) and
several adults of G. holbrooki each year to act as predators.
All predators were captured in the same ponds as the
clutches or from nearby ponds with registered amphibian
reproductive activity. Each collected clutch was brought
to the laboratory and placed in an individual container
(1.20 X 0.45 % 0.40 m) filled with 30 1 of dechlorinated
water. Once tadpoles had achieved Gosner stage 25 (Gosner
1960), they were transferred to the treatment tanks. These
tanks had the same conditions and dimensions as the hatch-
ing containers and contained 20 tadpoles each. According
to previous studies, these larval densities cannot trigger
plastic anti-competition reactions (Relyea 2004).

To avoid uncontrolled effects due to possible par-
ticularities in single clutches, we selected tadpoles in the
same proportions from the different spawns. Thus, we con-
sider that possible effects of the presence of predators or
competitors prior to our manipulation of the spawns or
the deleterious particularities of a concrete spawn were lev-
eled in all tanks. The experiments were performed in a cli-
mate room (21-23°C, photoperiod 14L:10D) at Univ. of
Barcelona laboratories. After a week, we placed the predator
specimens in perforated cylindrical cages (diameter 11 cm)
submerged in the tanks, with a double net bottom (mesh
size 2 mm). The cages prevented the predators from cap-
turing the tadpoles, but allowed water to flow through (a
similar arrangement as in Richter-Boix et al. 2007). Thus,
the 20 anuran larvae were in chemical but not physical con-
tact with the chosen predators. The experimental design
consisted of four treatments (treatment C, control treat-
ment: 20 tadpoles + 2 empty cages per tank; treatment A:
20 tadpoles + 2 caged larvae of Anax sp. per tank; treat-
ment P: 20 tadpoles + 2 caged individuals of P clarkii per

tank; treatment G: 20 tadpoles +4 caged individuals of
G. holbrooki per tank) each replicated five times, making
a total of 20 experimental tanks. We used twice as many
predators in the G treatment to avoid extremely mismatch-
ing predator biomasses between treatments. Tadpoles were
fed ad libitum the same amount of commercial rabbit pel-
lets, three times a week. Predators consumed tadpoles of the
same species tested in each running experiment in order to
simulate natural predation of siblings in the pond. Since
variations in tadpole consumption by predators can affect
the availability of chemical cues and alter the responses dur-
ing the experiment (Schoeppner and Relyea 2005, Peacor
2006, Fraker et al. 2009), each cage of predators received a
constant rate of one tadpole per day as food.

Response variables and acquisition of raw data

Throughout the experiment, we checked tadpole survival
and stage daily. Survival was defined as the proportion of
tadpoles that reached Gosner stage 42 in each tank. Once
a tadpole had achieved Gosner stage 42, it was numbered
and placed in an individual cage with some water and
an absorbent cloth to keep moist until it had achieved
Gosner stage 46. Thus, we could report their larval period
(days from hatching to attaining Gosner stage 42), tail resorp-
tion time (days from reaching Gosner stage 42 to attaining
Gosner stage 46), and time to complete metamorphosis
(the addition of the two former variables). However,
owing to problems in the sampling of juveniles during the
D. pictus experiment, the only data available in this latter
case was the larval period.

We monitored levels of tadpole activity using the pro-
portion of active tadpoles (i.e. larvae that were swimming
or feeding, as in Relyea 2004) seen two times per day in
each tank at the moment it was first viewed. The proportion
of active specimens (level of activity) was the number of
active tadpoles divided by the total number of tadpoles
observed at first glance (similar to Peacor and Werner 1997,
Relyea 2002). These measures were taken on five days
spread from the second week of the experiment to the start
of extensive metamorphosis.

Three weeks after the experiment was initiated, we
measured larval morphologies by tracing a lateral photograph
of each larva using Sigma Scan Pro 5.0 software. We took
six linear measures (similarly to Relyea 2001b): body length,
body height, tail length, fin height, fin length and mus-
culature height (from now on musculature). We obtained
values of total larval length by adding body length and tail
length. After tail resorption (Gosner stage 46), we took seven
measurements of juveniles following the same methodology
as in tadpoles. The juveniles’ measures were also those nor-
mally used in these cases (similar to Relyea and Hoverman
2003): body length, body width, femur length, muscular
femur width (from now on femur width), tibia-fibula length,
muscular tibia-fibula width (from now on tibia-fibula width)
and foot length.

Statistical analyses

Proportions of survival and tadpole activity were all arcsin

transformed and analyzed using linear model ANOVAs.
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Timing data were non-normal and were analyzed using
Kruskal-Wallis ANOVAs. Total length in tadpoles and
body length in juveniles were tested using linear model
ANOVAs and were taken as individual size indicators in all
morphologic analyses that were run. Because all the mor-
phologic reactions displayed by tadpoles are not indepen-
dent from each other, we explored the multivariate effects
on tadpole shape of treatment and interaction between
size and treatment using MANCOVAs, including all mor-
phological variables except body length. This variable was
excluded to avoid redundancy, given that it is the counterpart
of tail length when using tadpole total length as covariate.
Once the multivariate effects of interaction were confirmed
or rejected by the exploratory MANCOVAs, we ran
factorial or one-way MANCOVAs respectively. Multivari-
ate differences in juvenile morphology were tested using
the same methodology. Once general multivariate diver-
gences in morphology had been confirmed, we tested the
effects of treatment and interaction between size and treat-
ment on single morphologic traits. Once the interaction
was confirmed or rejected according to previous exploratory
ANCOVAs, we applied respectively separate or homoge-
neous slopes linear model univariate analyses of covariance
(ANCOVAs) with the size indicators as a covariate and
followed by Scheffé post hoc tests. As multivariate explor-
atory techniques we conducted canonical and discriminant
analyses using the residuals of regressions of each morpho-
logic measure against total length (body length for juveniles)
as size-corrected variables of shape, excluding again tad-
pole body length to avoid redundancy. Thus we obtained a
percentage of classification that was understood as a rough
numerical indication of the morphologic divergence of
cach treatment from the others and a multivariate graphic
support (not shown) for interpreting these results. These
same size-corrected variables were used to produce the fig-
ures in this manuscript. All statistical tests were conducted
using Statistica 8 software.

Results

Survival and developmental timing

We found highly significant differences in the overall levels
of mortality between species (F, ;3 =76.82, p<<0.0001):
Pelodytes punctatus had a mean mortality of 46% and
Discoglossus pictus had a mean mortality of 5%. In addi-
tion, each species responded differently to the four treat-
ments (Fj;3,=4.42, p=0.0103). Significant differences
occurred among treatments in P punctatus (Fy,,=4.94
p=0.0129). Treatment A had a mortality of 66%, while
a level of approximately 40% was maintained in the
other three treatments (all p<<0.05 when compared to
the rest of treatments). This was not reported in D. pictus
(F514=0.39 p=0.7618), which had a low and nearly
constant level of mortality in all treatments.

In the P punctatus experiment, no significant differences
existed between treatments in the time to complete meta-
morphosis (Kruskal-Wallis H; ,,, = 0.69 p = 0.8748) or in
the larval period (Kruskal-Wallis H; ,,, = 0.46, p = 0.9278).
However, we found significant differences in tail resorp-
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ton time (Kruskal-Wallis H;,,, =19.06, p=0.0003):
P punctatus larvae that were in chemical contact with Anax
sp. took two days more on average to reabsorb their tail
(between six and seven days in total) than the specimens from
the rest of treatments (with very similar durations of four or
five days, on average). In contrast, D. pictus larvae exposed
to Anax sp. chemical cues showed a significant lengthen-
ing of the larval period (Kruskal-Wallis Hj ;= 23.59,
p <<0.0001), as they took approximately four days more to
leave the water (roughly 46—47 days) than the rest of indi-
viduals (which had very similar results among treatments of
42 days approximately).

Behavior: levels of activity

Overall levels of activity diverged significantly between
species (F, o4 =41.33, p<<0.0001, Fig. 1) and between
treatments for both species (F; g, =14.58, p<0.0001 for
P punctatus, and F;40=9.16, p<0.0001 for D. pictus).
Pelodytes punctatus larvae in chemical contact with Anax
sp. naiads had a noticeable behavioral response in compari-
son to the control (p<<0.0001), with approximately 54%
lower general levels of activity. We observed a more mod-
erate reaction in Gambusia holbrooki tadpoles (p =0.0099),
in which activity levels dropped by approximately 30%.
Although mean activity levels were lower in Procambarus
clarkii tadpoles than in the control, no significant over-
all differences were reported between these two treatments
(p=10.4649). Discoglossus pictus larvae displayed a signifi-
cant behavioral response to all predators in the experiment,
with 35 and 40% less activity than the control in all cases
(p<<0.05 for A, G and P treatments).

Larval morphology of Pelodytes punctatus

No significant divergence was observed in total length of
P punctatus tadpoles among treatments (F; 4= 1.395,
p = 0.2456), but marked morphological divergence among
treatments was found according to multivariate analyses
(Fis155 [TreatX Total length] =604.57, p<<0.0001, and
Fisyss [Treat] =1.91, p=0.0195). All measures showed
significant differences (p<0.05 either in the interaction
or the treatment effect, Table 1), except fin length
(p=0.0537). Invasive crayfish tadpoles were relatively
larger bodied than all other tadpoles and consequently
had relatively shorter tails (all p<<0.0001 for body height
and length, tail length and fin length). All predator treat-
ments displayed an affinity to growing higher fins than con-
trol tadpoles, with highly significant differences in native
dragonfly and invasive crayfish tadpoles (p<<0.0001 in
both cases), but no significant differences in G. holbrooki
tadpoles (p=0.1821). There was also a tendency to grow
more musculature in all predator treatments, but differ-
ences were again only significant in native dragonfly and
invasive crayfish tadpoles in post hoc analyses (p=0.0041
and p<<0.0001 when compared to control). Fins tended
to be longer in native dragonfly and invasive crayfish tad-
poles, but only invasive crayfish tadpoles had significantly
longer fins according to post hoc analyses (p <0.0001 when
compared to the control). Discriminant and canonical
analyses indicate that native dragonfly treatment was the
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Figure 1. Larval behavior and morphology (according to the size-corrected variables used to run multivariate tests) in both species.
C=Control treatment, A= Anax sp. treatment, G = Gambusia holbrooki treatment, P = Procambarus clarkii treatment. Results of
predator treatments are positioned more rightwards in the figure as predators’ presence is more recent in the study zone. Error bars refer to

standard error.

only to use a clearly different morphological space: while
Anax sp. was visibly separate from the rest of the treatments
(71.4% of correct classifications), these remain mixed and
unclassifiable in multivariate analyses (correct classification
percentages of 45.8% in the control treatment, 38.8% in
G. holbrooki treatment and 45.8% in P clarkii treatment).

Larval morphology of Discoglossus pictus

Differences in total length of D. pictus tadpoles (Fj o3 =
3.2672, p=0.0224) lacked a clear pattern and all disap-
peared in post hoc analyses. However, clear morphologic
divergences occurred according to multivariate analyses

91



Table 1. Linear model ANCOVAs (with and without the interaction term) for effects of treatment on tadpole morphology in both species.

MS MS Fys 86 Fis 186 Fi 3180 P P
(Treat X Size) (Treat) (Treat X Size) (Treat) (Treat)® (Treat X Size) (Treat)
P. punctatus
Body length 819,7974 0,9024 1593,1170 1,7540 0.0000 0.1576
Body height 2,4319 4,3650 0.0053
Tail length 2818,2760 0,9020 5476,7710 1,7540 0.0000 0.1576
Fin length 4,2500 2,5980 0.0537
Fin height 408,9896 2,6580 420,8731 2,7353 0.0000 0.0450
Musc. height 39,3042 0,3720 533,7756 5,0521 0.0000 0.0022
D. pictus
Body length 50,9408 0,6406 340,0057 4,2754 0.0000 0.0060
Body height 12,9486 0,2984 171,3419 3,9492 0.0000 0.0092
Tail length 224,0040 0,6406 1495,1190 4,2750 0.0000 0.0060
Fin length 1,9320 3,3600 0.0199
Fin height 20,5759 0,3092 150,0024 2,2254 0.0000 0.0835
Musc. height 0,0357 1,5055 0.2144

A, tests using models without interaction.

(Fis155 [Treatx Total length] =614.53, p<<0.0001 and
Fis1ss [Treat] = 1.74, p=0.0402) (Table 1). Body height
differences were insignificant in post hoc analyses, but each
treatment displayed a singular ratio between body and tail
length (all p<0.05 tail length post hoc analyses), having
control tadpoles the relatively shortest tails. All predator
treatments had also longer fins than the control treatment
(Fig. 1), but according to post hoc tests these differences
were only significant in G. holbrooki (p <0.05) and Anax sp.
(p<<0.0001) tadpoles when compared to control treatment.
Interestingly, only Anax sp. tadpoles displayed markedly
higher fins than control (p=0.0093). Discriminant and
canonical analyses showed that treatment Anax sp. treatment
was the only one that was distinctive from the others, with
a correct classification of 70.8%, while the rest remain
largely unclassified (correct classifications of 51.0% for
control, 42.0% for G. holbrooki tadpoles, and 24.0% for
P clarkii tadpoles).

Juvenile morphology of Pelodytes punctatus

Although significant differences were found in absolute
body length of P punctatus juveniles, these were only held

between G. holbrooki and P clarkii treatments (p = 0.0048),
and no clear pattern was observed. However, there was a
highly marked divergence among treatments according to
multivariate analyses (F g [Treat] =568.99, p<0.0001)
and significant divergence was found in all univariate
morphologic analyses (Table 2). Variation in relative body
width showed a seemingly clear pattern (Fig. 2), decreasing
along predator treatments as predators were more recently
introduced, falling to the lowest values in P clarkii juveniles.
In this case, all combinations gave significant post-hoc
results (p<<0.001), except differences between Anax sp.
treatment and control (p =0.9961) and differences between
P clarkii and G. holbrooki treatments (p=0.2604). The
model for the hind limb seems clear as well: while juveniles
from both invasive treatments tended to have slightly more
powerful hind limbs than the control treatment, native
dragonfly juveniles had clearly weaker (both shorter and
thinner) hind limbs than the rest. Discriminant analysis
classified quite correctly control (62.3%) and P clarkii
(65.5%) juveniles, but performed feebly in Anax sp. (48.4%)
and incorrectly in the G. holbrooki treatment (31.1%). How-
ever, despite the correct classifications, canonical analysis
showed a high overlap between all treatments.

Table 2. Linear model ANCOVAs (with and without the interaction term) for effects of treatment on juvenile morphology in both species.

MS MS Fi3003 F43003 F1 3206 P p
P punctatus (Treat X Size) (Treat) (Treat X Size) (Treat) (Treat)2 (Treat X Size) (Treat)
Body width 3,2193 30,1505 0.0000
Femur length 4,2097 22,9893 0.0000
Femur width 0,1543 2,7931 0.0415
Tibiofibula length 0,8611 5,0999 0.0020
Tibiofibula width 0,1099 5,3105 0.0015
Foot length 0,0004 6,2629 0.0004

MS MS Fa3369 Fas360 RERTS p P
D. pictus (Treat X Size) (Treat) (Treat X Size) (Treat) (Treat)d (Treat X Size) (Treat)
Body width 0,0459 1,3087 0.2712
Femur length 0,0148 0,2234 0.8801
Femur width 0,1183 4,3753 0.0048
Tibiofibula length 19,0972 0,2064 310,2306 3,3525 0.0000 0.0191
Tibiofibula width 2,1361 0,0860 90,7082 3,6519 0.0000 0.0128
Foot length 0,1418 1,0764 0.3590

A, tests using models without interaction.
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Figure 2. Juvenile morphology in both species according to the size-corrected variables used to run multivariate tests. C= Control
treatment, A = Anax sp. treatment, G = Gambusia holbrooki treatment, P = Procambarus clarkii treatment. Results of predator treatments
are positioned more rightwards in the figure as predators’ presence is more recent in the study zone. Error bars refer to standard error.

]uvenile morphology of Discoglossus pictus p= 0.0014) and hlghly signiﬁcant variation in absolute

body length (F;;,;=10.12, p<<0.0001) was found in
Clear multivariate ~differences  (Fyg 35 [TreatXTotal  D. pictus juveniles. All predator treatments yielded signifi-
length] =41.81, p<0.0000 and Fg 4, [Treat] =2.31, cantly longer juveniles than the control (p<<0.0001 for
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native dragonfly tadpoles, p = 0.0244 for invasive fish tad-
poles, p=0.0029 for invasive crayfish tadpoles), and the
variation among predator treatments was not significant
(p>0.15). Although there were some differences in the
relative femur width and tibia—fibula length and width
(Table 2), there was no clear pattern in hind limb morphology
in this case (Fig. 2). Discriminant and canonical analyses
support the lack of a clear pattern of relative morphologic
divergence among treatments, since no treatment achieved
the threshold of 50% correct classification (correct clas-
sifications of 30.2% for control, 42.6% for Anax sp. tad-
poles, 48.4% for G. holbrooki tadpoles, 28.3% for P clarkii
tadpoles).

Discussion

As expected from the literature (Richter-Boix et al.
2006, 2007), local dragonfly predators clearly triggered
behavioral and morphological responses in Pelodytes
punctatus larvae. However, we observed only behavioral
responses against the invasive fish and only morphological
responses against the invasive crayfish, in both cases milder
than the reactions against the local predator. This opposite
pattern of reactions from P punctatus to both introduced
predators reminds the results observed in some similar other
studies (Wilson et al. 2005, Touchon and Warkentin 2008)
and strongly supports that the expression of morphologi-
cal and behavioral responses are not necessarily linked (Van
Buskirk and McCollum 2000).

This means, in turn, that it must be possible to evolve
each response separately as well. While reduced activity
is usually considered a way to avoid detection (Anholt
and Werner 1995, Relyea 2001b), induced higher fins
diminish the probability of a lethal attack by growing fragile
surfaces that act as a lure and can easily be torn off with-
out fatal consequences (Van Buskirk et al. 2003). Given
that amphibian prey can detect the chemical cues emitted
by specific predators (Relyea 2003, Pearl et al. 2003), a pre-
cise combination of these responses in front of each predator
could be easily favored (Van Buskirk 2001).

Invasive fish Gambusia holbrooki normally attacks in
group and stalks tadpoles until they are totally consumed,
this fish being much faster than tadpoles (unpubl.). As
only a slight chance exists of a tadpole escaping once it has
been detected by fish, high fins might be useless against
this type of predator (Wilson et al. 2005, Touchon and
Warkentin 2008), and a more effective plastic reaction
would be to avoid recognition, that is, behavioral changes.
Therefore, the mild behavioral reactions we observed in
P, punctatus could be a microevolutionary midpoint to more
drastic avoidance tactics against introduced G. holbrook.
This results, however, could also be explained as a generalized
moderate response to fish cues (Ferrari et al. 2007), or even
as an indicator of a still unspecific response to an unknown
but detected predatory risk (Schoeppner and Relyea 2005).

On the other side, invasive crayfish Procambarus clarkii
is an active secker that mainly uses the bottom of water bod-
ies (Cruz and Rebelo 2005). It does not usually pursue its
victims, relying on explosive attacks and a firm grip once
prey have been detected, even adopting a sit-and-wait strat-
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egy (Gherardi et al. 2001). The lack of a clear behavioral
reaction of P punctatus to I clarkii may indicate that is
not useful, being inactive tadpoles at the bottom of ponds
equally or even more at risk of predation than active individ-
uals. This is the case in Cruz and Rebelo (2005), where this
reaction was detected in some anuran species, but failed to
increase survival. However, survivors escaping crayfish’s first
attack might not be stalked and hence not consumed, which
could explain why morphological reactions similar to that
displayed against local dragonflies can potentially lead to
increased survival confronting P clarkii (Gomez-Mestre and
Diaz-Paniagua 2011). Although we clearly observed signifi-
cant morphological reactions in a substantial subset of indi-
viduals of P punctatus, they didn’t occur in a large proportion
of tadpoles, which may indicate that more time of coevolu-
tion is needed for a clear and general reaction. This contrasts
with the lack of reactions in southwestern Iberian Peninsula
green frogs against the same invasive crayfish (Gomez-Mestre
and Diaz-Paniagua 2011). Given the ancient presence of
a similar crayfish species (Austropotamobius pallipes) in our
area (being southwestern Iberian Peninsula devoid of native
crayfish), the presence of mild reactions after scarcely 30 years
of coexistence could be explained arguing that cues have been
co-opted or generalized (Ferrari et al. 2007) in our area. The
different predatory habits and forced allopatry of the two
crayfish species (Gherardi et al. 2001, Gil-Sdnchez and Alba-
Tercedor 2002), in addition to the importance of chemical
communication within each species of crayfish (Rose 1986,
Zulandt Schneider et al. 1999, Zulandt Schneider and
Moore 2000) discards that 2 punctatus tadpoles take invasive
crayfish as an identical predator, but at the same time makes
the possibility of co-option slightly remote. Hence, prob-
ably the best explanation could be superior plastic abilities in
P, punctatus (Richter-Boix et al. 2007).

Invasive Discoglossus pictus responded similarly to all
predators reducing its activity and increasing fin and tail
length, but only tadpoles confronting native dragonfly dis-
played the typical antipredator high fins as well. Known
that several Aeshnidae dragonfly species inhabiting north-
ern Algeria are shared with the European areas occupied by
D. pictus (Aguilar and Dommanget 1998), these results
imply that similar encounters in its original biota already
triggered a fin height increase, being dragonfly cues co-opted
when introduced D. pictus populations met local Aeshnidae.
This should explain why invasive D. pictus reacts so clearly
against native Anax sp. individuals, being an interesting
example of co-option of cues in anti-predator plasticity.
Assuming that invasive D. pictus recognized only Anax sp.
as a known predator, the observed pattern of reactions in
this species matches with the results in Schoeppner and
Relyea (2005), where only a full combination of alarm
and consumption cues and known predator kairomones
induced the full suite or magnitude of antipredator traits,
while other mild responses were observed when some of these
cues lacked. Hence, it clearly seems that the similar responses
observed against all predators were triggered by alarm or
consumption cues, while only the addition of known preda-
tor kairomones could induce the extra reaction (increase
of fin height) in the tadpoles confronting local dragonflies.

Interestingly, despite this morphological reaction is clear,
it is also markedly less exaggerate than the response observed



in native P punctatus tadpoles exposed to the same dragon-
fly predator. Similar studies with known Algerian predators
are required to know whether the milder nature of these
morphological reactions in D. pictus are the result of a still
improving co-opted response or due to poorer morphologi-
cal plasticity in this invasive anuran.

Similar is the case in all behavioral reactions of this
invasive anuran, which are proportionally similar to
P, punctatus reactions confronting the invasive fish G. holbrooki.
Although it could seem that the lower levels of control activ-
ity may limit D. pictus’ behavioral reactions, being tadpoles
obviously constrained to feed over sustainable minimums,
this option should be discarded because D. pictus juveniles
from the predator treatments arose significantly larger than
control individuals. Thus, concerning behavior the best
explanation clearly seems to be the existence of a particularly
exhaustive response from native P punctatus to native Anax
sp. larvae.

We attribute the widespread high mortality rates
observed in P punctatus to a reduced viability in one of the
collected spawns. Thanks to the initial balanced merging of
clutches, we consider that this fact does not alter any inter-
pretation of the results because all treatments had the same
basal mortality. Hence, the additional mortality observed
in native dragonfly P punctatus tadpoles seems a noticeable
cost of higher stress levels caused by detecting the known
predator. This stress was manifestly important and even syn-
ergistically lethal in several studies (Relyea 2005, Relyea and
Mills 2001, Relyea and Hoverman 2003). Albeit the high
mortalities in this treatment (66%), we discard any preda-
tory risk differences due to differential density because all
initial densities were already low and all other treatments
had a high mortality as well (40%). We observed notice-
able metamorphosis delays in this same native versus native
combination (longer resorption time) and when D. pictus
was confronted to local dragonflies. These were the combi-
nations with more exaggerate behavioral or morphological
responses in both anurans, supporting the tradeoff between
manifest anti-predator reactions and diminished growth
and developmental rates in tadpoles (Relyea 2002). Neither
mortality nor timing costs were observed confronting
P, punctatus to introduced predators, confirming this linkage
and a differential state of strain in larvae detecting known
predator cues.

Concerning juveniles, body length and width are
closely related to total mass, which in turn is an important
character defining individual fitness in this developmental
stage of anurans (Smith 1987). Pelodytes puncratus juve-
niles arose equally longer, but were significantly thinner as
the predator was more recently introduced. This unusual
pattern may account for a delayed cost that emerged after
reacting to unknown predators, which may trigger responses
that still require improvement and thus lead to uncom-
mon costs. Conversely, invasive D. pictus juveniles from all
predator treatments were longer than control juveniles.
Given the lower levels of activity in all predator treatments
and the ad libitum feeding, the outcome might have been
that these less active tadpoles had more energy to employ
in growth. However, in natural conditions, such as in tem-
porary or ephemeral ponds (commonly inhabited by this
species), this unexpected additional gain could lack due

to limited food supplies, what seems to be a crucial point to
consider in this species (Enriquez-Urzelai 2011).

It is known that relatively shorter hind limbs decrease
jumping performance and consequently affect the fitness of
juveniles (Wassersug and Sperry 1977, Walton 1988). This
statement is even more reasonable in P punctatus if we add
that native dragonfly juveniles’ hind limbs were not only
shorter but also thinner. This results further support a pos-
sibly widespread tradeoff between immediate benefits of
anti-predator plasticity in larvae and linked costs as relatively
shorter hind limbs in juvenile stages (Tejedo et al. 2010).
The advantageous sizes of hind limbs in G. holbrooki and
P clarkii tadpoles when compared to the control could add
to the fact that the mild novel reactions against less known
predators lead to atypical consequences for juveniles, even
creating advantageous morphologies. However, perhaps
these beneficial consequences are not restricted to reactions
against invasive species (Relyea 2001a). The relative diver-
gences in D. pictus juveniles did not show any clear pattern,
suggesting that clear morphologic costs might be unimport-
ant or lack in invasive D. pictus, at least when faced with
these three predators.

Thus, the usual tradeoffs between anti-predator responses
in larval stages and juvenile fitness are only reported in
native P punctatus. Having already mentioned that all
responses were milder in invasive D. pictus, we can hypoth-
esize that these reactions may not yet have achieved the
threshold for developing delayed costs. The other possibility
is that D. pictus escapes such costs by naturally displaying
more limited larval anti-predator plasticity. Some stud-
ies suggest that a particular use of the pond permanency
gradient shapes the possibilities of evolving different plas-
tic responses (Richter-Boix et al. 2007), so it is fairly likely
that the marked use of temporary and ephemeral ponds
with few predators fails to select strong anti-predatory
adaptations in D. pictus. The use of several typologies of
pond, regardless of low or high predator densities, could
explain why P punctatus exhibits more exaggerated anti-
predator induced morphologies. Hence, as already men-
tioned, even though it seems that D. pictus is a globally less
plastic species compared to P punctatus, studies confronting
D. pictus with Algerian predators are needed to confirm or
reject this possibility.

On the other hand, the consistency of our estimations
regarding gains and costs of all listed responses is limited
because we could not evaluate the real effectiveness in reduc-
ing predation of all the observed anti-predator responses.
For example, predation on tadpoles by invasive predators
has been described as potentially catastrophic (Cruz and
Rebelo 2005). Therefore, probably most tadpoles from our
invasive predator treatments would not have had the chance
to become ‘advantageous’ juveniles in nature. Besides, once
accepted the high predator—prey specificity, some impor-
tant features of tadpoles in the less studied predator—prey
combinations may be misinterpreted or overlooked to
some extent. This suggests that a better assessment of the
real effectiveness of plasticity could be very interesting in
future experiments that address the evolution of these reac-
tions against invasive species. Although a lot of drawbacks
of plasticity indeed exist, it is widespread in anuran lineages.
It follows that gains must usually surpass costs, and rapid
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changes observed affirms once again the adaptive nature of
these traits, suggesting an important influence of pheno-
typic plasticity in the ecological and evolutionary outcomes
of biological invasions.

Conclusions

This study supports that tadpoles plastic responses can
be highly prey—predator specific and that each reaction
may evolve singularly, with particular benefits and costs.
Discordance among behavioral and morphologic reactions
was widespread, and the observed combinations of reactions
in several cases seem to match the different requirements fac-
ing each predator species according to the biology of each
prey species. Responses were strongest against the native
predator for both anurans, although they both responded
mildly to the exotic predators. Interaction with the less
known predators usually led to unusual or unexpected pat-
terns of responses and costs. These mild and uncommon
patterns of reactions and costs could be a rule when plastic
responses against novel predators are still being improved
or unspecific. Given the speed at which these evolutionary
changes become noticeable and their potential in reduc-
ing predation risk, we believe that the role of antipredator
phenotypic plasticity might be crucial in the population
dynamics during biological invasions.
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Resumen del capitulo 4. Analisis comparativo de la capacidad de
explotacion de los recursos troficos de Discoglossus pictus y la especie

nativa Bufo calamita en co-ocurrencia y no ocurrencia.

San Sebastian, O., Pujol-Bux¢, E., Garriga, N., Richter-Boix, A & Llorente, G. A. 2015.
Differential trophic traits between invasive and native anuran tadpoles. Aquatic
Invasions 10 (4): 475-484.

Un factor clave a la hora de entender el éxito de las especies invasoras es la gestion
que realiza de los recursos disponibles en el ambiente. Para las larvas de las especies
de anfibios que ocupan sistemas acuaticos efimeros, la capacidad de explotacion de
los recursos y la seleccion en la calidad de la dieta son especialmente importantes
ya que durante eventos de desecacion del sistema, la densidad larvaria incrementa
al mismo tiempo que los recursos per capita disminuyen pudiendo alterar las tasas
de crecimiento y desarrollo de los individuos, y con ello su supervivencia. La alta
cantidad y calidad de los recursos explotados por las larvas de anfibios permiten
reducir el tiempo de desarrollo, asi como aumenta el tamafio final del metamorfico
incrementando su fitness. El objetivo de este trabajo fue el analisis de la gestion de
los recursos de las larvas de la especie invasora Discoglossus pictus, en comparacion
con la de la especie nativa Epidalea calamita bajo condiciones controladas de
laboratorio. Se registré la actividad troéfica y la selecciéon de dieta realizada por cada
una de las dos especies ante dos tipos de calidad de dieta (una alta en proteinas y
otra baja en proteinas), tanto por separado como en co-ocurrencia. D. pictus fue
capaz de modificar su actividad y la seleccion de la dieta ante diferente
disponibilidad de los recursos (dieta de alta calidad proteica, de baja calidad
proteica y con ambos tipos), mientras E. calamita no presenté una respuesta
diferencial a los tratamientos. Tanto en co-ocurrencia como en ocurrencia, la especie
aléctona registré una mayor tasa de actividad y una seleccion del tipo de dieta.
Ademas cuando ambas especies compartian sistema y recursos bajo condiciones de
alta densidad larvaria, los resultados obtenidos sefialaron un potencial
desplazamiento de la especie nativa hacia los recursos de menor calidad proteica,
sugiriendo una mayor capacidad competidora de la especie invasora por los
recursos de mayor calidad. D. pictus presenté una gestion de los recursos que
representa una ventaja en su invasion y que podria limitar el éxito reproductivo de

E. calamita cuando los recursos son limitados o existe riesgo de desecacion intensa.
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Abstract

How trophic resources are managed is a key factor in our understanding of the success of invasive species. In amphibians that usually occupy
ephemeral ponds, the capacity to acquire resources and food selection are especially important because as a pond dries, the larval density increases
and food resources are limited. Abundant and high-quality food can increase the final size and reduce the duration of development of amphibians.
The aim of this work was to assess the trophic traits of tadpoles of the invasive (originally North African) anuran Discoglossus pictus compared to
those of native European Epidalea calamita tadpoles under laboratory conditions. Food of two different levels of quality was supplied, and the
feeding activity and food preference of the two species were analysed alone and in co-occurrence. D. pictus was capable of modifying its behaviour
and food preferences; while E. calamita displayed much milder differences between treatments. Both alone and in co-occurrence with the native
species, the invasive tadpoles obtained higher feeding activity values and showed a stronger preference for high-quality food. Additionally, when
high densities of the two species shared food resources, the feeding activity results indicated potential displacement of the native tadpoles to low-
quality resources. D. pictus thus presents trophic traits that are favourable for invasion and could limit the fitness of E. calamita when resources are
limited or there is a risk of pond desiccation.

Key words: diet quality, feeding activity, food preference, Discoglossus pictus, invasiveness, anuran tadpoles

species (Shea and Chesson 2002; Duncan et al.

Introduction

Invasion by alien species is one of the most
important threats to the balance of ecosystems
and community structure, and the second most
significant cause of biodiversity loss on the global
scale (Levine et al. 2003). Approximately ten new
species of living organisms become established
in Europe each year (Hulme et al. 2009); however,
only a small fraction of introductions (20%-30%
worldwide) result in invasion (Pimentel et al.
2001). The success of a species in a novel
environment is likely to depend on several factors,
including the abiotic physical environment, biological
interactions and the traits of the introduced

2003; Blackburn et al. 2009). The availability of
resources and the capacity of an invasive species
to exploit them are critical factors for its survival
and reproduction (Thébaud et al. 1996; Tilman 2004).
When an alien amphibian species is introduced,
its efficiency at exploiting the available
resources during larval stages can be a key factor
for the successful establishment of the species
and may therefore define its invasiveness,
because of the vulnerability during this phase and
the crucial effect of food on the development of
tadpoles and the subsequent development of
toadlets (Werner 1986; Scott 1994; Tejedo et al.
2000). The larval period is considered the most
vulnerable phase for amphibians since it is when
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the highest mortality rate is registered, especially
for species that occupy temporary ponds (Calef
1973; Wilbur 1980; Newman 1987; Denver 1998).
On the other hand, the effects of diet on the
breeding success and metamorphic fitness of
amphibians have been repeatedly documented
(Kupferberg 1997; Babbitt et al 2000; Alvarez
and Nicieza 2002; Jefferson 2014). Both food
quantity and food quality are crucial for their
development: tadpoles cannot fully develop under
desiccated conditions when food 1is scarce
(Enriquez-Urzelai et al. 2013), or low in protein
content (Nathan and James 1972; Steinwascher
and Travis 1983; McCallum and Trauth 2002;
Richter-Boix et al. 2007). Moreover, when food is
abundant or highly proteic, tadpoles are capable
of accelerating their growth and development
(Gotthard and Nylin 1995; Morey and Reznick 2000;
Lind and Johansson 2007). Therefore, optimal
exploitation of available resources by tadpoles ensures
fast growth and high performance, thus favouring
the establishment and spread of introduced amphibian
species.

Discoglossus pictus auritus (Otth, 1837) is an
anuran species introduced from Algeria to
Banylus-sur-Mer (France) around 100 years ago
(Wintrebert 1908). Its population is currently
increasing and its range expanding annually to
areas of north-eastern Spain and south-eastern
France (Martens and Veith 1987; Montori et al.
2007; Franch et al. 2007). It mostly occupies
ephemeral wetlands that are characterized by
their low species richness and the low occurrence of
potential predators. At the local level, the use of
such ponds can be an advantage for the success
of this species in the invaded area because in this
way it avoids competition and predation risks.
However, at the community level, ephemeral pond
use leads to spatial limitations on larval develop-
ment derived from inevitable pond drying (Babbitt
et al. 2000; Newman 1987). Traits that favour short
developmental periods and high growth rates
improve success in colonising this type of ponds.

Often D. pictus shares breeding ponds with the
native species Epidalea calamita Laurenti, 1768.
Ephemeral freshwater environments are closed
systems with limited resources that intensify
interactions between organisms (Wilbur 1980).
Competitive superiority in direct interactions or
better exploitation of available resources can
increase the survival or fitness of one species
over that of another when the two share such
environments. The greater capacity of the introduced
species to take up and use nutrient resources in
ephemeral ponds, is a positive biological trait for
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its establishment and spread, despite the shared
habitat. Both D. pictus and E. calamita exhibit
explosive breeding characterized by a high number
of eggs per clutch, which leads to high densities
of tadpoles in ponds and this intensifies their
interactions. Also, D. pictus and E. calamita
present high similarities in the exploitation of
their trophic niche, both in larval morphology
and from the analysis of digesta (Diaz-Paniagua
1985; Escoriza and Boix 2012; Richter-Boix et al.
2012; San Sebastian et al. 2015).

The aim of this study is to evaluate the
capacity of the invasive species (D. pictus) to
exploit resources, and compare this with the
native species. The capacity to exploit resources
is evaluated via two measurements: the percentage
of tadpoles feeding (feeding activity) and rate of
selection of high-quality food (food preference).
In order to obtain these measurements, we designed
two experiments. The first evaluated whether the
invasive species adopts a better strategy to
exploit nutrient resources than the native species
when they do not co-occur. The second analysed
the capacity of the two species to exploit
resources in aquariums shared at low and high
densities. We expect greater success in the wild
of the amphibian species that better exploits high
quality resources and/or has a higher activity rate.

Methods

Animals and rearing conditions

Two experiments were conducted in different
years (2011 and 2013) but with the same experimental
laboratory conditions of temperature (19°C—
20°C) and photoperiod (12D:12L). The tadpoles
used in each experiment were collected as eggs
on the 24th and 25th March 2011 (D. pictus and
E. calamita, respectively) and on the 8th April
2013, from 3-4 clutches for each species and
year, near to Girona (northeast Spain). The same
procedure was followed in each experiment.
Clutches of each species were transported to the
laboratory in separate containers of dechlorinated
water. Eight days after hatching, the tadpoles
were mixed together to avoid genetic biases and
were then held in plastic containers. The
tadpoles were reared and fed with rabbit food
until the start of the experiment. The experiments
started on 5th April 2011 and 10th April 2013
(day 0) when the tadpoles reached Gosner stage
25 (Gosner 1960). All the individuals were released
to their original location after the experiments
finished.
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Experimental design

Experimental units consisted of 30 L tanks
containing dechlorinated water (1.2 x 0.45 x 0.40
m). The tadpoles were randomly allocated to the
experimental treatments. The water was changed
every two days to prevent eutrophication and the
accumulation of lethal levels of metabolic products.
We used two food types in the feeding trials that
differed in composition: (LP) a commercial rabbit
food, which has a low-protein and high-
carbohydrate content (16% protein, 3% lipids,
17% carbohydrates, 10% ash); and (HP) the
commercial fish food Sera O-nip, which is rich
in protein (46% protein, 22% lipids, 2% carbo-
hydrates, 9% ash). Food was supplied ad libitum
during the experiments. In all the treatments and
experiments, the food was available in two small
Petri dishes placed randomly in the corners of
the containers to avoid learning effects and
ensure selection by tadpoles according to diet
quality.

The first experiment on the differential selection
of diet quality by D. pictus and E. calamita
consisted of three treatments for each species,
each replicated six times. All the containers had
the same density of tadpoles (10 larvae per
container). To evaluate the dietary selection of
each species, there were two treatments with one
food type (LP or HP) and one treatment with
both food types (HLP) for each species: D. pictus
with HP food (DHP), LP food (DLP), and HP +
LP food (DHLP); and E. calamita with HP food
(BHP), LP food (BLP), and HP + LP food (BHLP).

The second experiment involved two treatments,
both containing HP and LP food, and tadpoles at
either low density (LD) or high density (HD).
The LD treatment consisted of a total of 10
tadpoles, at the same density as in the first
experiment, but with five larvae of D. pictus and
five larvae of E. calamita. The HD treatment was
designed to increase potential interactions
between the species in a more realistic scenario,
with 20 larvae of D. pictus and 20 larvae of E.
calamita.

Response variables

Throughout the experiments, we checked each
tank daily and we fed the tadpoles with variable
frequency to ensure ad libitum feeding conditions.
For each tank, we checked tadpole behaviour
once 5 minutes after food administration, to avoid
potential disturbances after dish manipulation.
The average number of registers was 16 per
aquarium in the first experiment and 23 in the

second experiment (more details in Appendix 1).
We stopped collecting activity data when 30% of
the larvae in the aquarium underwent metamorphosis,
to avoid recording behavioural changes as a
consequence of reduced tadpole density.

The resource exploitation capacity of D. pictus
and E. calamita were analysed via two variables:
feeding activity and food preference. Feeding
activity is considered to be a measure of the
capacity a species has for resource exploitation,
and thereby of competitive capacity (Smith et al.
2004); while food preference helped us to determine
whether the tadpoles of each species followed
indiscriminate or random foraging, or had a
preference for one of the food types.

Feeding activity was calculated as the number
of tadpoles feeding (in dishes with HP food,
dishes with LP food or two types of food HLP)
divided by the total number of tadpoles in each
aquarium and then expressed as a percentage, as
observed at first glance (Peacor and Werner 1997,
Relyea 2002; Pujol-Buxo et al. 2013). Food preference
was estimated as the proportion of tadpoles
consuming each kind of food divided by the total
number of tadpoles in feeding attitude in treatments
with both types of food: HP and LP. While feeding
activity was calculated including zero activity
records, to estimate food selection, we only used
counts with tadpole activity higher than zero.

Statistical analysis

Firstly, we compared feeding activity between
the species and treatments, and tested their
interaction. Then feeding activity in each treatment
and food type was explored between species and
within the same species. Secondly, the food
preference was analysed for each species only in
treatments with two types of food (HLP in the
first experiment, and LD and HD in the second
experiment). Given the presence of a certain
amount of zero values and that most assumptions
needed to perform classic parametric or non-
parametric analyses of variance were not met
(McElduff et al. 2010), differences in feeding
activity between treatments, species and food types
were explored via non-parametric randomization
ANOVA (NP-R-ANOVA). We used percentages
as the dependent variable and tested the differences
applying the function aovp from the package
ImPerm (Wheeler 2010). Potential random variations
between aquariums were considered including
aquarium as an error in the model. The function
aovp() assumes a model of the form: Y=Xb+Zg+e,
where X is the incidence matrix for fixed effects,
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Figure 1. Mean (+SE) feeding activity of D. pictus (white circle)
and E. calamita (black circle) in each treatment.

and Z is the incidence matrix for random effects,
with columns representing the different error
strata. The algorithm projects Y into strata
creating a single error term in each case while X
is also projected so that the model in this stratum
becomes P(Y)=P(X)bitei. This way the model
accounts for the lack of independence of the data
within each experimental unit.

Our p and F values were calculated after 1,000
permutations, and the level of significance was
set at values of p lower than 0.05.

For the food preference analysis, we excluded
records with no activity and used only the
percentage of feeding larvae in the HP treatment
(real distribution). In this case, we generated a
new distribution (simulated distribution) that
represented our null hypothesis of non-
preference for both types of food. This simulated
data was generated using a binomial distribution
with a "success" probability of 0.5 (that is, an
average of 50% tadpoles in each side as null
hypothesis: given no preference, half of the
active larvae should be eating HP food and the
other half LP food) with the standard deviation
of the real distribution for each species. This
probability was applied on a simulated number
of active tadpoles (=events) which followed a
Poisson distribution with the same parameters of
the real distribution We simulated the same
number of null hypothesis data as the number of
real data, and then differences between these
two distributions were tested using the same
procedures as applied to feeding activity. All the
analysis were conducted in R (Development R
Core Team 2013).
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Results

Experiment 1: Differential food selection by D. pictus
and E. calamita

Feeding activity: species, treatments and diet
quality

We found differences in feeding activity between
the species (F120=337.92 p<0.001), treatments
(F229=7.95 p=0.001) and an interaction between
the two (F>20=6.87 p<0.005). D. pictus showed
higher feeding activity than E. calamita in
treatments with one (Fpup-sup 1,176=124.46 p<0.001;
Forp-sre 1203=319.03 p<0.001) and two types of
food (FDHLP-BHLP 1,151:41‘76 p<0.001). The feeding
activity of D. pictus ranged from 25% to 72%,
while that of E. calamita did not exceed 20% in
any treatment.

Within species, feeding activity levels varied
between treatments. D. pictus showed significantly
more activity in tanks with LP food (DLP) than
in DHP (F,166=38.31 p<0.001) or DHLP treatments
(F1,16=14.43 p<0.005), with no significant difference
between DHP and DHLP (F1,5=0.33 p=0.5)
(Figure 1). When we compared the feeding activity
on each type of food between treatments, we
obtained similar results. There were no significant
differences in the feeding activity on HP food
between the DHP and DHLP treatments (F,51=5.18
p<0.05). However, the feeding activity of tadpoles
on the LP food was lower in the DHLP treatment
than in the DLP treatment (F;16:=697.50 p<0.001).
Although D. pictus showed higher activity in the
DLP treatment (72% + 4.8%), when it had two
types of diet available (DHLP) it showed 41% =+
12% feeding activity on HP food and 9% + 3%
on LP (Fi, 166=38.30 p<0.001).

The feeding activity of E. calamita was low in
all treatments (Figure 1). Levels of activity were
similar in the BHP and BLP treatments (F213=0.14
p=0.7), and in the BHLP and BLP treatments
(F1,193=5.80 p=0.05). However, we observed
higher feeding activity in the BHP treatment than
in the BHLP treatment (Fy,;76=9.68 p=0.01)
(Figure 1). When we compared feeding activity
on each type of diet, we detected differences
between feeding activity on HP food between the
BHLP and BHP treatments (F; 17¢= 19.17 p=0.001),
and on LP food between the BHLP and BLP
treatments (Fy103=14.64 p<0.005). The percentage
of E. calamita tadpoles eating HP food in the
BHLP treatment was lower than in BHP, being
5% + 1% and 15% =+ 5% respectively. Also, the
BHLP treatment registered lower values of feeding
activity on LP food than the BLP treatment. The
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BHLP treatment showed 3% = 2% of tadpoles
eating LP food while BLP registered 13% + 6%.
In the BHLP treatment, the native species
showed similar feeding activity on the different
diets (Fi,213=0.14 p=0.7).

Food preference

D. pictus showed preferential selection in treatments
with two types of food (F1,133=47.37 p<0.001). On
average, 81% of tadpoles were observed feeding
on HP food, and only 19% on LP food. However,
E. calamita displayed no food preference in this
treatment (Fis55=1.31 p = 0.5), with 60% feeding
on HP food and 40% on LP (Figure 2).

Experiment 2: Competitive or opportunistic strategy by
D. pictus co-occurring with E. calamita (LD and HD)

Feeding activity: species, treatments and diet quality

When the species co-occurred in the same environ-
ment, D. pictus showed higher feeding activity in
both the LD and HD treatments (Fip 125s=32.04
p<0.001; Fup 1303 = 97.13 p<0.001) (Figure 3).
Moreover, in both treatments, the feeding activity
of D. pictus was higher on the HP food (FLp 1,255=
33.60 p<0.001; Fup 1303=206.2 p<0.001). Although
feeding activity on the LP food was similar for
the two species at LD, (F1255=0.75 p=0.4), higher
E. calamita feeding activity was recorded on this
food at HD (F7303=5.36, p=0.02) (Figure 3).

Density had a significant effect on the feeding
activity of the two species (D. pictus: F274=12.16,
p=0.005; E. calamita: F\274=27.76, p<0.001),
which was higher under HD conditions than LD
(Figure 3). Analysis of the type of food and
species revealed that increased density provoked
an activity gain of 8% on HP food (F)274=8.04
p=0.01) and 3% on LP food (F274=20.03 p=0.001)
for D. pictus; and a gain of only 1% on HP food
and 6% on LP food for E. calamita. The proportion
of E. calamita larvae feeding on the HP food did
not vary between density treatments (Fi274=0.41
p=0.5); whereas for the LP food there was an
increase in feeding activity in HD conditions
(F1,274=72.819p<0.001).

Differences in feeding activity between types
of diet were evident for D. pictus (Fip 1,255=67.76
p<0.001, Fup 1303=253.34 p<0.001). At all densities
the invasive species showed higher feeding activity
on HP food than on LP (LD: 18% vs. 2%; HD:
26% vs. 5%). However, the native E. calamita
only showed higher feeding activity on HP food
compared to LP food under LD conditions
(Fi255=17.14 p<0.001; 6% vs. 1%). In the HD
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Figure 2. Mean (+£SE) food preference for both species in treatments

with two types of food. D. pictus (white circle) and E. calamita
(black circle).
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Figure 3. Mean (+SE) feeding activity of D. pictus (white circle)
and E. calamita (black circle) at each density (LD or HD) and quality
of diet (LP or HP).

conditions, the feeding activity of E. calamita on
the two diets was similar (F303=0.65 p=0.42; 8%
LP food vs. 7% HP food).

Food preference

In this experiment we detected a preference for
type of food by D. pictus. More active D. pictus
chose HP food than LP food in the LD (Fy35=
42.95 p <0.001) and HD treatment (F 7= 224.62
p > 0.001). A total of 88% and 85% of active
larvae of D. pictus selected HP food over LP, in
the LD and HD treatments respectively. Despite
the level of activity recorded for E. calamita, it
showed no dietary selection in terms of quality
of diet. The preference for HP or LP food was
similar under LD (Fi67= 1.75 p = 0.3) and HD
(Fi243 = 0.65 p = 0.7) conditions. Sixty-one per
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cent of active E. calamita larvae were observed
feeding on HP food under LD and 51% under
HD conditions.

Discussion

The present study suggests that trophic traits
could favour the success of D. pictus in the
invaded area. D. pictus presented higher feeding
activity and selection of high-quality food resources,
contrasting with the lower feeding activity and
apparent non-food selection of the native species
either when co-occurring or when alone. As found
in other species (Kupferberg 1997; Nicieza and
Alvarez 2002) the capacity of amphibian species
to exploit resources could predict fast development,
high reproductive success and the increased fitness
of its metamorphs; especially advantageous for
invasive species and with potential negative
effects for less competitive species.

Resource exploitation capacity of the invasive
and the native species

It is widely documented, in both the field and the
laboratory, that food quality is of primary importance
in mediating interspecific differences in amphibian
reproductive success and performance (for a review
see Kupferberg 1997). These effects have been
confirmed in E. calamita and in Discoglossus
galganoi (Capula, Nascetti, Lanza, Bullini and
Crespo 1985) (in Griffiths et al. 1993; Nicieza
and Alvarez 2002; Martins et al. 2013), among
other species (Schiesari 2006; Pandian and Marian
1985; Richter-Boix et al. 2007). Those studies
show that high-protein food increases the final
size and reduces the time required for development
in amphibians. These features are directly associated
with post-metamorphosis survival rates, a reduction
of mortality risk in drying ponds, juvenile
performance, enhanced fecundity and presumably
juvenile dispersion capacity (Howard 1980; Smith
1987; Babbitt et al. 2000; Tejedo et al. 2000;
Martins et al. 2013). Accordingly, high-quality
food selection could favour and ensure short-
term reproductive success and indirectly enhance
the invasive capacity of introduced amphibian
species. The results of the present study indicate
differential selection of food quality by the invasive
species (D. pictus) while the native species (E.
calamita) seems to follow a random feeding pattern,
with no clear dietary selection when in isolation.

Although some species seem to show
indiscriminate feeding behaviour (Jenssen 1967;
Diaz-Paniagua 1985; Diaz-Paniagua 1989; Hoff
et al. 1999), tadpole diets can vary under different
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environmental conditions (Kupferberg 1996; Taylor
et al. 1995; Babbitt et al 2000; de Sousa et al.
2014). Pelodytes punctatus, for example, shows
no preference in the absence of stress factors but
becomes selective under stress factors such as
competition, predation, and pond desiccation risk
(Richter-Boix et al. 2007). This species is
another native anuran of invaded areas with high
co-occurrence with D. pictus and E. calamita in
ephemeral ponds (Montori et al. 2007; Escoriza
and Boix 2012; Richter-Boix et al. 2012). While
the native species (E. calamita and P. punctatus)
apparently show no dietary quality selection in
conditions without unfavourable factors, either
in laboratory experiments or in nature (Diaz-
Paniagua 1985; Diaz-Paniagua 1989), invasive
D. pictus always shows a preference for high-
quality food. This preference could be due to the
intrinsic behaviour of the species or to particular
stimuli or stress linked to its introduction and
process of expansion. It is possible that invasive
populations have already undergone an adaptive
selection favouring some traits (Phillips et al.
2006). In fact, it has been documented that some
invasive species present traits linked to their
expansion, with higher competitive capacity (Blossey
and Notzold 1995; Miiller-Schérer et al 2004),
higher growth rates (Davis 2005; Mason et al.
2008) and changes in food preference or diet that
ensure rapid development and improve reproductive
success (Lach et al. 2000; Bohn et al. 2004).

Additionally, D. pictus seems to be capable of
modifying its behaviour to achieve more favourable
outcomes. It selected HP food when two types of
food were available; but when only low-quality
(LP) food was available, the species increased its
feeding activity with respect to the DHP and
DHLP treatments. As the quantity of food has
similar effects on larval development as the
quality of the food (Morey and Reznick 2000;
Lind et al. 2008; Enriquez-Urzelai et al. 2013),
the observed increase in activity in the low-
quality treatment suggests active compensation
by the species for the low quality of the food
available via a higher intake. Therefore, it seems
that even in an environment free of threats and
under ad libitum feeding conditions, the invasive
tadpoles maximize resources by consuming either
higher-quality food or more. Additional comparative
studies between the native and invaded ranges
could establish whether the invasive species has
these specific trophic traits (favouring its success
in recipient systems) in their home ranges also,
or whether this behaviour is a consequence of its
introduction (Moloney et al. 2009).
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Resource exploitation capacity of the invasive
and the native species under co-occurrence

D. pictus presented similar trophic traits when it
was in co-occurrence with the native species and
when it was alone. As found in other invasive
species (Petren and Case 1996; Holway 1999;
Byers 2000), D. pictus showed a greater capacity
to exploit available resources than did the native
residents. D. pictus registered higher feeding
activity than E. calamita and a preference for high-
protein food under both LD and HD conditions.
Moreover, the increase in the activity of the two
species under HD conditions and some changes
in feeding activity of the native species suggested
an increase in interactions and indeed competitive
processes between the two species.

Feeding activity is a trait associated with
competitive capacity and capacity for resource
exploitation. The introduction of more competitive
species often has negative consequences on
native species with less competitive capacity.
More active individuals are often more competitive
and can expropriate resources from less active
individuals (Woodward 1982; Werner 1992; Laurila
2000; Dayton and Fitzgerald 2001). D. pictus
showed higher feeding activity than E. calamita
in all the treatments. Our results are also consistent
with those of Richter-Boix et al. (2012), who
reported a higher competitive capacity of D.
pictus when it co-occurred with E. calamita. That
study showed that the survival, body mass, and
activity of the native species decreased and the
time to metamorphosis suffered an increase, in
the presence of the invasive species. In summary,
it seems that D. pictus not only shows good
resource exploitation, but it could also have
negative consequences on E. calamita when the
two co-occur.

The results obtained for food preference seem
to corroborate the hypothesis that D. pictus has a
higher competitive capacity. When the invasive
and native species co-occurred (under both LD
and HD conditions), the invasive species showed
a clear preference and selection for high-protein
food, whereas the native species showed no
preference. In all habitat types, including those
with no other kind of threat, competitive interaction
is one of the factors that leads to differential
dietary selection in amphibians (Griffiths et al.
1993). Although the native species showed no
food preference, its feeding activity experienced
some changes. When the two species co-occurred
at LD, the feeding activity of E. calamita was
slightly higher on high-protein food than on

low—protein food, which could indicate a mild
response to a stress factor such as the presence
of another species. At HD, the native species
significantly increased its total feeding activity
only on low-protein food; while its level of feeding
activity on high-protein food was maintained. In
view of the preference for HP food shown by D.
pictus, the increase in feeding activity on LP
food by E. calamita could suggest a reclusion of
the native species to the lower-quality food. E.
calamita could be exploiting those resources,
since they are less used by the alien species.
Recently, these laboratory results have been
corroborated in nature (San Sebastian et al.
2015). Patterns of displacement and trophic niche
partitioning have also been detected in ephemeral
ponds occupied by D. pictus and E. calamita.
Despite the similarity in diet of the two species
(Diaz-Paniagua 1985; Escoriza and Boix 2012),
the hierarchy of the communities seems to be
repeated in both experimental and field experiments.

As with other invasive species (Fausch and White
1981; Holway 1999), D. pictus seems to present a
higher competitive capacity than the native species
with which it frequently shares its habitat, thereby
favouring invasion in the recipient area.

Conclusion

Our conclusions are consistent with other studies
conducted on this invasive species: D. pictus
presents favourable traits that provide it with a
high invasive capacity (see Enriquez-Urzelai et
al. 2013; Pujol-Bux6 et al. 2013; San Sebastian
et al 2015). In this work, this invasive species
was found to show a preference for high-quality
food and to modify its levels of activity
according to the quality of diet available, which
could ensure rapid larval development and good
performance of metamorphs. It also displayed good
resource exploitation capacity when sharing
nutrients with its most common competitor in
nature, E. calamita, suggesting high success rates in
ephemeral ponds. This invasive species even
seems to exhibit a higher competitive capacity
than the native one, which could trigger a
reduction in the metamorphic fitness and even in
the recruitment success of the native species due
to the presence of D. pictus under stress factors
such as pond desiccation. Studies that explain
the coexistence of the two species from different
points of view such as scale (population and
individual behaviour) or skills (physiological
capacity, types of food) should be conducted.
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Appendix 1. Number of registers for each aquarium and treatment.

O. San Sebastian et al.

Experiment  Treatment Species Registers Average* Minimum Maximum
CHLP E. calamita 83 17 15 19
CHP E. calamita 104 17 15 21
I CLP E. calamita 121 20 14 23
CHLP D. pictus 79 13 8 15
CHP D. pictus 84 14 14 14
CLP D. pictus 94 16 15 17
I LD E. calamita - D. pictus 131 22 20 24
HD E. calamita - D. pictus 155 26 25 26

*Average per aquarium
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Resumen del capitulo 5. Estudio de la estructuracion de Discoglossus
pictus y la especie nativa Bufo calamita en el nicho tréfico de ambientes
efimeros y analisis de la potencial interaccién entre ambas especies en

condiciones naturales.

San Sebastian, O., Navarro, J., Llorente, G.A. & Richter-Boix, A. 2015. Trophic
strategies of a non-native and a native amphibian species in shared ponds. PLoS
ONE 10 (6): e0130549.

El establecimiento, invasion de las especies introducidas y su potencial efecto sobre
las comunidades nativas depende en gran parte de la gestion de recursos que realiza
dentro del nicho troéfico disponible. Existen dos tipos de estrategias a la hora de
adquirir los recursos: estrategia de competicion o estrategia oportunista. El objetivo
de este trabajo fue identificar la estrategia seguida por las larvas del anuro al6ctono
Discoglossus pictus y su potencial impacto sobre la especie nativa, Bufo calamita. Se
analiz6 si D. pictus explota recursos similares a la especie nativa (hipétesis de
competiciéon) o alternativos (hipdtesis oportunista). Para ello se desarroll6 un
estudio aplicando el analisis de isétopos estables de nitrégeno y carbono en
comunidades larvarias naturales de ambas especies en co-ocurrencia y no
ocurrencia. La similitud en los valores de 6N and 8C entre ambas especies
cuando no comparten ambientes acuaticos, en contraste con la jerarquizacion tréfica
observada en co-ocurrencia y la particion de nicho, indicaron interaccion
competitiva entre ambas. La explotacion de recursos con mayores valores de 5'N
por parte de la especie aldctona frente a los de la nativa y el incremento del SEA de
B. calamita en co-ocurrencia con D. pictus parece indicar una mayor capacidad
competitiva por parte de la especie aldctona y un desplazamiento de la nativa a
recursos de menor calidad en condiciones naturales. Por otro lado, D. pictus mostr6
una amplitud de nicho mayor en todas las condiciones analizadas, lo cual se
relaciona con la capacidad invasora de las especies dada su habilidad de
explotacién de diferentes tipos de recursos. A pesar de las importantes limitaciones
del presente trabajo (derivadas principalmente de la potencial variacion de la sefial
isotépica de cada sistema acuatico), estos resultados coinciden con anteriores
trabajos realizados experimentalmente en el laboratorio. Todos ellos indicaron
interaccion competitiva entre D. pictus y B. calamita por los recursos con potenciales

efectos negativos sobre la especie nativa.
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Abstract

One of the critical factors for understanding the establishment, success and potential impact
on native species of an introduced species is a thorough knowledge of how these species
manage trophic resources. Two main trophic strategies for resource acquisition have been
described: competition and opportunism. In the present study our objective was to identify
the main trophic strategies of the non-native amphibian Discoglossus pictus and its poten-
tial trophic impact on the native amphibian Bufo calamita. We determine whether D. pictus
exploits similar trophic resources to those exploited by the native B. calamita (competition
hypothesis) or alternative resources (opportunistic hypothesis). To this end, we analyzed
the stable isotope values of nitrogen and carbon in larvae of both species, in natural ponds
and in controlled laboratory conditions. The similarity of the 5'°N and 5'3C values in the two
species coupled with isotopic signal variation according to pond conditions and niche parti-
tioning when they co-occurred indicated dietary competition. Additionally, the non-native
species was located at higher levels of trophic niches than the native species and B. cala-
mita suffered an increase in its standard ellipse area when it shared ponds with D. pictus.
These results suggest niche displacement of B. calamita to non-preferred resources and
greater competitive capacity of D. pictus in field conditions. Moreover, D. pictus showed a
broader niche than the native species in all conditions, indicating increased capacity to
exploit the diversity of resources; this may indirectly favor its invasiveness. Despite the limi-
tations of this study (derived from potential variability in pond isotopic signals), the results
support previous experimental studies. All the studies indicate that D. pictus competes with
B. calamita for trophic resources with potential negative effects on the fitness of the latter.
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Introduction

One of the critical factors for understanding the establishment, success and potential impact
on native species of an introduced species is a thorough knowledge of how these species man-
age trophic resources [1-3]. Understanding how non-native species are likely to become
established in a particular environment is a central challenge in conservation biology. This
understanding is relevant to management policies that aim to prevent invasions or eradicate
introduced species [4], and to those that aim to diminish the effects of non-native species on
native biodiversity, ecosystem processes or community structures [5,6].

There are a number of different ways in which feeding behavior can contribute to the suc-
cess of an invading species. Overall, two main trophic pathways have been suggested to explain
resource acquisition by non-native species: (1) they may exploit novel niche opportunities that
most native species are unable to use (opportunism hypothesis), or (2) they may behave aggres-
sively with respect to the resources exploited by natives, displacing them from their preferred
niches (competition hypothesis) [7-10]. The study of trophic niche width and resource distri-
bution between species can be a useful tool to determinate trophic patterns and evaluate the
effect of non-native species on invaded communities [11-13]. Under the trophic opportunism
hypothesis, the presence of non-native species would not be expected to have any effect on the
variety of the diet of native species (niche width) [14,15]. In contrast, under the trophic compe-
tition hypothesis with the corresponding inter-specific interactions, the niche width of species
with less competitive capacity would be expected to increase due to niche displacement to non-
preferred resources [16,17].

Temporary ponds and tadpoles are good ecological models for studies of community struc-
ture. These ponds are small closed systems with a recurrent annual dry phase. They are criti-
cally important habitats for many amphibian species [18,19]. During the desiccation process,
resource availability decreases and larva density increases. The quality and quantity of
resources influence the capacity of larvae to complete metamorphosis and perform well [20-
23], which key in the breeding success of amphibians [24]. Therefore, during pond desiccation,
interaction and competition between species increases [25,26] and the introduction of non-
native species can influence the community stability of these systems as well as the breeding
success of native species [27,28].

In the present study, our objective was to determine the main trophic strategies of the non-
native amphibian Discoglossus pictus and its potential trophic impact on the native amphibian
Bufo calamita; the tadpoles of both species mainly inhabit temporary ponds. We aimed to
determine whether D. pictus exploits similar trophic resources as those exploited by the native
B. calamita (competition hypothesis) or alternative resources (opportunistic hypothesis). To
this end, we analyzed the stable isotope values of nitrogen and carbon in larvae of both species.
This isotope approach has led to great advances in our understanding of trophic ecology, and
provides an integrated view of resource consumption, through identifying food strategies and
the trophic levels of species (see reviews: [13,29,30].

D. pictus is one of the few anuran species introduced into Europe over the last century
[31,32] and which has expanded along the Mediterranean coast from southeast France into
northeast Spain [33,34]. The overlap in the habitat of D. pictus and B. calamita tadpoles as well
as their similar morphology suggests a potential overlap in their trophic niches [35,36]. Previ-
ous laboratory experiments revealed increased competitive capacity of the introduced over the
native species [36], but no studies have been conducted in natural conditions to corroborate
those results. In agreement with the previous competition experiment, we expect the intro-
duced species to adopt a competitive strategy in co-occurrence with B. calamita and to displace
the native species to alternative and potentially lower-quality resources.
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Materials and Methods
Ethics Statement

The study zone (Girona) is not a protected area, the present work did not involve endangered
or protected species and the work was approved by the competent authorities. D. pictus and B.
calamita are not listed as threatened by TUCN Red List (http://www.iucnredlist.org). Even so
the development of this study has had no impact on the natural populations of two species.
Eggs and tadpoles of these species were collected in Girona with support and collecting permits
granted Departament de Medi Ambient i Habitatge de la Generalitat de Catalunya (current
Departament d'Agricultura, Ramaderia, Pesca, Alimentaci6 i Medi Natural) (SF/272) of the
regional authorities of Catalonia. All works was conducted in strict adherence to the Guidelines
for the Care and Use of Laboratory Animals at the University of Barcelona and approved by
this institution. Procedures had followed the regulations that cover animal housing and experi-
mentation in Catalonia (Spain) contained in Decret 214/1997 of 30th of July and Llei 5/1995 of
21st of June, both from the Generalitat de Catalunya, which apply the European Directive 86/
609/CEE to the Spanish law in Catalonia.

Study Species

The Mediterranean painted frog D. pictus auritus was accidentally introduced in SE France
(Banyuls-sur-Mer) approximately a century ago from Algeria [37]. Today, this species occupies
the Mediterranean coast from Montpellier (southeast France) to Vilassar de Mar (Barcelona,
northeast Spain), increasing its distribution annually (Information Server Amphibians and
Reptiles of Spain-SIARE 2014; http://siare.herpetologica.es/). The natterjack toad B. calamita is
a native species in the invaded area of D. pictus. Although it has some isolated populations, its
distribution range is wide in southwestern and central Europe. In our study area, D. pictus and
B. calamita mainly breed in ephemeral and temporary ponds. Both species are “opportunistic”
breeders, with a reproductive period that starts after periods of rainfall (early spring and early
autumn). Due to similarities in breeding strategies and breeding habitat at the larval stage, the
two species overlap in time and space during the larval stage [34]. In addition, both species
have been described as benthic animals, which live at the bottom of ponds and rasp similar
food from submerged vegetation and substrate [35]. In temporary ponds, both species often
suffer high mortality related to pond desiccation [38,39]. This process increases competition
within and between species for those resources that allow individuals to develop as quickly as
possible. There is a relationship between quality and quantity of exploited resources and tad-
pole growth and developmental rates [20-23].

Trophic fractionation experiment

To achieve our objective, in addition to sampling and analyzing the isotope values of larvae of
D. pictus and B. calamita in natural ponds inhabited by both species and in ponds inhabited by
only one species, we calculated the isotopic discrimination factors for each amphibian species
in a controlled-diet laboratory experiment. The trophic fractionation value is the rate at which
animals incorporate the isotope values (A™C and AN) of their diets into their tissues [40,41].
To study the trophic fractionation values of both species, we collected samples of 2-3 clutches
for each species from the same study area and transported them to our laboratory at the Uni-
versity of Barcelona (Barcelona, Spain). Egg masses were hatched and the tadpoles were sepa-
rated in individual plastic containers of 1000 ml with standard dechlorinated water under
constant conditions of temperature and photoperiod (12 h dark: 12 h light). During the experi-
ment, the tadpoles were fed with commercial rabbit chow ad libitum (Cuniasa Mater, ASA S.L.,
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Asturias, Spain; 16% protein, 3% lipids, 17% carbohydrate, 10% ash). The temperature during
the experiment was maintained between ~20°C, similar to the mean 20-22°C recorded in natu-
ral ponds. When the tadpoles reached Gosner stage 39, the same development stage as the tad-
poles collected in the field, 21 tadpoles of each species were fasted for 48 hours, euthanized
with absolute ethanol and then stored until analysis. To calculate the discrimination factors, we
analyzed the stable isotopes in the tadpoles and a subsample of the administrated food. The
diet discrimination factors (A'>C and A'N) for D. pictus and B. calamita were calculated as the
difference between the isotope ratios of an animal and its diet.

Trophic niche of both amphibians in free-living conditions

Fieldwork procedures were conducted in a natural area situated in northeast Spain (Fig 1).
During May 2012 in this study area we monitored 12 temporary ponds with differences for the
presence of each species: 4 inhabited only by B. calamita, 4 only by D. pictus and 4 inhabited by
both species. To reduce the potential isotopic variability associated with contrasting habitats
[42], we selected ponds with similar characteristics (Table 1). To reduce the potential effect of
the phenology we sampled 10 larvae of each species at a similar developmental stage from each
pond (Gosner stage 39; Gosner, 1960). All the tadpoles were held in plastic containers with
water and brought to the laboratory.

For a quantitative measurement approach of the trophic niche of each species, we analyzed
stable isotope values of nitrogen (8"°N) and carbon (8'>C) of each larva. 8">C values provide
information on the source of primary carbon and 5'°N values are related to the trophic level of
the organism [43,44]. Stable isotope values reflect the diet over the period during which the tis-
sue analyzed was formed; for tadpoles this is their entire life [45]. To avoid overestimation due
to the food remaining in the digestive tract, the tadpoles were held in dechlorinated tap water
for 48 hours under fasting conditions; this clears their gut contents. They were then euthanized
with absolute ethanol and stored until analysis. We used the same quality and quantity of etha-
nol for all the samples to avoid any effect on the isotope results.

Stable isotope analysis

All samples (tadpoles and rabbit food) were dried and homogenized before stable isotope anal-
ysis. The homogenization was manual by grinding to a fine powder. As the lipid content of the
larvae was low, we did not remove the lipids prior to isotope analysis. Isotope analysis was con-
ducted at the Serveis Cientifico-Técnics (University of Barcelona, Spain). Weighed subsamples
(between 0.7 and 0.8 mg) of the powered tadpoles and rabbit food were placed in tin capsules.
N and C isotope analysis was carried out using an elemental analyzer (Flash EA 1112) coupled
to stable isotope ratio mass spectrometry equipment (CF-IRMS). The laboratory uses interna-
tional standards, which are generally run after every 12 samples: IAEA CH7 (87% C), IAEA
CH6 (42% C) and USGS 24 (100% C) for 13C; IAEA N1 and IAEA N2 (21% N) and IAEA
NO3 (13.8% N) for 15N. The international standards for N and C are atmospheric nitrogen
(AIR) and Pee Dee Belemnite (PDB), respectively. Accuracy was +0.1% and +0.2% for 8'°C
and 8'°N, respectively.

Statistical analysis

To compare the trophic fractionation values estimated in the controlled-diet experiment
between species (D. pictus and B. calamita) we used t-tests. As differences in trophic fraction-
ation values between the species were found (see Results section), we corrected the isotopic val-
ues of each tadpole collected in the field by the difference in the trophic fractionation estimated
with the trophic fractionation experiment between species. After this correction, we tested
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Fig 1. Distribution of D. pictus and the locations of the study ponds. (a) D. pictus auritus native (grey)
and invaded (black) areas. (b) Study area. (c) and (d) locations of sampled ponds. Dots: B calamita non-
shared ponds (P1 to P4); triangles: D. pictus non-shared ponds (P5 to P8); stars: shared ponds (P9 to 12). P1
to P12 correspond to Ponds 1to 12 in Table 1. (e) Picture of Pond 2. (f) Adult D. pictus.

doi:10.1371/journal.pone.0130549.g001
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Table 1. Characteristics of selected ponds.

Ponds Species Temporality Temperature Substrate Insolation Area Depth
(months) (°C) (mm) (%) (m?) (cm)
Pond1 B. calamita 1-2 17.3 <0.6 50-75 6 5-10
Pond2 B. calamita 1-2 17.7 0.6-2 75-90 26 15-20
Pond3 B. calamita 1-2 18.5 2-64 >90 9 5-10
Pond4 B. calamita 3-4 234 <0.6 75-90 20 15-20
Pond5 D. pictus 1-2 22.7 <0.6 >90 8 5-10
Pond6 D. pictus 1-2 19.6 <0.6 >90 24 15-20
Pond7 D. pictus 34 18.1 <0.6 50-75 8 5-10
Pond8 D. pictus 1-2 27 <0.6 >90 6 5-10
Pond9 B. calamita vs. D. pictus 2-3 30.2 0.6-2 >90 30 5-10
Pond10 B. calamita vs. D. pictus 1-2 26.4 <0.6 >90 6 5-10
Pond11 B. calamita vs. D. pictus 1-2 15.3 2-64 >90 10 5-10
Pond12 B. calamita vs. D. pictus 34 234 <0.6 75-90 20 10-15

doi:10.1371/journal.pone.0130549.t001
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whether the 8'°N and §"°C values differed between species (D. pictus and B. calamita), pond
conditions (sharing and non-sharing) and the interaction between species and pond condition,
by applying a Generalized Least Squares (GLS) model. Species, pond condition (sharing and
non-sharing ponds) and the interaction species-pond condition were included as fixed effects.
Considering the non-independence of tadpoles from the same pond, we defined a general cor-
relation matrix assuming that the residuals of the same pond are not independent of each other
[46]. Analyses were performed with REML estimation in the nlme package using the corComp-
Symm argument in the gls function. All statistical analyses were performed in R version 3.0.3.

Trophic niche width was estimated using a Bayesian approach based on multivariate
ellipse-based metrics [47]. In particular, we calculated standard ellipse areas (SEAs) for each
species in each pond following methods from Jackson et al. (2011) by using the SIAR package
[48,49] (http://cran.r-project.org/web/packages/siar/index.html). To detect potential changes
in trophic niche width between species and between pond conditions we applied the Mann-
Whitney U-test. In addition, in the ponds inhabited by both species we estimated the SEA over-
lap between the species using SIBER [47].

Results
Trophic fractionation experiment

We found that both 8'°N and 8'C values differed between D. pictus and B. calamita when eat-
ing the same food (Table 2). In particular, B. calamita showed higher §'°N and §"°C values
than D. pictus (Table 2; Fig 2). Regarding trophic fractionation, D. pictus showed lower trophic
fractionation values for N than B. calamita, but higher values for C (Table 2).

Isotope differences among pond typologies

The 8'°N values were similar between D. pictus and B. calamita. Only pond condition showed
a significantly effect on 8'°N values in both species (Table 3). In particular, in shared ponds,
8'N values were higher for both species than in ponds inhabited by only one species (Figs 3
and 4). The §'°C values were also similar for the two species, but differed when we compared
between shared and non-shared ponds. Specifically, 8'*C values in share ponds were higher for
D. pictus than B. calamita. Both species showed a wide range in '°N and §'"°C values, resulting
in range overlap between species in both shared and non-shared ponds (Figs 3 and 4; Table 4).
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Table 2. Mean £ SD (and range) of 5'°N and 5'3C values, and isotopic discrimination factors (A'°N and A'3C) of D. pictus and B. calamita.

Species n 55N (%) AN (mean) 5'3C (%o) A'3C (mean)

rabbit food 6 2.77+0.28 -25.25+0.37
(0.79) (0.91)

B. calamita 21 6.65+0.48 3.66+0.48 -23.96+0.69 1.56+0.64
(1.63) (2.01)

D. pictus 21 5.20+0.49 2.23+0.49 -23.25+0.49 0.91+0.49
(2.05) (1.72)

T-test (between species) t=-3.83* t=9.62*

t-test for discrimination factors between species.

*Significant values at p<0.0001.

doi:10.1371/journal.pone.0130549.t002

Differences in the trophic niche width (SEA)

Taking into account both shared and non-shared ponds, D. pictus showed higher and signifi-
cantly more marginal SEA values than B. calamita (Mann Whitney test, Uy ;4 = 14; p = 0.05).
D. pictus registered SEA values of 1.65 and 1.38, in non-shared and shared ponds respectively,

8
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Fig 2. Mean and standard deviation of 5'3C and 5'°N values for B. calamita (filled circles; n = 21), D. pictus (empty circles) and the controlled diet

(filled triangles; n = 21).

doi:10.1371/journal.pone.0130549.9002
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Table 3. Generalized least squares model for effects of the variables species (D. pictus and B. cala-
mita), pond condition (sharing or non-sharing), and the interaction between the two on stable isotope
values (5 '*N and & '°C).

615N 5130
Variables Fi, 154 p F1, 154 p
Species 0.18 0.672 0.08 0.781
Pond condition 4.67 0.032 9.47 0.002
Species- X Pond condition 0.16 0.686 0.32 0.569

doi:10.1371/journal.pone.0130549.t003

while B. calamita had values of 0.24 and 1.13 in non-shared and shared ponds (Fig 5). We also
found a different effect of the pond condition (sharing vs. non-sharing) on the SEAs of the two
species. D. pictus showed no differences in SEA between shared and non-shared ponds (U, ; =
7; p = 0.77). In contrast, B. calamita showed lower SEAs in non-shared ponds than when it co-
occurred with D. pictus (U, 7 = 3, p < 0.001). Moreover, the SEA of D. pictus and B. calamita
did not spatially overlap when co-occurring (SIBER results always overlap = 0; with an overlap
probability of <0.001; Fig 5).

Discussion

Our study with stable isotopes allowed us to corroborate partially, under field conditions, our
hypothesis based on a previous laboratory experiment. We found that tadpoles of both species
registered similar 8'°N and 8'C values, which is indicative of similar trophic niches and conse-
quently of potential overlap in resource management between the species. This result is in
agreement with previous studies based on D. pictus and B. calamita tadpole morphology,
which described both as benthic tadpoles that feed by rasping food from submerged areas [35].
Despite their similar diets, D. pictus and B. calamita clearly occupy segregated trophic niches
when they are present in the same pond. Trophic partitioning is a mechanism that reduces
interspecific competition for scarce trophic resources in temporary ponds and thus allows co-
existence [50-53]. Niche partitioning has been reported as a type of assembly in both native
[54-56] and introduced vs. native communities [57,58]. However, one question we wished to
address here is whether D. pictus adopts a competitive or an opportunistic strategy in this
niche segregation.

We found evidence of competition between the introduced and the native species in our
study, in consonance with several studies [59-61], which demonstrated that high ecological
similarity promotes competition. Competition between non-native and native species can lead
to ecological displacement of one species to other resources or even the competitive exclusion
of one species [51,62]. These interactions can trigger a variation in stable isotope values due to
direct competition for higher quality resources [63,64]. When D. pictus and B. calamita co-
occurred in the same ponds, the 8'°N values were higher for both species while the 8'C values
were only higher for the introduced species. While variation of 8'*C values suggests different
microhabitat exploitation by species within the ponds, the 8'°N variation may have various
interpretations. 8'°N values indicate the quality of the exploited resources and even the trophic
position of organisms [65]. In temporary ponds, space and resources are limited and both
interspecific and intraspecific competition for a higher quality diet is unavoidable; this is
important for more rapid development and increased fitness [66,67]. The competition for a
higher quality diet could increase the isotopic signals for both species. However, the stress
derived from competitive interactions could also be the cause of the observed increases in §'°N
signals. Several studies have shown how various types of nutritional stress (e.g. reduced food
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Fig 3. 5'3C and 5'°N values and standard ellipse areas for the isotopic niches of B. calamita (A) and
D. pictus (B) in each pond under non-sharing conditions.
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Fig 4. 5'°C and 5'°N values and standard ellipse areas for B. calamita and D. pictus in the four ponds where the species coexist (A-D).

doi:10.1371/journal.pone.0130549.g004

intake or starvation) influence the stable isotope signatures of animal tissues by increasing the
8'°N values [68-70].

The trophic spatial hierarchy may indicate the competitive interaction between the two spe-
cies or a difference in the exploitation of resources by both. However, the results for SEAs (a

Table 4. 5'°N and 5'3C descriptive statistics for two species in shared and non-shared ponds.

Species Pond condition Variables n Mean (%.) Minimum (%.) Maximum (%s) Std. Dev.
D. pictus No-sharing 5'°N 38 5.76 1.48 10.46 3.01
D. pictus No-sharing 5'%C 38 -28.48 -40.69 -22.30 478
D. pictus Sharing 5'°N 40 7.54 0.80 16.30 5.38
D. pictus Sharing 5'3c 40 -27.48 -33.00 -20.56 4.24
B. calamita No-sharing 5'°N 40 3.90 1.32 7.62 2.24
B. calamita No-sharing 5'c 40 -23.80 -29.36 -21.48 1.66
B. calamita Sharing 3'°N 40 7.21 1.60 16.62 4.78
B. calamita Sharing 5'C 40 -26.26 -33.62 -20.03 431

These statistics were evaluated from original isotopic values (without specific diet discrimination correction).

doi:10.1371/journal.pone.0130549.t004
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doi:10.1371/journal.pone.0130549.g005

proxy for trophic niche width) suggest a displacement of native species and support the
hypothesis of competition strategy by invasive species. In all shared ponds, D. pictus was placed
above B. calamita in the trophic niche representation. Moreover, an increase in the niche width
of the native species was found, while D. pictus maintained the same width. The increment in
SEA may be related to searching and the displacement of one species to another type of
resource under the presence of a more highly competitive species, when both share diet prefer-
ences [71]. The dominant species in general occupies a higher trophic position and displaces
the less competitive species to a suboptimal trophic niche [7,9]. Consequently, an increased
competitive capacity of the invasive species could lead to the trophic partitioning of the species,
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displacing the native species to lower quality resources. Previous studies have reported other
examples of higher trophic competitive capacity of invasive species in ants [61,72] and fish
[73,74].

Amphibians are characterized by their high plasticity and capacity for adaptation to envi-
ronmental changes. Hence, communities that receive introduced species can probably incorpo-
rate shifts in order to minimize potential effects. Niche overlap is often resolved through
differences in spatial or temporal niches [75,76], which allow these two species to co-exist.
Some authors present the spatial segregation as a possibility of assemblage between B. calamita
and D. galganoi (a species similar to D. pictus endemic to the western part of Iberian Peninsula)
in species rich-communities [77,78]. On the other hand, D. pictus and B. calamita are species
with short aquatic developments; therefore, a small displacement in their breeding phenology
could be a feasible adaptation among others. The order in which oviposition occurs can have a
large effect on the outcome of competitive interactions [79,80]. Especially important are prior-
ity effects in coexistence of native and invasive species [81,82]. Be that as it may, the study of
the invasive process of D. pictus offers a good opportunity to gain an understanding of amphib-
ian community assemblage and adaptation to invasions.

Niche width in invasive species

SEA has been demonstrated to be a useful parameter in the study of invasiveness of introduced
species [13,83]. Wide trophic niche has suggested an advantage for invasive species because
this trait maximizes the range of resources and prey types that are available to newly settled
individuals [84-87]. A narrower niche is thought to be an evolutionary response to an environ-
ment that is stable over space and time [88,89]. Our study only compared the niche width of
two species (non-native and native) and therefore, we cannot extrapolate to the invasive capac-
ity of D. pictus or to whether it is a generalist or specialist in terms of its dietary behavior. We
could indicate the seemingly greater plasticity of the non-native species studied than that of the
native species, but more studies related to the niche width of D. pictus and its overlap with
native species would be required to confirm this. Trophic plasticity joins other plastic traits of
D. pictus already highlighted by other studies that could be the key to its invasive capacity
[23,36,90].

Study limitations and contributions

The study of the trophic niche of amphibians in the field has always had great limitations. Our
study is a good example of the utility of stable isotope analysis in this field. Additionally, it pro-
vides basic information necessary to development other studies with this technique in two spe-
cies. Although the technique employed here has been widely applied to other vertebrate
groups, such studies are scarce in amphibians and basic information is still deficient [91]. For
example, the need to use adequate isotopic fractionation of §"°N (denoted A'*N) and §'*C
(denoted A™C) in isotope studies is pivotal to a correct interpretation of results. Particularly,
the potential differences in the isotopic fractionation between species should be taken into
account [40,92]. Although isotopic fractionation values have been calculated for several species
from different orders (see review in [40]), very few studies estimate trophic fractionation for
tadpoles with values showing differences between species [53,93]. Here, by developing a con-
trolled-diet experiment, we estimated the isotopic fractionation values of N and C for D. pictus
and B. calamita. The results clearly reveal interspecific differences in isotopic discrimination.
These differences could be related directly to variations in the nutritional metabolism of both
tadpole species [91], highlighting the importance of using specific factors for each species if we
are to obtain correct ecological interpretations of isotope values [94].
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Nonetheless, this study has an important limitation. The lack of information regarding
resources (availability and isotopic signal) reduces the robustness of our outcomes. Although
we chose similar ponds, there could be a certain variability between ponds that may alter the
resource values [42]. In the present case we have the advantage of having performed laboratory
experiments previously that support our results. Likewise we suggest that the results could be
improved by measuring the stable isotope values of the resources and their availability so that
isotope mixing models can be applied or our conclusions could be tested by DNA analysis. The
confirmation of the competition trophic strategy of D. pictus in the field is an important con-
cern for amphibian conservation because of the status of this group of vertebrates [95] and to
obtain a more accurate view of the effects derived from its introduction. This study is the first
evidence of this species' competition ability in the field.

Invasive species can modify or adapt some traits in the course of the invasion process [96].
Some authors have recorded shifts in environmental niche, competition ability or indeed in
exploiting trophic resources [97-99]. All shared ponds analyzed in this study are located in
areas invaded by D. pictus 10-20 years ago (SIARE, 2014). Expanding the scope of the study
both spatially and numerically would provide an opportunity to test whether our results are
general to this non-native species or if it has modified its trophic traits over time. However, the
present study is an example of the value of information derived from stable isotopes and its
applicability to amphibians. The use of this technique has allowed us to corroborate a previous
laboratory hypothesis (the competition strategy by invasive species; [36]). Our results suggest a
higher position of invasive species in terms of spatial trophic niche and niche width conserva-
tion. Meanwhile, the strategy of D. pictus and its wide trophic niche strengthen its invasive
abilities and have powerful consequences for the fitness of less competitive native species. Cur-
rently, studies of competition in amphibian larvae use different approaches, from small labora-
tory tanks to mesocosms and field enclosures to full ponds (see review in [100]). Even if the use
of tanks and other experimental mesocosm approaches have advantages [101], only correlative
studies using full ponds and analyzing tadpoles with unrestricted access to the full pond can
help us to evaluate the real impact of competition in nature [53,102] and thereby of introduced
species on native communities.
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Esta tesis doctoral ha aportado relevante informacién que profundiza y aumenta el
conocimiento sobre la invasién de Discoglossus pictus existente hasta el momento.
Asimismo facilita la comprensién de su potencial efecto sobre la comunidad nativa y
permite predecir su alcance. El capitulo I propone obtener una visién aproximada de la
capacidad invasora de la especie a macroescala a partir del estudio del nicho realizado
y su variacion en el espacio y el tiempo. Para profundizar en la conservacién de nicho
ello se ha analizado mediante técnicas de ordenacién, cdmo el nicho realizado de la
especie introducida podria variar a medida que su rango de distribucién iba
incrementando. El modelado de nicho ecoldgico (MNE) se ha aplicado no sélo para
evaluar el grado de idoneidad de las areas colonizadas en cada periodo o el de
determinados puntos (donde fue translocado o nuevamente introducido), sino también
para entender el alcance y futuro de la expansion. En el capitulo II se han desarrollado
dos disefos experimentales independientes que han evaluado la respuesta de la especie
a dos de los principales factores ecoldgicos que delimitan el nicho reproductivo de las
especies de anfibios en los ambientes acuaticos: la capacidad de responder al riesgo de
desecacion de los mismos, y a los depredadores que habitan estos ambientes. Por
altimo en el capitulo III se ha llevado a cabo un analisis comparativo en laboratorio de
la gestion de los recursos tréficos que permite el crecimiento y desarrollo de la especie
introducida y otra nativa, cuyos resultados fueron testados en campo gracias a la

aplicaciéon del analisis de isdtopos estables.

En resumen, en la presente tesis, con el objetivo de determinar las claves del éxito del
sapillo pintojo mediterraneo Discoglossus pictus en el area de introduccion, se han
llevado a cabo diferentes tipos de estudios: desde analisis especificos de respuesta a las
amenazas propias del nuevo ecosistema, evaluacion de su habilidad en factores clave
como la explotacion de los recursos, o analisis con base comparativa que determinen la
efectividad de cierto caracter de la especie introducida en relacién a otro taxén nativo
de la comunidad receptora. Se han analizado aquellos factores considerados mas
relevantes en el éxito de invasion de D. pictus para cada una de las diferentes escalas

estudiadas: macroescala, mesoescala y microescala. La integracion de las tres
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Discusién general

dimensiones permite obtener una imagen global de cuales son las claves de su
establecimiento y expansion desde su introduccion. El alcance de las preguntas
planteadas no se limita tnicamente al control y la gestién de la especie invasora
estudiada, sino a como abordar el fenémeno de las especies invasoras a diferentes
escalas para entender mejor su complejidad y poder desarrollar estrategias de gestion
y conservacion de los ecosistemas afectados, asi como los procesos ecoldgicos y

evolutivos que pueden tener lugar durante dicho proceso.

A continuacién se discuten brevemente los resultados obtenidos en cada capitulo y se
realiza un analisis integrado de los tres, asi como se plantean las principales

limitaciones de los trabajos y se proponen diferentes lineas de estudio futuro.

1. Capacidad invasora de Discoglossus pictus a macroescala

Tal y como se indicara inicialmente (Cuadro 1) la definicién basica de una especie
invasora incluiria a todas aquellas especies introducidas que se han establecido y
expandido con éxito. Analizar estas fases requiere, no sélo, de un estudio a macroescala
del proceso de introduccidn, sino también un anélisis temporal del proceso que permita
apreciar y entender cémo tienen lugar cada una de diferentes fases. Durante la etapa
de expansidn, se hace evidente qué especies se convierten en invasoras y cuales no, un
proceso observable mediante el analisis temporal de sus datos de distribucion. Se
estima, que tan solo el 10% de todas las especies introducidas llegan a naturalizarse y
de éstas, solo otro 10% consiguen convertirse en invasoras (Williamson & Fitter; the tens
rule, 1996). Sin embargo, el estudio a macroescala del proceso de invasiéon permite no
solo determinar si se trata de especies invasoras sino profundizar en aquellas
caracteristicas que contribuyen a su capacidad de establecimiento y expansién asi como
determinar el alcance potencial y futuro de la invasién. Con la intencién de entender la
capacidad invasora de D. pictus en Europa se han analizado cuatro aspectos clave: la
capacidad de expansion, la plasticidad del nicho realizado, y el potencial rango de expansion en

el presente y en el futuro.

La capacidad de expansion ha sido estudiada a partir de la relacién entre su tasa de
expansion y la idoneidad del habitat ocupado (denominado habitat suitability durante
el capitulo). Se esperaria que una especie con baja capacidad de expansion, ralentizara su

tasa conforme el habitat ocupado presente condiciones menos idéneas o distantes a las
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que conforman su nicho realizado en su zona de origen. En este caso, cabe esperar que
su expansion se frene cuando la especie haya ocupado todo el habitat adecuado o
encuentre alguna barrera geografica importante que imposibilice su avance. Por el
contrario, sila especie presenta una alta capacidad de expansién, se esperarara que su tasa
de expansion no esté relacionada tan estrechamente con la idoneidad del habitat. En el
caso de D. pictus no se observd una correlacion significativa entre ambos parametros
indicando una buena capacidad de expansion bajo este planteamiento. El andlisis revela
que a medida que la idoneidad del habitat se hace cada vez menor, su tasa de expansion
aumentaba. Sin embargo, cabe destacar, que el habitat encontrado por D. pictus en su
area de introduccion tampoco obtuvo valores bajos de idoneidad, siendo las
condiciones estudidas muy similares a las de la zona de origen, pudiendo dicha
similitud de habitat, no ocasionar una resistencia suficiente para modificar la tasa de
expansion. Probablemente otros factores que actian a escalas menores como el régimen
de precipitaciones locales o la presencia de una orografia desfavorable tengan un
mayor efecto en su tasa de expansion que las condiciones ambientales incorporadas en

el estudio.

Hasta el presente, el proceso de expansion temporal de D. pictus registré un patréon
similar al de otras especies invasoras, con una velocidad inicial reducida (lag-phase
inicial) seguida de un aumento exponencial posterior. Introducida a principios del siglo
XIX, no es hasta a partir de la década de los 80, cuando D. pictus aumenta
exponencialmente su tasa de expansion. Mientras los motivos del retraso inicial suele
deberse al escaso tamafio poblacional en el momento de la introduccion, asi como a la
dificultad de su deteccion durante las primeras etapas de expansion (Mack et al. 2000;
Caswell et al. 2003), las causas de tasas mayores en el frente de expansion son debatidas
en muchos trabajos (Travis & Dytham 2002; Phillips et al. 2006, 2008; Shine et al. 2011;
Ellner & Schreiber 2012; Perkins et al. 2013). Asi, se postulan diferentes teorias al
respecto como la presion de la seleccion genética hacia los fenotipos mas efectivos en
el momento de la dispersion, las dindmicas poblacionales propias del proceso de
expansion o una adaptacion a las nuevas condiciones encontradas. La constatacién de
este patrén en la invasion de una especie genera multiples cuestiones de gran interés

en el estudio de la evolucién de las especies.

Al analizar la potencial plasticidad del nicho realizado de D. pictus, se constatd la
conservacion de nicho durante la invasion sugerida por Escoriza et al. (2014b). Este

hecho, la similitud entre el habitat de origen y el de introduccién, suele estar asociado
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a un posterior éxito de invasion en las especies introducidas (Peterson & Vieglais 2001;
Roura-Pascual et al. 2004; Real et al. 2008), pues posiblemente les permite superar la
fase inicial (lag-phase) cuando la poblacién es reducida. También se detectd cierto
grado de expansion de su nicho realizado hacia areas con condiciones nuevas para la
especie en las etapas mas recientes de la expansion. Esta relativa plasticidad de nicho,
no obtiene valores excesivamente elevados, sin embargo motiva trabajos adicionales
que permitan clarificar el motivo real de esta expansion dada su elevada importancia
en el estudio de la adaptacion de las especies y las invasiones biolégicas. En el caso de
que se tratara de una expansion real descrita por la colonizacién de habitats con
condiciones que difieren al nicho realizado descrito por los datos disponibles, denotaria
una elevada capacidad de la especie a ocupar o adaptarse a nuevos ambientes
favoreciendo su invasion. Sin embargo, en este caso también podria derivarse de la
ocupacién de zonas sumidero o intermedias a la expansion, en las cuales no se
asentarian poblaciones y por tanto no seria considerada una expansion real de su nicho
fundamental. Por otra parte, en el caso de que esta expansion se encontrara dentro del
nicho fundamental de la especie, estaria indicando que éste ha sido subestimado. La
ausencia de registros suficientes que abarquen la totalidad de las condiciones ocupadas
por la especie (tamafio muestral bajo o por la presencia de barreras geograficas, entre
otros) o una seleccién de las variables sesgada podria causar esta subestima y una
consecuente aparente expansion del nicho (Wendel, 1962; Callen & Miller, 2015). Para
evitar estas desviaciones, suele recomendarse el desarrollo de estudios fisioldgicos y
ecologicos que permitan una aproximacion mas exacta al nicho fundamental de la
especie (Kearney et al. 2009; Kearney & Porter 2009; Jiménez-Valverde et al. 2011). La
presencia de plasticidad en el nicho realizado evidencia el caracter dindmico de estos
procesos y la necesidad de mantener estudios de seguimiento a lo largo del tiempo.
Asimismo es recomendable la actualizacion constante de las predicciones realizadas

para especies en expansion (Franch et al, 2015).

Los modelos de distribucion potencial de D. pictus en Europa han permitido estimar el
alcance de su expansion potencial actual y futura. Se observé que la temperatura es el
factor que mas contribuye en la distribucion de la especie. D. pictus seguiria su
expansion principalmente por zonas costeras y areas con temperaturas suaves y sin
aridez extrema. En Europa encontraria areas idoneas para su colonizacion, sin embargo
la limitada velocidad de expansién propia de los anfibios no permitiria una expansion
de elevado alcance sin la ayuda del factor humano que incremente su dispersion.

Diferentes translocaciones o nuevas introducciones como se han registrado en el sur de
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Francia y en el nordeste de Espafia pueden ayudar a la especie a salvar grandes
distancias y barreras orograficas, colonizando dreas que le conllevaria afios alcanzar
por sus propios medios. Hasta la fecha, todas las nuevas introducciones se han
detectado dentro del area predicha como idénea para la especie, y su seguimiento han
demuestrado su efectividad a contribuir al aumento de su tasa de expansion.
Actualmente la poblacion situada en el Prat de Llobregat (41°17°15.71”N, 02°06'7.78"E)
(Franch et al. 2007; Montori et al. 2007) se ha convertido en un nuevo foco de expansiéon
que pudiera acelerar su expansion hacia el sur de su distribucién actual en Espafia.
Previsiblemente los otros puntos pudieran convertirse también en nuevos focos aunque
deberian desarrollarse estudios que afiadieran otros factores como la fragmentacion del
habitat que podria limitar la expansion a pesar de encontrar habitats idéneos a
macroescala derivados de factores climaticos. El factor humano pudiera, por tanto, ser
clave en su futura expansion por areas idéneas pero inconexas de Europa. Los modelos
de prediccion de futuro tuvieron en cuenta el cambio climatico para esta area. En el
area de distribucién nativa, D. pictus se localiza principalmente en las zonas
influenciadas por el clima mediterraneo. Su abundancia va disminuyendo conforme se
acerca a zonas proximas al bioma desértico. Tal y como indican los modelos la
temperatura es un factor importante en la presencia de la especie. Temperaturas
extremas estarian limitando su distribucién. Por tanto se espera que con la expansion
del bioma desértico en el norte de Africa (derivado del cambio climético), la especie
restrinja su distribucién a las zonas mas costeras en su rango original del Magreb
africano. En Espana también podria sufrir una reduccion de su distribucién potencial,
sin embargo se localizaria en las zonas del sur de la peninsula que aun no ha
conseguido colonizar y que probablemente no lo hiciera. Sin embargo, el calentamiento
global, en Francia parece que aumentaria el nimero de areas idoneas para la especie
hacia el norte. En el resto de Europa también aumentaran estas zonas a medida que
progrese el cambio climatico. Teniendo en cuenta la capacidad de expansién de los
anfibios, como dijera anteriormente, la colonizacién de estas areas potenciales podria
estar limitada a translocaciones favorecidas por la actividad humana. Es por tanto
probable que D. pictus siga avanzando en un futuro. Por otro lado, los eventos de
precipitacién intensa también predichos junto con el calentamiento global podrian
favorecer la expansion de la especie por dos razones: (1) la generacién de puntos de
agua efimeros que la especie explota y que podria facilitar la reproducciéon de los
individuos colonizadores en zonas intermedias que permitiesen su dispersiéon por
dichas zonas de transicién hasta alcanzar zonas climaticamente mas favorables, y (2)

en las poblaciones de anfibios, grandes variaciones interanuales en los eventos
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pluviométricos parece que favoreceria a las especies oportunistas y con mayor
plasticidad frente a las menos generalistas mucho mas sensibles a los cambios
dindmicos de las condiciones climaticas y los ambientes acuaticos de los que dependen.
Diversos autores indican la preferencia de D. pictus por ambientes temporales y
efimeros (Montori et al. 2007; Richter-Boix et al. 2012; Escoriza and Boix 2014). La
reduccion de determinados tipos de ambientes como los temporales de larga duracion
y la pérdida de calidad de los ambientes permanentes en las regiones mediterraneas
podria provocar la desestructuracion de la comunidad de anfibios (mesoescala),
desplazando unas especies a otras en determinados ambientes, alterando la fenologia
de las especies y/o influyendo en la fitness de algunas de ellas. Ya se observaron indicios
de desestructuracién en la organizacién de las especies nativas de anfibios en areas
ocupadas por la introduccion de D. pictus (Richter-Boix et al. 2012; Bucciarelli et al.
2014), por lo que la situacion pudiera agravarse si se afiade la reduccién del habitat

reproductivo y su calidad, derivado del cambio climatico.

2. Capacidad invasora de Discoglossus pictus a mesoescala

La desecacién y la presencia de depredadores son factores esenciales a la hora de
entender la estructuracion de las comunidades de anfibios en el gradiente de sistemas
acuaticos en funcién del hidroperiodo (desde charcas efimeras sin apenas
depredadores a charcas permanentes con grandes depredadores como peces). Una
respuesta mas o menos efectiva a cada factor puede explicar la distribucion de los
anfibios en este gradiente de ambientes mediterrdneos y su éxito en el habitat
seleccionado. Para determinar la capacidad invasora de D.pictus a mesoescala, se han

analizado los efectos de estos factores sobre la especie.

Para analizar la respuesta a la desecacion de D. pictus, se recostruyeron diferentes
escenarios potenciales del medio natural en el que se modificé la disponibilidad de
alimento. De esta forma se explord la respuesta a la desecacion y se evaluaron los costes
asociados a esta respuesta. En condiciones naturales las charcas efimeras sufren
periodos de desecacién intensa durante los cuales la disponibilidad de alimento se
reduce. En ocasiones se produce la total desecacion del sistema mientras que en otras,
precipitaciones esporadicas permiten recuperar su volumen inicial. Por ello se analizé
la respuesta de D. pictus a la desecacion total del sistema a velocidad rdpida y lentay a

desecacion variable en interacciéon con condiciones de alimentacién ad libitum y
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restringida. D. pictus presentd una respuestaeficaz a la desecacion del sistema en todos
los tratamientos, acelerando su desarrollo para escapar del ambiente, sin embargo ésta
se encontrd limitada a la disponibilidad de alimento. La supervivencia fue total en
todos los tratamientos salvo en los de desecacion rapida, y especialmente en aquellos
con condiciones de restriccion de alimento. D. pictus regulé su tiempo de desarrollo en
funcién del nivel de estrés del estimulo (velocidad de desecacion) y la disponibilidad
de alimentos. En tratamientos de desecacion rapida y ad libitum fue capaz de acortar su
desarrollo y aumentar su tasa de crecimiento registrando tamafios y pesos de
metamorficos similares al tratamiento con una cantidad de agua permanente. Bajo
condiciones de alimento restrictivas consiguio reducir el tiempo de desarrollo pero a
costa de metamorficos mas pequenos. Asi también en desecaciones lentas, el tiempo de
desarrollo fue extendido pero con tamafios de metamorficos similares a los del control,
salvo en restriccion de alimento que también fueron menores. Ante periodos de
desecacion las larvas de anfibios parecen invertir sus reservas en la aceleracion del
desarrollo (Kulkarni et al. 2011). El tratamiento de desecacioén variable por su parte,
supuso un estrés en las larvas de D. pictus que no consiguieron revertir la aceleracion
de su desarrollo y llegaron a la metamorfosis con tamafios menores en restriccion de
alimento y mayores en ad libitum. Las diferencias observadas en los tamafnos
metamorficos pueden considerarse como costes propios de la plasticidad fenotipica en
respuesta a acelerar el desarrollo, puesto que el tamano de los metamorficos puede
determinar el éxito reproductivo de los futuros adultos. Asi mismo, tamafios pequefios
puede llegar a reducir su supervivencia antes de la madurez (Newman & Dunham,
1994; Goater, 1994), resultar en menores tamafios de adultos (Smith, 1987) o en un
menor tamano de las puestas (Wilbur, 1977; Berven, 1981), entre otros. Es por tanto
claro que en especies invasoras de anfibios (especialmente las que ocupan ambientes
efimeros y temporales) la gestion de los recursos tiene un papel clave en el éxito de la
invasion. Durante los eventos de desecacion del sistema, la calidad y cantidad de los
recursos tréficos puede verse reducida (Babbitt et al., 2000). En estas condiciones la
alteracion en la seleccién de dieta hacia recursos de mayor calidad puede mejorar el
crecimiento y desarrollo larvario de los anfibios (Kupferberg, 1997; Morey & Reznick,
2000; Lind & Johansson, 2007). En particular, el canibalismo podria ser una fuente de
recursos de calidad que asegurara la supervivencia y mejor desarrollo de los individuos
(Fox, 1975; Jefferson et al., 2014). Bajo condiciones extremas y en ecosistemas con
escasos recursos la depredacion sobre la misma u otras especies puede ser una opcion
potencial en el éxito de D. pictus. Recientemente se han constatado indicios de

canibalismo intraespecifico en el area nativa (Licata et al, 2015) e incluso de
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depredacion de larvas de D. pictus sobre puestas de B. calamita en el area de
introduccién (obs. personal). Estos eventos promueven diferentes estudios que
permitan detectar este tipo de conductas en el area nativa y que avanzarian en el

estudio del impacto potencial de la especie.

Para determinar la capacidad invasora de D. pictus a mesoescala, se analizo la respuesta
de D. pictus a depredadores potenciales del area de introduccién y se examino si la
plasticidad de la respuesta antidepredatoria esta relacionada con el tiempo de co-
ocurrencia larva-depredador. Para el andlisis de la respuesta conductual y morfologica
se escogieron tres depredadores potenciales de los ambientes mediterraneos con
diferentes tiempo de residencia en el area, una especie nativa de odonato Anax sp. y
dos introducidas, la gambusia Gambusia holbrooki (cuya primera cita en el area de
invasion data del 1921 y reconocida como especie comun a partir de Elvira, 2001) y el
cangrejo rojo americano Procambarus clarkii (que data de los 70-80 y reconocida como
especie comun a partir de 1990 (Gutiérrez-Yurrita et al., 1998; Ackefors, 1999).
Asimismo se examiné la respuesta de la especie nativa P. punctatus a los mismos
depredadores. La especie invasora a pesar de responder a la presencia de depredadores
del rango introducido, presenté menor plasticidad fenotipica que la especie nativa,
exceptuando el caso de Anax sp. Tal y como indica Richter-Boix et al. (2007a), P.
punctatus es una especie con elevada plasticidad fenotipica. Si bien cada especie
responde de diferente forma a los diversos depredadores, parece que el tiempo de co-
existencia entre larva-depredador podria ser clave en el desarrollo de las diferentes
respuestas (Agrawal, 2001). D. pictus presentd una respuesta similar a todos los
depredadores y mas limitada a la presentada por P. punctatus. Ambas especies
respondieron conductual y morfolégicamente a la presencia del depredador nativo
(larvas de Anax sp.). D. pictus responde generando crestas mas altas y una respuesta
conductual mas pronunciada ante las larvas de Anax que ante los otros potenciales
depredadores. Esta respuesta podria explicarse porque en el norte de Argelia D. pictus
convive con larvas de odonato de la misma familia que Anax sp. (Aguilar &
Dommanget, 1998). También parece que la especie nativa fue capaz de regular su
respuesta en funcion del tipo de ataque del depredador. Ante depredadores rapidos y
letales (como G. holbrooki), P. punctatus realizé una disminuciéon marcada de la actividad
que dificultaria su deteccion mientras que para depredadores de blisqueda activa y mas
lentos como P. clarkii desarroll6 crestas mas altas que permitieran escapar al individuo
de las pinzas al ser capturado por la cola. La similitud en la leve respuesta de D. pictus

ante los dos depredadores aldctonos podria responder a un reconocimiento de los
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mismos pero no llegaria a desarrollar respuestas especificas a los mismos. A pesar de
que en el drea de estudio el tiempo de coexistencia anuro versus depredador aléctono
pueda ser similar entre las dos especies de anuro, la seleccién de hébitats mas
restringida hacia los sistemas efimeros de D. pictus en el area invadida podria limitar el
tiempo de coexistencia real entre ambos (Montori et al., 2007). En este caso, las sefiales
derivadas del consumo de larvas de la misma especie podria ser un factor fundamental
que provocara la respuesta conductual de D. pictus, como ya se ha documentado para
otras especies (incluidas especies del género Discoglossus) (Ferrari et al., 2010; Almeida
et al., 2011; Nunes et al., 2013). La leve respuesta de D. pictus sin embargo podria
deberse también a un componente filogenético propio de todo el género que tiende a
utilizar habitats efimeros, ocupando en menor medida habitats utilizados por cangrejos
o peces. Se han observado similitudes en esta respuesta de D. pictus con la de otras
especies de su mismo género y nativas del area de introduccién (Almeida et al., 2011).
Debe tenerse en cuenta que los resultados de este estudio no permiten confirmar la
relacion entre la respuesta y el tiempo de coexistencia presa-depredador, tinicamente
analizar si existe o no respuesta. Cabe considerar que no necesariamente todas las
respuestas ante diferentes depredadores son iguales (Richter-Boix et al. 2007a). Para
determinar un posible componente evolutivo de la respuesta antidepredatoria serian
necesarios trabajos adicionales que comparasen la respuesta del anfibio invasor en su
area nativa ante las diferentes especies de larvas de odonatos, estudios de un mayor
numero de especies de depredadores potenciales que aumentaran el ntiimero de
réplicas o un andlisis de la respuesta a estos mismos depredadores por parte de especies

nativas de Discoglossus de la Peninsula Ibérica.

Habitualmente la respuesta antidepredatoria conlleva un coste. Las larvas de P.
punctatus presentaron diferentes costes en funcion del depredador y su respuesta. Al
ser menor la respuesta plastica observada ante los depredadores introducidos, sus
costes asociados también resultaron ser menores. Se observd una mayor tasa de
mortalidad, tiempo de reabsorciéon de cola y reducciéon de la actividad ante el
depredador nativo, mientras que los valores disminuyeron hasta obtener los menores
ante el cangrejo rojo americano cuya introduccion fue considerada como la mas
reciente. Los costes observados en los metamorficos fueron diversos para cada
depredador, vinculados probablemente a la diferente inversiéon requerida en cada
respuesta e impulsada por cada historia evolutiva presa-depredador. Mientras en la
especie nativa los costes asociados fueron evidentes y en incremento conforme el

tiempo de co-existencia aumentaba, en D. pictus lo fueron menos. El balance entre una
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respuesta poco efectiva que aumente la supervivencia y un coste asociado mas bajo
serialégico en este caso. La menor respuesta de D. pictus alos depredadores comparada
con la especie nativa, puede conllevar por un lado un menor coste asociado a la
presencia de depredadores en detrimento de la efectividad en la respuesta o
supervivencia en condiciones naturales. La ausencia de respuesta en especies invasoras
que no reconocen el depredador puede llegar a ser una ventaja en especies que ocupan
ambientes con escasa densidad de los mismos, como es el caso de D. pictus. Esta especie
ocupa ambientes efimeros en los que podria encontrar menor presién por depredacion
y el no desarrollo de una respuesta eficaz con sus costes asociados, podria permitirle
invertir en otros aspectos como crecimientos rapidos. Por ejemplo, la actividad esta
asociada con un mayor consumo de nutrientes y por tanto mayor tamafo de
metamorficos pero sin embargo, es contraproducente frente a potenciales
depredadores (Dayton & Fitzgerald, 2001). Sin embargo el balance coste-beneficio de
una respuesta eficaz frente al depredador es dificilmente evaluable ya que los estudios
de contacto directo presa-depredador en laboratorio son escasamente viables y aquellos

desarrollados en campo dificilmente evaluables (Cruz & Rebelo, 2005).

El sapillo pintojo meridional habitualmente ocupa ambientes efimeros, tanto en su area
de distribucién nativa como en la invadida (Escoriza & Boix 2014a). Su respuesta al
principal factor de amenaza de estos sistemas (la desecacion) parece muy efectiva. En
cambio, ante los depredadores del drea de introduccion presenta respuestas menos
pronunciadas que podrian limitar su éxito en ambientes con mayor densidad de
depredadores. Teniendo en cuenta la seleccion de habitat de D. pictus, su respuesta ante
depredadores asociados a ambientes de hidroperiodos largos como la gambusia no
seria esencial, y si ante depredadores como larvas de odonatos que ocupan mas
frecuentemente ambientes temporales donde podrian coexistir. Ante estos ultimos
presenta una respuesta aparentemente efectiva con costes asociados menores a los
observados en P. punctatus. En resumen, los resultados obtenidos parecen explicar por
qué la capacidad invasora de D. pictus en regiones con abundantes ambientes efimeros
es elevada, dada su gran capacidad plastica para explotar dichos ambientes. Sin
embargo en regiones donde dichos ambientes fuesen escasos y la especie se viera
obligada a reproducir en lagos permanentes con presencia de grandes depredadores,
se esperaria que tuviese mayores problemas para seguir expandiéndose dada la baja

capacidad de respuesta ante este tipo de depredadores.
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3. Capacidad invasora de Discoglossus pictus a microescala

La capacidad invasora de una especie a microescala viene determinada por aquellas
habilidades que favorecen su éxito reproductivo y su encaje en la comunidad nativa.
En el caso de los anfibios han de tenerse en cuenta las caracteristicas del habitat
reproductivo seleccionado y el solapamiento con las especies nativas. Como se
apuntaba anteriormente, D. pictus ocupa mayoritariamente sistemas efimeros,
frecuentemente compartidos con la especie nativa Bufo calamita y Pelodytes punctatus
(Montori et al., 2007; Richter-Boix et al., 2012). En este tipo de ambientes, la desecacién
es el factor con mayor contribucién en la mortalidad larvaria en anfibios (Calef, 1973).
Un buen uso de los recursos es primordial para el desarrollo, crecimiento y
supervivencia larvaria en estos ambientes, factores todos ellos que determinan a largo
plazo el éxito reproductivo de estas especies (Berven, 1981; Smith, 1987). Para analizar
la gestion de los recursos troficos a nivel larvario en condiciones controladas se
compard la actividad y preferencia de dieta de la especie introducida y la nativa, B.
calamita, en co-ocurrencia y no ocurrencia. Ademds se complementd con un analisis de
la jerarquizacion tréfica de ambas especies en campo tanto en charcas compartidas

como en no compartidas mediante la aplicacion del analisis de isdtopos estables.

El anélisis de la actividad y preferencia de dieta de ambas especies por separado mostrd
una estrategia trofica en pro de crecimientos rapidos y mayores tamanos de
metamorficos por parte de la especie exotica. Esta estrategia se baso en la seleccion de
dieta con preferencia por los recursos de mayor calidad proteica y la capacidad de
regular la actividad en funcién del tipo de dieta disponible. D. pictus aumento su tasa
de actividad trofica cuando disponia tinicamente de alimentos con bajo contenido
proteico. Este aumento de la cantidad de alimento consumido podria compensar los
efectos de una dieta menos proteica ya que la cantidad de alimento tiene un efecto
similar al de la calidad en el desarrollo larvario de los anfibios (Kupferberg, 1997;
Morey & Reznick, 2000; Lind & Johansson, 2007). La especie nativa por su parte no
presento preferencia en el tipo de dieta, ni un cambio en la actividad en funcién de la
calidad de la misma. El efecto de la calidad de la dieta en el desarrollo larvario de B.
calamita y especies cercanas a esta ultima como D. galganoi, ha sido descrito en
diferentes trabajos (Griffiths et al., 1993; Alvarez & Nicieza, 2002; Martins et al., 2013),
asi como en otras especies (Kupferberg, 1997; Tejedo et al, 2000). La seleccién de la dieta
de mayor contenido proteico permite acelerar el desarrollo larvario, el cual posibilita la

reduccion del riesgo de mortalidad larvaria por desecacién. A pesar de que algunas
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especies no responden de la misma forma (Richter-Boix et al., 2007d), en B. calamita y
D. pictus se ha observado que la calidad de alimento ingerido provocaba no sélo el
acortamiento del desarrollo larvario, sino también un aumento del tamario. El tamafio
larvario suele estar relacionado con el de los metamdrficos, los cuales presentan mayor
capacidad de escape frente a depredadores y una mayor resistencia a parasitos y
condiciones de deshidratacién (Howard, 1980; Smith, 1987; Newman & Dunham, 1994).
Ademas, existe una relacion del tamafio de los metamorficos de anuros con el de los
adultos, los cuales presentan mejores aptitudes frente a la reproduccién (fecundidad,
seleccion del macho de mayor tamafio o canto, mayor tamafio de puestas, entre otras)
(Berven, 1981; Berven & Gill, 1983; Smith, 1987; Halliday & Tejedo, 1995). Es evidente
por tanto, la importante contribucién que puede suponer una correcta gestion de los

recursos alimenticios para el éxito de las especies introducidas.

En condiciones de co-ocurrencia la especie exoética siguié un patrén similar,
seleccionando dietas de alto contenido proteico frente a la no seleccién por parte de la
especie nativa tanto en baja como en alta densidad. Sin embargo, los resultados de la
tasa de actividad trofica por parte de ambas especies sugirieron la presencia de
interacciones competitivas y un posible desplazamiento de la especie nativa a los
recursos menos utilizados. El aumento de la densidad incrementé la actividad de
ambas debido a un mayor niimero de interacciones y la especie nativa present6 cambios
en la explotacion de los recursos. A baja densidad la tasa de actividad de B. calamita en
los recursos de alto contenido proteico fue mayor, mientras que ésta sufrié un aumento
en los de bajo en condiciones de alta densidad. La explotacion de recursos de alto
contenido proteico en ocasiones no corresponde a una estrategia trofica asociada a la
especie, sino a un comportamiento determinado bajo factores de estrés como la
desecacion o la competencia (Richter-Boix et al., 2007d). Especies como D. pictus y B.
calamita adaptadas a ambientes de hidroperiodos variables presentan una buena
respuesta a la desecacion, acelerando su desarrollo en condiciones de estrés (Richter-
Boix, 2005; Enriquez-Urzelai et al., 2013). Sin embargo, esta capacidad se pierde cuando
los recursos son escasos, como ya se comprobo en el apartado anterior (Enriquez-
Urzelai et al.,, 2013). En presencia de competidores superiores y en condiciones de
hacinamiento, los individuos incapaces de consumir la cantidad necesaria de energia
tendran un peor rendimiento frente a condiciones de secado de los ambientes acuaticos
que habitan. Para especies que ocupan ambientes efimeros con alta densidad larvaria,
la limitacion de los recursos es una posibilidad real que puede afectar a la supervivencia

de las mismas. Especies mas activas, como D. pictus frente a B. calamita en este caso,
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puede tener una ventaja competitiva frente a las menos activas a la hora de la explotar
los recursos disponibles (Dayton & Fitzgerald, 2001). La mayor capacidad competitiva
en las especies exoticas frente a las nativas se relaciona frecuentemente con su éxito de
invasion (Holway & Suarez, 1999), a pesar de no ser un rasgo esencial para algunas de
ellas (Vila et al,, 2003). En concreto, la mayor competitividad en la explotaciéon de
recursos por parte de algunas especies invasoras ha llegado incluso a desplazar o
reemplazar a las especies nativas (como el caso de la hormiga argentina (Linepithema
humile) o el gecko casero comun (Hemidactylus frenatus) (Human & Gordon, 1996; Petren
& Case, 1996; Holway, 1999). Al igual que otras especies de anuros introducidos
(Kupferberg, 1996; Crossland, 1997; Kaiser, 1997; Smith, 2005), D. pictus podria tener un
efecto negativo sobre la fase larvaria de la especie nativa, B. calamita, pudiendo llegar a
afectar a su supervivencia en condiciones desfavorables (estrés hidrico o ausencia de

recursos, entre otros) (Richter-Boix et al., 2012).

Sin embargo D. pictus y B. calamita parecen coexistir en las regiones de actual co-
ocurrencia. En ocasiones los trabajos realizados en campo, explican resultados
magnificados por condiciones restringidas en laboratorio (Scott, 1990; Loman, 2001).
Por ello, para determinar su coexistencia a nivel tréfico en condiciones naturales se
analiz6 la jerarquizacién tréfica de ambas especies en campo en condiciones de co-
ocurrencia y de no ocurrencia. Los estudios de dieta en anfibios tradicionalmente se
han basado en el andlisis de los contenidos estomacales (Diaz-Paniagua, 1989;
Crnobrnja-Isailovi¢ et al., 2012), una técnica con importantes limitaciones. Mientras que
el analisis de contenidos estomacales aporta una vision instantanea de la alimentacion
de un organismo, el analisis de isdtopos estables proporciona una retrospectiva
historica de la dieta consumida (Gearing, 1991). Para el analisis de la jerarquizacién
tréfica se optd por emplear la técnica de isétopos estables (Peterson & Fry, 1987;
Jackson et al., 2012; Layman et al., 2012; Perkins et al., 2014), una técnica ampliamente
utilizada en otros taxones, pero menos aplicada en los anfibios (por ejemplo Schiesari,
2006; Aratjo et al., 2009; Schiesari et al., 2009; Gillespie, 2013; Caut et al., 2013) y que ha
permitido corroborar algunos de los resultados obtenidos en laboratorio, demostrando

su utilidad y ventajas en el estudio de las comunidades de anfibios.

A partir de los resultados obtenidos de los isétopos estables se ha observado que en
charcas de no ocurrencia ambas especies parecen explotar similar tipologia de recursos,
sin embargo cuando comparten habitat se ha apreciado una segregacién completa del

nicho tréfico explotado entre la especie nativa y la introducida. La segregacion o
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particion de nicho es una organizacion de las comunidades motivada por interacciones
competitivas en las que cada especie explota una parte del nicho diferente. Siguiendo
esta hipotesis dos especies con elevada similitud en un aspecto (la dieta en este caso)
no podrian coexistir a no ser que se dé una segregacion del nicho entre ambas. Ross
(1986) realizé una revision bibliografica sobre el encaje de las diferentes especies de
peces entre ellas. Observo que la mayor parte de la particion de nicho entre especies se
daba en la dimensién espacial y tréfica, y de forma mucho menor en la temporal,
limitandose esta tltima a las especies con historia evolutiva comtn mayoritariamente.
D. pictus y B. calamita podrian presentar segregacion en el nicho tréfico derivado de la
potencial interferencia entre ambas especies cuando ambas conviven. Trabajos
anteriores ya indicaban la similitud en la dieta de ambas especies durante la fase
larvaria que podria motivar dichas interacciones (Escoriza & Boix 2012). En este caso,
la particién de nicho tréfico entre la especie nativa y la introducida, podria minimizar
la interaccion entre ambas pero conllevaria efectos sobre aquella especie recluida a los
recursos de menor calidad (Kupferberg, 1997). La potencial superioridad competitiva
observada en el diseno experimental parece estar respaldada por los resultados
obtenidos en campo. D. pictus siempre ocupé niveles jerarquicos ligeramente
superiores en charcas compartidas con B. calamita, lo cual suele asociarse a la
explotacion de recursos de mayor calidad. Por otro lado, se observé un aumento en la
variabilidad de nicho ocupado por la especie nativa en presencia de la exotica,
apoyando la hipétesis de un potencial desplazamiento de B. calamita frente a D. pictus.
Por tltimo, el ancho de nicho tréfico esta relacionado con la capacidad de explotacion
de diferentes recursos por parte de una especie. En el caso de la nativa se observé un
aumento significativo del mismo en presencia de la especie exotica, denotando un
cambio en su dieta o una basqueda de otros recursos. Sin embargo, el ancho de nicho
de D. pictus siempre fue mayor al de B. calamita tanto en ocurrencia como en no
ocurrencia, lo cual podria indicar cierto generalismo u oportunismo de dieta en
comparacion con la anterior. El generalismo de dieta es un caracter también asociado a
la capacidad invasora de las especies, ya que facilita la colonizacion de diferentes
ambientes (Ricciardi & Rasmussen, 1998; Romanuk et al., 2009; Zhang et al., 2010; Baiser
et al., 2010). No se puede concluir si D. pictus es una especie generalista con el disefio
de este trabajo sin embargo si se deduce que emplea mayor variabilidad de recursos
que la especie nativa. El desarrollo de nuevos estudios con otras especies y condiciones

permitirian concluir si la especie sigue o no una dieta generalista.
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Asi, la gestion efectiva de los recursos por parte de D. pictus contribuye al éxito de la
especie en los ambientes acuaticos efimeros y por tanto, a su capacidad invasora al
explotar de forma efectiva unos ambientes poco utilizados por la mayor parte de la
comunidad de anuros nativos. En otras especies invasoras, estrategias tréficas que
favorecen reproducciones numerosas y rapidas sin costes notables se han considerado
aspectos clave en su capacidad invasora (Behn et al., 2004). Por otra parte, la mayor
capacidad de explotacién de los recursos observada por el sapillo pintojo mediterraneo,
puede afectar al mayor o menor éxito de B. calamita en situaciones de estrés, con
posibles grandes fluctuaciones en la dindmica de las poblaciones en funcién de las
condiciones ambientales y climaticas del afio. Seguimientos especificos al respecto en
las areas donde cohabitan serian importantes a la hora de determinar si podria existir
un efecto notable en estas poblaciones y ain mas importante que pudiera prever un
efecto sobre poblaciones con problemas de conservacién en areas ain no colonizadas

por D. pictus.

4. Consideraciones generales de la capacidad invasora de

Discoglossus pictus en el area de introduccion

A partir de los resultados obtenidos con el estudio a macro, meso y microescala, se
puede considerar que Discoglossus pictus, ademas de los factores previamente
conocidos para la especie (multiples reproducciones anuales, reproduccién explosiva,
entre otros), podria atribuirse parte de su éxito y capacidad de invasién a los siguientes
caracteres o condiciones analizados en la presente tesis: existencia de condiciones
ambientales favorables a su establecimiento y expansion en el area de introduccion
(conservacion de nicho o climate matching), , la seleccion del habitat de reproduccion y
desarrollo larvario, con preferencia por los ambientes efimeros, en los cuales parte de
su éxito se debe a su plasticidad fenotipica que asegura una respuesta eficaz al riesgo
de desecacidn, asi como de disponer de una estrategia tréfica en pro de desarrollos y
crecimiento elevados (seleccion de dieta y regulacion de la tasa de actividad) que le

permiten explotar los habitats efimeros y temporales..

El estudio llevado a cabo a tres escalas ha permitido obtener una visién global de la
capacidad invasora de la especie, entendiendo mejor su éxito de invasion en el area
introducida y su potencial impacto sobre la comunidad de anfibios nativos presentes

en la zona de introduccién. A pesar de la importancia de otros factores en el éxito de
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introduccién y expansion de una especie aloctona, como la historia de introduccion o
caracteres propios de la especie como la dieta o la fecundidad, la conservacién de nicho
entre el rango nativo y el introducido parece ser el factor con mayor peso en el éxito de
la mayoria de las invasiones estudiadas. Mahoney y coautores (2015) evaluaron tres
grupos de predictores del éxito de algunas especies de reptiles introducidas en funcién
de la escala de trabajo: historia de la introduccion, conservacion del nichoy caracteres
reproductivos y de dietalLa conservacion del nicho destacd como el factor con mayor
capacidad predictiva de invasién. Jeschke & Strayer (2006) también trataron de
aproximarse a qué factores determinan el éxito de introduccién de diferentes
vertebrados. En este caso analizaron aspectos de la historia de las introducciones, la
asociacion a la actividad humana y 17 caracteres poblacionales e individuales como la
dieta, el tamafio poblacional y caracteres reproductivos, entre otros. En este caso, los
aspectos relativos a la historia de introduccion y la asociacién a la actividad humana
explicaban mejor el éxito de los vertebrados estudiados. Es indudable, por tanto, la
importancia de los trabajos a macroescala para predecir de forma general el
establecimiento y expansion de una especie introducida. Por otro lado los analisis a
meso y microescala explicarian el éxito de las especies invasoras en las comunidades
receptoras y su potencial impacto e interaccion con las nativas. Este enfoque favorece
la deteccidn de potenciales efectos directos e indirectos o en cadena que incrementan el
conocimiento sobre la organizacion de las comunidades. Asi pues, la integracion de
diferentes escalas en el estudio de las invasiones biolégicas parece fundamental para
llegar a entender correctamente el alcance y éxito de las invasiones, permitiendo asi
aplicar estrategias de control mas efectivas basadas en dicho conocimiento (Mack, 2000;
Pauchard et al, 2003). A pesar de que la mayor parte de los trabajos se focalizan en una
Unica escala de estudios, algunos autores ya destacan la importancia de explorar
factores a diferentes niveles para una correcta comprension (Stohlgren et al. 1999; Sax
& Gaines 2003; Pauchard & Shea, 2006; Talluto et al, 2016).

D. pictus presenta conservacion de nicho asi como una buena aptitud de colonizacién en
el area de introduccion. Tanto el patron de expansion seguido por la especie como los
mapas predictivos generados indican una continuidad de la expansién en un futuro
proximo. Su velocidad de expansidon parece ser menor que el de otras especies
invasoras, pero posiblemente responde a la limitada capacidad de dispersion general
propia de los anfibios. Sin embargo, se prevé un aumento de su expansién en un futuro
colonizando ambientes con temperaturas suaves y niveles moderados de precipitacion.

El cambio climatico, si bien puede restringir su rango de distribucién en su area nativa,



Discusion general

no parece que represente un problema para su expansion en la region introducida
donde encontrara nuevas zonas con condiciones muy similares a las que en la
actualidad se observan en el drea nativa. El calentamiento global podra desplazar en
parte su expansion hacia climas mas templados, resultando en un incremento de areas
de mayor viabilidad en la zona de introduccién que en la propia zona nativa,
actualmente restringida por barreras geograficas infranqueables como el mar
Mediterraneo al norte y el desierto del Sahara al sur. Dada la naturaleza dindmica de
las invasiones biologicas se recomienda la actualizaciéon y un seguimiento constante de

su proceso invasivo para detectar y anticiparse a los cambios en sus tasas de expansion.

El sapillo pintojo mediterraneo es una especie oportunista con una elevada capacidad
de colonizaciéon de nuevos ambientes efimeros y temporales (ver también San
Sebastian, 2007; Ruhi et al., 2012). En este tipo de sistemas parece presentar respuestas
efectivas a las amenazas, con menores costes que las especies nativas con las que
cohabita y a las que podria llegar a afectar y desplazar por una mayor capacidad de
explotacion de los recursos. La importancia de la capacidad de explotacion de los
recursos en estos ambientes es crucial para el éxito reproductivo de los anfibios. La
presencia de multitud de ambientes temporales y efimeros en su area de invasion actual
podria haber fomentado su expansion hasta el momento por lo que seria recomendable
analizar la progresion de su tasa de colonizacién cuando alcance zonas mas aridas hacia
el sur ibérico, donde dichos ambientes oportunistas sean menos frecuentes. En estos
sistemas su respuesta a la desecacién es muy eficaz como se ha podido observar en los
estudios a mesoescala. Sin embargo cabe considerar que la respuesta plastica se
encuentra limitada a la disponibilidad de recursos troficos, por lo cual es importante
comprender como la especie gestiona los recursos en condiciones ambientales
diferentes. El estudio a microescala indica que la especie es capaz de explotar y
seleccionar los recursos disponibles en pro de crecimientos y desarrollos rapidos con
escasos costes por ello, un cardcter esencial que podria explicar el éxito reproductivo
de la especie en dichos ambientes inestables. Este tipo de estrategia tréfica ha sido
considerado un aspecto clave en la capacidad invasora de otras especies (Bohn et al.,
2004; Marchetti et al., 2004; Rehage et al., 2005).

Los caracteres observados en D. pictus han sido repetidamente citados en otras especies
invasoras y se han sefialado como esenciales a la hora de explicar su éxito en sus
respectivas areas de introduccion (Melgoza & Nowak, 1991; Holway & Suarez, 1999;
Lach et al., 2000; Rehage et al., 2005; Liu & Stiling, 2006; Dang et al., 2009; Weis, 2010;
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Bucciarelli et al., 2014). Coinciden por ejemplo con los rasgos asociados a la capacidad
invasora de algunos anfibios como X. laevis (McCoid & Fritts, 1993; Lillo et al., 2011). El
éxito de esta especie (X. laevis) en el Sur de California parece basarse en tres estrategias
clave: la reproductiva, la tréfica y la de una respuesta eficaz a los depredadores
potenciales. Una reproduccién prolongada en el tiempo, el canibalismo y una respuesta
efectiva a determinados depredadores o la ocupacion de ambientes con escasez de ellos
permiten a esta especie aumentar su éxito de colonizacion. D. pictus por su parte
presenta caracteres adicionales a los analizados en este trabajo que coinciden con ésta,
y otras especies invasoras, y que deben tenerse en cuenta a la hora de evaluar su
capacidad invasora. D. pictus sigue una estrategia reproductiva tipo R, caracterizada
principalmente por puestas numerosas y crecimientos rapidos (Martinez-Solano, 2009),
asi como por ser una especie oportunista con alta capacidad de colonizacién y
adaptacion. Como en otras especies consideradas buenas colonizadoras (Ehrlich, 1989),
esta estrategia permite una elevada tasa de reemplazo generacional y aumenta la
probabilidad de supervivencia ante la depredacion o como recurso potencial en
situaciones extremas (canibalismo). Favorece el mantenimiento de la heterozigosis
muchas veces mermada por cuellos de botellaque constituye el reducido nimero inicial
de individuos frecuentes en las introducciones bioldgicas, asi como la aparicion de
potenciales adaptaciones al nuevo sistema (Sakai et al., 2001; Barrett & Richardson,
1986; Nei et al., 1975). Las especies oportunistas de reproducciones rapidas y
desarrollos cortos suelen relacionarse con una baja capacidad competitiva frente a otras
especies ocupando nichos vacios o poco explotados. En el grupo de los anfibios, los
ambientes efimeros son los que menor riqueza especifica presentan y se encuentra
ocupado principalmente por especies con escasa capacidad competitiva como B.
calamita o P. punctatus (Richter-Boix et al., 2007b). Las especies con una baja capacidad
competitiva se ven asi forzados a explotar un espacio de nicho no ocupado por los
competidores superiores (Wu & Levin, 1994), nichos que frecuentemente suelen ocupar
también las especies introducidas, pudiendo asi competir con las especies nativas poco
competidoras por dichos ambientes. En este tipo de ambientes, una mayor tasa de
explotacién de los recursos puede definir el éxito de una especie en detrimento de otra
y por tanto definir su capacidad competitiva (Morin, 1983). Tanto los resultados
obtenidos en esta tesis doctoral como trabajos previos (Montori et al., 2007; Richter-Boix
et al.,, 2012), indican una superior capacidad competitiva de la especie introducida
sobre B. calamita en estos ambientes. Por otro lado, estudios previos indicaron una alta
capacidad de colonizacion de nuevos ambientes junto a B. calamita (San Sebastian,

2007; Ruhi et al., 2012) complementando los resultados, que indican una alta capacidad
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de expansiéon . Otros aspectos como la presencia de especies filogenéticamente
cercanas en el area de introduccién también ha sido relacionado por algunos autores
con el éxito de invasion. En el caso de D. pictus, pueden encontrarse dos subespecies
del género Discoglossus en la peninsula ibérica (D. g. galganoi y D. g. jeanneae), con las
que presenta importantes similitudes morfolégicas y en la preferencia del habitat
reproductivo, entre otras. La integracion de estos aspectos junto con los estudios
realizados en esta tesis doctoral preverian una elevada capacidad invasora en el area

de introduccion.

Los resultados obtenidos en esta tesis doctoral permiten también dar un paso mas en
el conocimiento sobre el efecto de D. pictus sobre la comunidad nativa. A pesar de que
el trabajo presentado no tiene como objetivo analizar el impacto de D. pictus sobre la
comunidad nativa, los resultados obtenidos sefialan algunos posibles efectos negativos
sobre algunas especies nativas. A microescala se detecta un potencial desplazamiento
de la especie nativa B. calamita que pudiera limitar su éxito reproductivo en situaciones
de estrés hidrico o baja disponibilidad de recursos por ejemplo. Estos resultados se han
repetido tanto en laboratorio como en campo donde otros factores podrian actuar
minimizandolos mediante una respuesta compensatoria por parte de la especie nativa.
Ambas especies conviven en el medio, sefialando como principal estrategia la particion
del nicho tréfico, observada en el capitulo Il y registrada en otras invasiones (Layman
& Allgeier, 2012; Juncos et al., 2015). Esta estrategia conllevaria una menor capacidad
de la especie nativa a hacer frente a situaciones de estrés o una peor fitness en algunos
aspectos en convivencia con la especie introducida. La especie nativa puede llegar a
desarrollar también diferentes estrategias, desde cambios fenolégicos o de explotacion
de nicho que minimizaran dichos efectos (Crossland et al., 2009; Knight et al., 2009;
Kraus, 2015). Sin embargo, si la presion competitiva de la especie invasora fuese muy
fuerte estos cambios podrian no ser suficientes y llegar a desplazar a la especie nativa
(menos competitiva), provocando un efecto en cadena en la estructuracion de la
comunidad (mesoescala). Existen indicios de una menor estructuracion en las
comunidades nativas de anfibios colonizadas por D. pictus en comparacién con las atn
no invadidas (Montori et al, 2007; Richter-Boix et al, 2012). Por otro lado, su efecto
puede verse aumentado por la expansion de la especie a macroescala. En la actualidad,
la expansion del sapillo pintojo mediterraneo progresa y ain encuentra habitats por
colonizar. Aunque hay que tener en cuenta que las dos especies cohabitan actualmente
(Llorente et al, 2015) y puede no tener un fuerte impacto en la poblacién nativa en

general, en comunidades de menor diversidad pudiera aumentar los efectos asociados
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a su introduccion. Con el fin de profundizar y controlar su potencial efecto sobre la
comunidad nativa, se recomienda también el desarrollo de nuevos estudios y el

seguimiento del proceso de invasion de D. pictus.

En los ultimos anos el estudio de las especies invasoras y sus impactos se ha
incrementado significativamente (por ejemplo, Jeschke & Strayer, 2006; Strayer et al.,
2006; Bomford et al., 2009; Kraus, 2015). Algunos intentan clasificarlos en funcién de su
impacto. Si tuviéramos que definir la especie (D. pictus) como invasiva o no invasiva en
funcién de si tiene efecto negativo sobre la comunidad nativa, sin duda escogeriamos
denominarla especie invasiva bajo un prisma conservacionista. Sin embargo, desde una
Optica econdmica esta denominacion no seria tan clara. El efecto observado sobre la
comunidad de anfibios nativa siguiendo el sistema de catalogaciéon proporcionado por
Blackburn et al. (2014) parece encajar en el de Minor Impact (MI). Se considera que las
especies no nativas tienen un MI cuando causan la reduccion de la fitness de los
individuos nativos, pero no un declive en sus densidades poblacionales. Esto tltimo no
puede ser comprobado y precisa de un mayor niimero de estudios que delimiten si la
presencia de D. pictus puede afectar no sélo a la fitness de B. calamita sino también a su

densidad poblacional y por tanto variar la catalogacion propuesta.

5. Limitaciones y futuros estudios

Muchas son las consideraciones a tener en cuenta a la hora de analizar la capacidad
invasora de una especie. Generalizaciones de aspectos comunes a las especies invasoras
permiten quizas explicar su efecto sobre las poblaciones nativas o por qué obtienen
éxito a microescala, sin embargo siempre existen excepciones (Vila et al., 2003). Cada
caso requiere de un analisis especifico. En el estudio de las especies invasoras de
anfibios proponemos un analisis a diferentes escalas que integre aquellos aspectos mas
relevantes a su éxito en cada una de ellas. Como el grupo de los anfibios es
especialmente sensible al clima, cabria esperar unos buenos resultados de prediccion
de su capacidad de expansion a nivel de macroescala mediante técnicas de modelado
del nicho que incorporen factores climaticos. Sin embargo, el modelado de nicho se
basa en la informacién extraida de los registros de la especie, representando asi su nicho
realizado y no el fundamental. D. pictus presenta una distribucién nativa limitada por
barreras geograficas, el Mar Mediterraneo y el clima extremo del desierto del Sahara,

pudiendo no representar la total amplitud de su nicho fundamental. Incorporar en el
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futuro estudios fisiolégicos que puedan ayudar a predecir los limites ambientales que
la especie puede tolerar, podrian mejorar los modelos predictivos anticipando qué
nichos no ocupados hasta el momento son susceptibles de albergar a la especie
introducida o en cuales encontraria un mayor éxito (Abril et al, 2009; Kearney & Porter
2009; Jiménez-Valverde et al. 2011). Por otro lado entender cémo se estructura dentro
de las comunidades y su efecto es esencial en dicho analisis, como otro factor a

introducir en futuras modelizaciones.

Quizas un factor esencial a la hora de estudiar una invasion bioldgica es considerar su
caracter dinamico a las tres escalas. No sélo por la misma progresion de la expansion
(en el espacio y tiempo) bajo condiciones variables sino por la capacidad de estas
especies al cambio. Asi, se han detectado diferencias en algunas especies a nivel
morfolégico y conductual entre individuos del frente y del foco de invasion. A
macroescala el factor mas evidente podria ser el aumento de la tasa de expansion en el
frente que ha conllevado modificaciones morfoldgicas en especies como el sapo de cafia
(Phillips et al., 2006). La elevada tasa de reemplazo generacional de los anfibios podria
favorecer este tipo de adaptaciones que pueden originarse en todo el proceso de
expansion poblacional mediante el surfeo de las frecuencias génicas en los margenes
poblacionales (Hallatschek & Nelson, 2008). En D. pictus no existen estudios que
analicen este tipo de cuestiones hasta el momento, y serian aspectos a desarrollar en el
futuro para comprender mejor los procesos ecologicos y evolutivos implicados durante
una invasioén bioldgica. A nivel de mesoescala la seleccion de habitats-nichos vacios
podria favorecer la expansién de determinadas especies poco competitivas (por
ejemplo Willis et al., 2000; Thébaud & Simberloff, 2001; Bossdorf et al., 2004). Algunos
autores indican una menor probabilidad de ocupacion de ambientes con elevada
riqueza especifica por parte de especies invasoras (Alpert et al. 2000). Segtin Escoriza
& Boix (2014) D. pictus registra una ocupacién de ambientes con mayor riqueza
especifica en el drea nativa que en el area de introduccion. Analisis comparativos de la
seleccion del tipo de hébitat dentro del rango de invasion serian de enorme interés para
la comprension de su ecologia de invasion y cdmo podria afectar a las especies nativas.
Ocupar nichos poco explotados por las especies nativas puede entenderse como una
estrategia oportunista propia de especies con baja capacidad competitiva respecto al
grueso de la comunidad nativa, pero obviamente también entrando en conflicto,
precisamente, con las especies nativas que por su escasa competitividad ocupan dichos
habitats, pudiendo asi afectar a las especies mas sensibles a nivel competitivo dentro

de la comunidad, compitiendo y desplazando a las mismas a otros habitats. Como ya
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indicara Richter-Boix et al. (2012), se observ¢ cierta desestructuraciéon de la comunidad
nativa en el area colonizada por la especie, respecto a zonas donde la especie todavia
no habia llegado. Los trabajos experimentales desarrollados hacen pensar que D. pictus
presenta una capacidad competitiva mayor que la especie nativa B. calamita y similar a
P. punctatus, las dos especies mas frecuentes en los ambientes efimeros que suele
explotar la especie invasora. Esto puede conllevar con el tiempo el desplazamiento de
las mas débiles y la posterior desestructuracion a nivel comunitario detectada en zonas
ocupadas por la especie. El estudio de su ocupacion del gradiente de ambientes a lo
largo de su expansién permitiria completar nuestros resultados y conocer su
interaccion con los diferentes factores de estrés (depredacion, competitividad, etc). Por
altimo a microescala, las interacciones con las especies nativas también podrian variar
durante la expansién. Muchos trabajos encuentran su apoyo en la hipdtesis de EICA
(the evolution of increased competitive ability) (Blossey & Notzold, 1995; Leger & Rice, 2003;
Siemann & Rogers, 2003; Jakobs et al., 2004; Maron et al., 2004; Rogers & Siemann, 2004).
Esta hipétesis predice que las especies introducidas en un ambiente que carece de sus
depredadores naturales experimentaran selecciéon a favor de los individuos que
asignan menos energia y recursos en su defensa y mas en el crecimiento y la
reproduccion. Aunque algunos trabajos no se ven respaldados por esta hipétesis (Willis
et al., 2000; Thébaud & Simberloff, 2001; Bossdorf et al., 2004; Wolfe et al., 2004), seria
légico pensar que los individuos mas competitivos ocuparian el frente de expansion
donde previsiblemente producirian un mayor impacto o que las especies nativas
encontraran el equilibrio con la nueva especie. La selecciéon de unos factores de las
historias de vida (life-history) frente a otros, y el compromiso (trade-off) entre ellos a lo
largo del rango de la invasién han sido analizados (Burton et al., 2010) y observados
por ejemplo entre fecundidad y capacidad de dispersion (Roff, 1986; Zera & Denno,
1997; Karlsson & Johansson, 2008), capacidad competitiva y rasgos reproductivos
(Strauss et al. 2002) y capacidad de dispersion y capacidad competitiva (Rodriguez et
al., 2007), entre otros. En el caso de las especies invasoras, se ha documentado una
mayor capacidad dispersiva de los individuos de frente en algunos casos (Cwynar &
MacDonald, 1987; Thomas et al., 2001; Hanski et al., 2002; Hanski et al., 2004; Phillips
et al., 2006). Por ejemplo, se han observado tasas de crecimiento mads elevadas en
individuos del area invadida que en los de su area nativa (Davis, 2005; Mason et al.,
2008), incluso mayor en individuos del frente de expansién con los de poblaciones
cercanas al punto de origen de expansién donde llevan mas tiempo establecidos
(Siemann & Rogers, 2001; Phillips, 2009). En D. pictus se han observado tamafios de

adultos mayores en el area de introduccion frente a los del drea nativa. Aunque parece
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que el factor regulador del tamarfio es el régimen de lluvias, el clima encontrado por la
especie en la region ocupada (con mayores valores de precipitacién) podria promover
tamafos mayores que favorecieran la expansion de la especie en esta zona (Oromi et
al., 2016). También se ha observado cdmo especies nativas tras un tiempo de
coexistencia prolongado han adoptado ciertos comportamientos o adaptaciones que
aminoran el efecto de la introduccion de la especie exotica (por ejemplo las
adaptaciones morfologicas detectadas en depredadores del sapo de cafna en Australia
(Phillips & Shine, 2004; 2005). Recientes estudios bajo condiciones controladas han
observado también diferencias en los procesos de competencia entre D. pictus y B.
calamita, en funcién del tiempo de co-ocurrencia entre ambas (Unanue, 2015). Este
trabajo destaca una respuesta simétrica durante el desarrollo larvario de D. pictus y B.
calamita a altas densidades en zonas de poblaciones ya establecidas frente a una
competencia asimétrica entre larvas de poblaciones situadas en el frente de expansion.
Estos resultados parecen indicar que a pesar de un inicial efecto negativo sobre la
especie nativa, D. pictus podria coexistir con esta especie a largo término. Las
poblaciones analizadas en esta tesis doctoral, registraban un tiempo de residencia de
entre 10 y 20 afios. Parece probable que se trate de un tiempo suficiente para el
establecimiento de la especie en la comunidad nativa y por tanto, su capacidad
competitiva debiera verse suavizada ante B. calamita. Sin embargo, algunos autores
destacan como tiempo minimo para la aparicién de adaptaciones evolutivas al menos
25 generaciones (Moran & Alexander, 2014). Considerando que D. pictus presenta una
edad de maduracion cercana a los tres afios y se estima como inicio de expansion (no
de origen de introduccién) una fecha aproximada inicial en 1906, las poblaciones
estudiadas en este trabajo pueden no encontrarse actualmente establecidas y por tanto,
observarse respuestas mas pronunciadas por parte de la especie introducida en pro de
su expansion. En cualquier caso, nuestros resultados denotarian una estrategia efectiva
por parte de la especie en las zonas de relativa reciente introduccién que podria ser

mayor en el frente mas extremo.

Este trabajo ha explorado los diferentes aspectos que implican el éxito de
establecimiento y expansion de una especie introducida. Ha aportado una vision
integrada de su capacidad invasora asi como asienta las bases a futuros estudios
fisiologicos y genéticos que puedan profundizar sobre relevantes cuestiones que han
surgido como producto de la presente tesis. El andlisis del proceso de invasiéon como
un evento dinamico evidencia la importancia de los analisis de series temporales y los

seguimientos de estos procesos. Asimismo es esencial a la hora de detectar potenciales
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efectos negativos sobre las densidades o fitness de las comunidades nativas que D.

pictus vaya colonizando durante su expansion.
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- La conservacién de nicho detectada en Discoglossus pictus -resultados obtenidos en
el test de similitud, equivalencia y los métodos de ordenacion- esta de acuerdo con la
propuesta por Escoriza et al (2014) ocupando habitats marginales del area nativa. Dicha

conservacion de nicho (climate matching) prevé un avance de su expansion.

- D. pictus presentd una relativa plasticidad del nicho realizado (con un aumento
progresivo de su expansioén con el tiempo) que indica la importancia del estudio de las
invasiones como procesos dinamicos y la necesidad de profundizar en las causas reales

de estos cambios con estudios adicionales.

- La expansién de D. pictus ha seguido el patrén observado en otros procesos de
invasion: una lag phase inicial y tasa de expansién lenta, seguida de un aumento
exponencial de la misma. En los tltimos 10 afios (periodo comprendido entre 2004 y
2014) su tasa de expansion ha aumentado registrando el mayor valor. La tasa estimada
(2004-2014) ha sido de 171.56 km?/afio.

- Se constata la existencia de habitats favorables para la presencia del sapillo pintojo
mediterraneo en otras zonas de Europa. Los modelos predictivos indicaron un
potencial aumento de la expansion derivada de la presencia de areas idéneas y conexas
en Europa, que junto a un incremento de la precipitacién, como producto del cambio
climatico, que favoreceria la aparicion de ambientes acuaticos efimeros, permitiria

expandir su rango hacia el norte, alcanzando el centro de Europa.

- Las translocaciones registradas hasta el momento durante la invasion de D. pictus
se encuentran comprendidas en dreas con condiciones idéneas para la presencia de la
especie, pudiendo probablemente convertirse en nuevos focos colonizadores que
aceleren su tasa de expansion. Destaca su progresion en un area proxima al frente de
expansion de la especie en el noreste peninsular situada en el Prat de Llobregat
(Barcelona, Espafia) asi como las introducciones en las zonas préximas a Montpellier

en la parte francesa de su distribucion.
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- Nos encontramos ante una especie oportunista que ocupa habitats efimeros,
presentando una plasticidad fenotipica adaptativa eficaz a la desecacion que le permite
acelerar el desarrollo y crecimiento cuando el ambiente acuético se deteriora.
Igualmente, se ha observado plasticidad fenotipica a la presencia de algunos
depredadores, pero no a todos ellos. Esta reducida respuesta ante algunos
depredadores puede ser uno de los factores limitantes en el éxito reproductivo de la
especie en sistemas de hidroperiodos mas largos con una mayor diversidad de

depredadores.

- La plasticidad fenotipica ante la desecacién observada en D. pictus depende de la
disponibilidad de recursos. De manera que la disponibilidad de recursos aparece como
un factor limitante a la hora de garantizar su éxito reproductivo en los ambientes

efimeros que suele ocupar.

- La respuesta de D. pictus ante los depredadores mas frecuentes del area de
introduccién es principalmente conductual (salvo para Anax sp. que también es
morfoldgica) y presenta menores costes que la especie nativa P. punctatus. Sin embargo,
una respuesta leve con escasos costes seria un beneficio para D. pictus ya que ocupa,
principalmente, ambientes efimeros pero que puede provocar un bajo éxito de la

especie invasora en ambientes en los que exista una mayor presion de depredacion.

- D. pictus presenta un aprovechamiento eficaz de los recursos porque dan como
resultado un desarrollo rapido y un elevado crecimiento, favoreciendo su éxito en los
ambientes efimeros. La especie nativa Bufo calamita podria verse desfavorecida por
competir directamente por los recursos con la especie invasora, especialmente bajo

condiciones extremas de desecacion del ambiente.

- D. pictus es capaz de discriminar y seleccionar aquellos recursos tréficos con mayor
contenido proteico (seleccion diferencial en la calidad de la dieta), que le permite
optimizar su crecimiento y desarrollo. La especie regula también su actividad en
presencia de recursos de bajo contenido proteico, minimizando el efecto de una menor

calidad del alimento, mediante un aumento en la ingesta de los mismos.

- En co-ocurrencia con la especie nativa, B. calamita, las interacciones competitivas
aumentan con la densidad y la especie nativa altera sus habitos hacia aquellos recursos

de menor contenido proteico y por tanto mas pobres, retrasando su crecimiento y
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desarrollo, y condicionando asi su respuesta pldstica, situacion con posibles nefastas

consecuencias en condiciones de desecacién de la charca.

- La aplicacion de la técnica de isétopos estables permitié confirmar con datos de
campo, las conclusiones previamente citadas, en referencia a la ecologia trofica de la
especie invasora y su interaccién con la especie nativa, obtenidas en experimentos de
laboratorio. Esta técnica se presenta como una herramienta ttil en el estudio de las

comunidades de anfibios.

- A pesar de la similitud en el tipo de dieta explotada por D. pictus y B. calamita,
cuando estas dos especies ocupan un mismo espacio (estan en co-ocurrencia), la
comunidad se distribuye siguiendo la fragmentaciéon de nicho donde la especie
invasora explota recursos de mayor calidad proteica que la nativa. La nativa sin
embargo muestra un potencial desplazamiento derivado del aumento en la variedad

de recursos explotados (basados en los resultados del SEA).

- Una mayor amplitud de nicho tréfico de D. pictus en condiciones de libertad en
campo, indica una explotaciéon de una variedad de recursos mayor que la especie
nativa, un caracter oportunista y generalista asociado a la capacidad invasora de una

especie.

- Elestudio desarrollado a tres escalas dimensionales diferentes, permite por un lado
predecir el éxito de una introduccién y su alcance (principalmente a macroescala) asi
como entender su establecimiento en las comunidades nativas (mesoescala) y su

interaccion y potencial impacto sobre las mismas (microescala).

- Lasimilitud del nicho realizado entre el rango nativo e introducido de D. pictus, la
eficacia en la respuesta (plasticidad fenotipica adaptativa) frente a las amenazas
presentes en el tipo de ambientes seleccionados y la eficaz gestion de los recursos
troficos constituyen caracteres considerados claves para el éxito de esta especie en el

area de introduccion y formarian parte esencial de su capacidad invasora.

- Se prevé un efecto moderado sobre aquellas especies con menor capacidad
competitiva con las que comparte habitat, especialmente sobre B. calamita. La presencia
de la especie aloctona podria limitar su éxito reproductivo en afios con pocas
precipitaciones y con un mayor riesgo de estrés por desecacion de los ambientes

temporales, al ver mermada su capacidad de respuesta a la misma y la obtencién de
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tamafios menores en la metamorfosis que puedan comprometer su futura fitness

reproductiva.

- Serecomienda el seguimiento de la expansion de D. pictus en los proximos afios con
el fin de realizar un estudio completo de un proceso con marcado caracter dinamico,
que ayude mejor a entender la ecologia implicada en los procesos invasivos y por
ultimo, estudiar de forma mas estricta su impacto potencial sobre las especies nativas,

en especial B. calamita.
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