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Resumen

La cuenca del rio Guadalquivir (S de Espaia) es una de las mayores de la Peninsula Ibérica
y cuenta con una notable biodiversidad acuatica. Aunque en esta cuenca se han realizado
muchos estudios sobre el régimen hidroldgico o sobre la calidad del agua, la biodiversidad
de los peces continentales, asi como su distribucion y estado de conservacion nunca se
han abordado globalmente, como en otras cuencas ibéricas. En esta Tesis se sintetiza la
informacion sobre los peces continentales a través de estudios de campo (285 localidades
muestreadas) y otras fuentes de informacion (revision bibliografica, ciencia ciudadana,
datos historicos). Examinamos los requisitos locales y regionales para estudiar las
asociaciones de especies, asi como la presencia de especies individuales a lo largo de
toda esta cuenca altamente perturbada por efecto de acciones humanas. Se analizaron
los patrones de distribucion de los peces a diferentes escalas espaciales y temporales asi
como las condiciones ambientales generales y su estado de conservacion. Documentamos
la presencia de 40 especies (20 nativas y 20 exéticas) en la cuenca durante el siglo XX
hasta la actualidad. Pero solo capturamos 18 especies durante el trabajo de campo, con
una prevalencia de cualquier especie nativa inferior al 23% (excepto Luciobarbus sclateri).
Destaca la presentacion de nuevos datos de distribucion de cuatro especies introducidas
recientemente en esta cuenca: chanchito (Australoheros facetus Jenyns, 1842), pez gato
negro (Ameiurus melas Rafinesque, 1820), siluro (Silurus glanis Linnaeus, 1758) y una
especie de piscaro de origen desconocido (Phoxinus spp.). Se compilan otros registros para
actualizar el rango de distribucion de estas especies. La informacién obtenida refuerza la

evidencia sobre el establecimiento y expansion de estas especies no nativas.

La mayor riqueza de especies se encontrd en los tramos medios, mientras que
los tramos inferiores tuvieron valores de diversidad muy bajos. Alrededor del 50% de
las especies estan amenazadas, segin la UICN, varias especies estan disminuyendo a
un ritmo alarmante y otras probablemente estén extintas y/o se desconoce su estado
actual. Las perturbaciones humanas durante las ultimas décadas han provocado
cambios importantes en la distribucion de los peces y, en consecuencia, en su estado
de conservacion. Las alteraciones hidrolégicas, la agricultura intensiva y las especies
introducidas son probablemente las principales amenazas para la ictiofauna del

Guadalquivir. Este estudio senala la necesidad urgente y real de identificar areas



10

Distribucion de peces continentales en una Cuenca Mediterranea altamente
perturbada: bases ecoldgicas para la gestién y la conservacion

importantes para la conservacion de los peces que garanticen una conservacion
minima de la biodiversidad ictica a largo plazo, asi como de estrategias efectivas para
la recuperacion de peces donde aun sea posible. También recomendamos nuevos
muestreos de campo para identificar las vias de dispersion de las especies exdticas,

especialmente de aquellas introducidas recientemente, y para aclarar su estado actual.

Las fuentes histdricas de datos se mostraron como una herramienta valiosa para el
estudio de los cambios a largo plazo en las comunidades de peces. El analisis comparativo
de la ictiofauna del Guadalquivir entre el s XIX y XXI reveld un proceso asimétrico en la
extincion de especies nativas y colonizacion de exdticas, vinculado principalmente a la
historia natural de las especies y a la marcada asimetria ambiental y de perturbaciones

existente en la cuenca.

Las relaciones peces-habitat son un factor clave para el disefio de estrategias de
conservacion y manejo fecundas, especialmente en dreas altamente perturbadas donde
las comunidades de peces estan sujetas a muchas presiones humanas. En este sentido,
los estudios multi-escala ayudan a mejorar el conocimiento de los componentes
espaciales e identifican variables clave locales (p. ej., anchura del cauce) y regionales
(p. €j., altitud) en la distribucion de las especies. En esta Tesis se consideraron quince
variables ambientales a escala local y veinte a nivel regional. Para el analisis espacial se
utilizé un total de 18 especies capturadas durante el muestreo de campo. La prevalencia
global de especies introducidas fue del 25%, lo que puede considerarse un valor alto.
Las especies introducidas mas extendidas fueron la gambusia (Gambusia holbrooki) y el
pez sol (Lepomis gibbosus), con una prevalencia en torno al 10%. Las escalas espaciales
regional y local mostraron diferente relevancia segun el nivel de enfoque del estudio
(comunidad o especie). A nivel de comunidad, los componentes locales, regionales y
compartidos revelaron una influencia similar sobre el conjunto de los peces, mientras
que a nivel de especies individuales, el componente local fue el factor principal que
explico la presencia de la mayoria de las especies. Ademas, la interaccidon entre las
variables fue escasamente seleccionada y casi ninguna distribucién de las especies
introducidas se vio afectada por la interaccion con variable alguna. Nuestros resultados
destacan el mal estado de conservacion de la fauna autdctona de peces de la cuenca
del rio Guadalquivir, asi como la importancia de analizar las relaciones peces-habitat
a diferentes escalas y enfoques. Estos resultados proporcionan informacién ttil para

evaluar y disefar estrategias de conservacion en cuencas de tipo mediterraneo.



Abstract

The Guadalquivir River Basin (S Spain) is one of the largest in the Iberian Peninsula
and has a remarkable freshwater biodiversity. Although many studies on hydrological
regimes or water quality have been conducted in this basin, the biodiversity of freshwater
fish as well as their distribution and conservation status have never been globally
addressed, as in other Iberian basins. In this context, we synthesized information
on freshwater fish using field procedures (285 sampled sites) and other sources of
information (bibliographic review, citizen science, historical data). We examined local
and regional requirements to study freshwater fish assemblage and occurrence in this
highly disturbed basin. Fish distribution patterns at different spatial and temporal
scale were analysed, as well as general environmental conditions and the conservation
status of the fish community. We documented the presence of 40 species (20 native and
20 exotic) in the basin during the 20th century until today. But we only captured 18
species during the field sampling, with the prevalence for any native species less than
23% (except Luciobarbus sclateri). We report new distribution data on four recently
introduced species in this basin: chameleon cichlid (Australoheros facetus Jenyns, 1842),
North American black bullhead (Ameiurus melas Rafinesque, 1820), European catfish
(Silurus glanis Linnaeus, 1758) and a minnow species of unknown origin (Phoxinus
spp.)- A compilation of records is used to update the distribution range of these species.
The information collected reinforces the evidence on the establishment and expansion

of these non-native species.

The highest species richness was found in mid reaches, while the lower reaches had
very low diversity values. Around 50% of species are threatened, according to the IUCN,
several species are declining at an alarming rate and others are probably extinct and/
or their current status is unknown. Human disturbances during the last few decades
have caused serious changes in fish distribution and consequently in their conservation
status. Hydrological alterations, intensive agriculture and introduced species are
probably the principal reasons for the Guadalquivir’s ichthyofauna imperilment. Our
study indicates an urgent and real need to identify important areas for fish conservation
to guarantee a minimum fish biodiversity conservation over the long term, as well as

effective strategies for fish recovery where it still is possible. We also recommend new

(i
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field sampling to identify the dispersal pathways of the exotic species, especially those

recently introduced, and to clarify their current statuses.

Historical data sources proved to be a valuable tool for studying long-term changes
in fish communities. The comparative analysis of the fish fauna of the Guadalquivir basin
between the 19th and 21st centuries revealed an asymmetric process in the extinction
of native species and colonization of exotic ones, mainly linked to the natural history of

the species and the marked environmental asymmetry and disturbances in the basin.

Fish-habitat relationships are a key element for conservation and management
strategies, especially in highly disturbed areas where fish communities are subjected
to many human pressures. In this regard, multiscale studies help to improve the
knowledge of the spatial components and identify local (e.g. water width) and regional
(e.g. elevation) key variables in species distribution. Fifteen environmental variables
were considered at local scale and twenty at regional level. A total of 18 species
captured during field sampling were used for spatial analysis. The global prevalence for
introduced species was 25%, which can be considered a high value. The most extended
introduced species were eastern mosquitofish (Gambusia holbrooki) and pumpkinseed
(Lepomis gibbosus), with around 10% prevalence. Regional and local scales showed
different relevance according to the level-study approach (community or species).
At the community level, the local, regional and shared components revealed similar
influence on the fish assemblage, while at individual species level the local component
was the main factor to explain most of fish occurrences. Moreover, variables’ interaction
was scarcely selected and almost no introduced species distribution was affected by the
interaction of any variable. Our results highlight the poor conservation status of the
native fish fauna of the Guadalquivir River Basin as well as the importance of analyzing
fish-habitat relationships at different scales and approaches. These results provide useful

information to assess and design conservation strategies in Mediterranean-type basin.
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Introduccion y sintesis genera l






Introduccion y sintesis general

Introduccion

Los ecosistemas de acudticos continentales son los mas ricos y diversos de la tierra y
también de los mas alterados por la accién humana (Loh et al. 1998, Revenga & Mock
2000). Su biodiversidad se esta reduciendo a un ritmo alarmante, especialmente en
regiones aridas y semidridas, como la mediterranea, donde la demanda de agua para uso
humano esta aumentando (Moyle & Yoshiyama 1994, Loh et al. 1998, Cowx & Collares-
Pereira 2002, Smith & Darwall 2006). A nivel europeo, el estado de conservacion de
las especies acudticas es muy precario, ya que el 44 % de los moluscos de agua dulce, el
37 % de los peces continentales y el 23 % de los anfibios estdn amenazados (Freyhof &
Brooks 2011). Los peces de agua dulce son un elemento basico de esta biodiversidad,
representando una cuarta parte de todas las especies vivas de vertebrados. Constituyen
el grupo mas diverso entre los vertebrados europeos (546 especies de peces) (Bruton
1995, Abell 2002, Kottelat & Freyhof 2007, UICN 2015). Del total de la fauna europea de
peces de continentales un 12 % de las especies se encuentra catalogada como en ‘peligro
critico, un 10 % ‘en peligro;, un 15 % ‘vulnerable’ y un 4 % de especies ‘casi amenazadas’
Esto representa uno de los niveles de amenaza mas elevados de entre todos los grupos

taxonémicos evaluados en Europa.

En la actualidad todas las grandes cuencas Ibéricas -la mayoria de caracter
mediterraneo- se encuentran fuertemente perturbadas como consecuencia de las
intensas presiones humanas a las que han estado sometidas, especialmente durante el
s. XX. Por lo tanto, los rios de tipo mediterraneo de la Peninsula Ibérica son un buen
modelo ecolégico para estudiar cémo los cambios inducidos por los humanos afectan a
la distribucion y conservacion de las comunidades de peces de agua dulce (Aparicio et
al. 2000, Clavero et al. 2004, Hermoso et al. 2008, Maceda-Veiga et. al. 2010).

En las dreas mediterraneas, donde la biodiversidad de agua dulce es altamente

endémica (Cuttelod et al. 2008), la Unién Mundial para la Conservacion de la Naturaleza
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estima que alrededor del 56 % de las especies endémicas de peces de agua dulce estan
amenazadas: 18% en ‘peligro critico, 18% ‘en peligro’ y 20% ‘vulnerable’ (Smith &
Darwall 2006). En este contexto, existe la necesidad urgente de un conocimiento
permanentemente actualizado de la estructura, diversidad y distribuciéon de las
comunidades de peces de agua dulce del Mediterraneo debido al continuo aumento de
las presiones humanas sobre los recursos en el Mediterraneo (p. ej., Garcia-Ruiz et al.
2013, Ruiz et al. 2015).

El estado ecoldgico de la Cuenca del Guadalquivir es uno de los menos conocidos en
la Peninsula Ibérica, a pesar de su relevancia en términos de superficie (alrededor del 10%
de la superficie de Iberia), biodiversidad (un tercio de las especies de peces ibéricos habita
o habit6 recientemente esta cuenca), impactos y el alto nimero de especies amenazadas
que lo habitan (Cuttelod et al. , 2008, Mendiguchia et al. 2007, Hermosin et al. 2013,
Vargas & Paneque 2015, Carpintero 2015). La diversidad, el estado de conservacion y
el patron de distribucion de los peces del Guadalquivir rara vez se han abordado a nivel
de cuenca completa. Alrededor del 50% de las especies nativas registradas en la cuenca
estdn amenazadas a nivel internacional (UICN 2015). A nivel nacional, mas del 85% de
las especies nativas registradas en la Cuenca del Guadalquivir estan en peligro (Doadrio
2001). A escala regional la informacion disponible es muy escasa. El Libro Rojo regional
incluye 15 especies amenazadas y una extinta (Franco & Rodriguez 2001). Estos datos
muestran la necesidad de una actualizacion urgente del estado de conservacion y amenazas
de la ictiofauna del Guadalquivir. Varias especies pueden estar extintas en la actualidad
y otras a punto de extinguirse, mientras que la introduccion de especies exdticas sigue
aumentando. Por lo tanto, urge la necesidad de profundizar en el estudio de la comunidad
de peces continentales de la cuenca hidrografica del Guadalquivir. Identificar las areas
de distribucion de las diferentes especies, caracterizar los habitats, asi como cuantificar
los posibles impactos en la red de drenaje para conocer la capacidad de respuesta de
la comunidad de peces a los diferentes impactos que se estdn ejerciendo. También es
deseable un programa de monitoreo continuo que permita evaluar las tendencias de
estas poblaciones y llevar a cabo estrategias reales de manejo y conservacion basadas en
el estado actual de este componente de la biodiversidad acuatica continental (Filipe et al.
2004, Magalhaes et al. 2008).



CAPITULO 1. Introduccién y sintesis general

Area de estudio

La cuenca del rio Guadalquivir se encuentra al sur de la Peninsula Ibérica y comprende
una superficie de 57439 km2 (Figura 1). El cauce principal tiene una longitud de 680
km con un caudal medio de 164,3 m® s™'. La red fluvial, con 80 afluentes principales,
se extiende sobre 10578 km de agua dulce de los cuales 238 km pertenecen a aguas
de transicion. La cuenca tiene un régimen hidroldgico tipico mediterraneo con una
alta variacién de caudal intra e interanual (Gasith & Resh 1999, Navarro et al. 2012,
Confederacion Hidrografica del Guadalquivir 2015a). El clima mediterraneo se
caracteriza por veranos calurosos y secos con temperaturas relativamente suaves en
invierno (media anual 16,8 °C) y precipitaciones irregulares y bastante escasas en

invierno o primavera (media anual 550 1 m™) (Figura 2).

Figura 1. Localizacion de la cuenca del Guadalquivir en la Peninsula Ibérica.
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Las altas temperaturas combinadas con la falta de precipitaciones en verano dan
como resultado un profundo déficit hidrico (Robles et al. 2002). Como consecuencia
de esta escasez endémica de agua, los patrones naturales de flujo de los rios se han visto
fuertemente modificados desde la antigiiedad, especialmente a partir del siglo XVIIL
Alrededor del 9,3% de la red esta embalsada por grandes presas y casi todo el caudal
esta regulado en la actualidad. La oferta de agua ha llegado a su maximo, aunque la
demanda sigue aumentando (Argiielles et al. 2012). La agricultura representa el 87%
de los recursos hidricos dentro del area de captacién (Confederacion hidrografica
del Guadalquivir 2015a). Mas de 9000 hm® del caudal del rio (26% del volumen total
de agua dentro de toda la cuenca) se retienen en 29 embalses grandes (> 100 hm?)
y mas de 140 pequefios de menos de 100 hm* (Navarro et al. 2007, Confederacién
hidrografica del Guadalquivir 2015b). Segun la Directiva Europea Marco del Agua
(DMA), el 43% de todas las masas de agua continentales del Guadalquivir son de

mala o baja calidad (Confederacion Hidrografica del Guadalquivir 2015a).

El area de influencia esta rodeada por cadenas montanosas con altitudes que van
desdelos 1000 m hasta mas de 3000 m sobre el nivel del mar, contrastando conlallanura
baja del valle del Guadalquivir. La cuenca es muy asimétrica pudiéndose diferenciar
cuatro grandes regiones (Figura 2), con geologia, fisiografia, clima y presién humana
muy dispar. El margen izquierdo del Guadalquivir, altamente perturbado contrasta
con el derecho, menos afectado por las actividades humanas. El valle es un terreno
llano con una agricultura intensiva muy desarrollada (Rodriguez-Diaz et al., 2007,
Hermosin et al., 2013), y una densidad de poblacién humana muy elevada, de unos
70 hab/km?* (Confederacion Hidrografica del Guadalquivir 2015a). En consecuencia,
la presién humana (desarrollos urbanisticos, industria, infraestructuras, etc.) es muy
alta. La agricultura en el sur de Espana esta experimentando grandes cambios desde
finales de los afios 80, pasando de una agricultura tradicional extensiva de secano de
cultivos tipicos mediterrdneos (trigo, olivo y vino) a un nuevo modelo de regadio
intensivo e industrializado, con elevados niveles de erosidn del suelo, extraccion de
agua y/o regulacién del flujo, uso de pesticidas y muchos otros efectos secundarios
(Carpintero 2015).



CAPITULO 1. Introduccién y sintesis general

— - Sierra Morena - Cordilleras Béticas
I Depresion del Gualdalquivir [l Litoral Bético

Figura 2. Delimitacién de las principales regiones del Guadalquivir de acuerdo con la
configuracion paisajistica, climatica, litoldgica, régimen hidrico y calidad de las aguas. Fuente:
Fernandez-Delgado et al. 2014.

Una consecuencia directa de estos cambios agricolas recientes, tipicamente
asociados con un aumento de los olivares de regadio, ha sido la introduccién de
una cantidad extraordinaria de s6lidos en suspension en la red de drenaje, causando
una turbidez extrema del agua. Los valores de concentracién de sedimentos en
suspension (600 mg 1) registrados por Ruiz et al. (2010) en el cauce principal del rio
se encuentran entre los mas altos conocidos en el mundo, dos y tres veces mayores que
el del Danubio (326 mg1") y el Amazonas (200 mg 1") respectivamente (Carpintero
2015). Este hecho estd afectando gravemente a la comunidad de peces que habita el
bajo Guadalquivir (Gonzalez-Ortegoén et al. 2010). Otras dos fuentes significativas
de impacto humano en la cuenca provienen de la introduccién de especies foraneas
(Clavero et al. 2004, Ramos-Merchante & Prenda 2018) y la eliminacién de aguas
residuales (Bhat & Blomquist 2004). En conjunto, estas perturbaciones han provocado
cambios importantes en la fauna de peces de agua dulce del Guadalquivir durante los
dos ultimos siglos (Ramos-Merchante & Prenda 2018, Ramos-Merchante et al. 2021).
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La introduccion de especies icticas exdticas en la cuenca del

Guadalquivir

La introduccion de especies foraneas es una de las principales amenazas a la integridad
de los ecosistemas en todo el mundo, especialmente para los medios acuaticos
continentales (Gozlan et al. 2010, Hermoso et al. 2011, Clavero & Hermoso 2011).
Los impactos causados por la introduccion de especies son muy diversos y dependen
principalmente de las caracteristicas de las especies introducidas y del habitat (Ribeiro
& Leunda 2012). En las regiones dridas y semidridas, como las mediterraneas, donde
la demanda de agua para uso humano es muy alta (Cowx & Collares-Pereira 2002), se
ha generalizado la creacion de embalses. Se ha comprobado que estas infraestructuras
son un factor decisivo para la penetracion de especies exdticas e invasoras (Clavero &
Hermoso 2011). En las cuencas mediterraneas la capacidad de embalse ha alcanzado
el maximo, en consecuencia, la presencia de especies de peces no autéctonas es muy
elevada y su rango de distribucion es cada vez mayor (Clavero & Garcia-Berthou 2006).
Los medios continentales ibéricos se encuentran entre los ecosistemas mas invadidos
dentro de la region mediterranea y las introducciones de peces se consideran una gran
amenaza para la ictiofauna nativa que se caracteriza por una alta proporcion de especies
endémicas (Clavero & Garcia-Berthou 2006, Ribeiro & Leunda 2012).

Los trabajos realizados por Fernandez-Delgado et al. (2014) detectaron en la
cuenca hidrografica del Guadalquivir hasta 14 especies no autoctonas, una mas que
las autdctonas detectadas (13 especies). Otro estudio reciente obtuvo resultados
similares determinando una elevada proporcion de especies no nativas (10 nativas vs.
9 introducidas) (Ramos-Merchante & Prenda 2018). Estos y otros estudios (ver por
ejemplo Garcia de Lomas et al. 2009, Moreno-Valcarcel et al. 2013) ponen de relieve
el establecimiento reciente en la cuenca de varias especies con alto potencial invasor
como son el chanchito (Australoheros facetus Jenyns, 1842), el pez gato (Ameiurus
melas Rafinesque, 1820) y el siluro (Silurus glanis Linnaeus, 1758). Todas estas especies
estan incluidas en las listas de las especies exdticas mas invasoras (EEI) debido a su
potencial amenaza para la biodiversidad nativa (Clavero 2011, van der Veer & Nentwig
2015, Carboneras et al. 2018). Por ello, el conocimiento actualizado sobre nuevas
introducciones y su amplitud de distribucion es esencial para detectar qué amenazas
se ciernen sobre los ecosistemas acudticos mediterraneos ibéricos que permitan

implementar estrategias de conservacion apropiadas.
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En esta Tesis Doctoral nos proponemos abordar de manera general el estudio de
la diversidad, distribucion y estado de conservacion de la ictiofauna nativa y exdtica de
la cuenca del rio Guadalquivir. Para ello realizamos una revisién general de la fauna
peces del Guadalquivir registrada desde el siglo XIX hasta la actualidad (1); el andlisis
de los patrones actuales de distribucion, riqueza y diversidad de los peces en esta cuenca
(2); la evaluacion el estado de conservacion de la fauna piscicola del Guadalquivir.
Utilizamos el uso combinado de datos procedentes de ciencia ciudadana y muestreos
de campo para actualizar la distribucion de tres especies con alto potencial invasor
recientemente introducidas (Australoheros facetus, Ameirus melas y Silurus glanis) en
la cuenca del Guadalquivir. Asimismo, se muestra el primer registro de una especie

invasora perteneciente al género Phoxinus spp. en esta cuenca.

Fuentes de informacion historica como herramienta para el

estudio de los cambios en la distribucion de los peces

La evaluacion precisa del estado de conservacion de las especies, asi como el estudio
de los cambios en la distribucion de las mismas idealmente deberia basarse en
informacién obtenida a largo plazo. Esta informacion es basica para comprender
los factores relacionados con la disminucién de especies nativas, la introduccién
de especies invasoras y su dinamica poblacional (Swetnam et al. 1999, Willis &
Birks 2006). Sin embargo, los datos utilizados en los estudios para evaluar estos
cambios se han obtenido por lo general durante las dltimas décadas (rara vez
mas de 50 afios), mientras que los efectos de las actividades humanas se vienen
produciendo desde hace siglos (Clavero & Villero 2014, Clavero & Hermoso 2015).
Como consecuencia la informacidn sobre la distribucion historica de las especies
evaluadas es ignorada en la mayoria de las estrategias de conservacidon (Szabo
& Hedl 2011, Clavero & Villero 2014, Clavero & Revilla 2014). Los procesos de
declive y extinciones locales, asi como la expansion de especies invasoras, pueden
ser solo representaciones en miniatura (un subconjunto de la tendencia real) de sus
distribuciones histéricas (Yackulic et al. 2011, Kwok 2017, Clavero et al. 2022). Por
lo tanto, ampliar la escala temporal proporciona un analisis mas amplio y completo
para comprender los patrones y tendencias de las poblaciones (Clavero & Villero
2014, Kwok 2017, Clavero et al. 2022).
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Los ecologos han sido tradicionalmente reacios a utilizar fuentes de datos
histdricas, considerandolas imprecisas y anecddticas (Scharf 2014, Clavero &
Hermoso 2015). Sin embargo, existen fuentes histéricas de alta calidad con un
conjunto de datos estandarizados obtenidos en un tiempo limitado que representan
una importante fuente de informacion (Clavero & Revilla 2014, Clavero & Villero
2014, Kwok 2017). Este tipo de datos permiten reconstruir e identificar cambios en
la distribucién de especies, asi como conocer las distribuciones antes de la aparicién
de muchos cambios ambientales actuales a gran escala (p.ej., cambios en los usos
del suelo, industrializacién y construcciéon de barreras transversales; Habit et al.
2010, Haidvogl et al. 2015, Pont et al. 2015). Diversos estudios previos han utilizado
informacion de los ultimos siglos para identificar comunidades menos perturbadas,
estimar Condiciones de Referencia o desarrollar programas de conservacion
(Aparicio et al. 2000, Filipe et al. 2009, Habit et al. 2010, Viana et al. 2022). Por lo
tanto, la ecologia histdrica aplicada proporciona una linea de base o una “imagen” de
la salud de los ecosistemas (Stoddard et al. 2006, Clavero & Villero 2014, Haidvogl et
al. 2015, Viana et al. 2022) de gran utilidad para la gestién y conservacién (Swetnam
et al. 1999, Clavero & Hermoso 2015, Clavero et al. 2022).

Enlapresente Tesis Doctoral se empled lainformacion recopiladaen El Diccionario
geogrdfico-estadistico-histérico de Espafia y sus posesiones de Ultramar de Pascual Madoz
(Madoz 1845-1850) para examinar los procesos asimétricos (margenes y sectores de
la cuenca) en la extincién de especies nativas y la invasion de no nativas en la cuenca
del Guadalquivir entre el s. XIX y XXI.

Efectos de la escala espacial sobre la distribucion de los peces en la

cuenca del Guadalquivir: respuestas a nivel de comunidad y de especie

La intensificacion humana de los usos del suelo a lo largo del siglo pasado ha tenido
importantes repercusiones sobre los ecosistemas acudticos continentales en todo el
planeta. Especificamente, en la cuenca mediterranea, un conjunto de impactos antrépicos
muy diverso y desigualmente distribuido, como son la fragmentacién y la pérdida de
habitat, la sobreexplotacion de especies y recursos hidricos, alteraciones hidrolégicas, la
agricultura intensiva o la introduccion de especies exéticas estan amenazando seriamente
estos ecosistemas (Prenda et al. 2006, Hermoso & Clavero 2011).
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En este contexto, el estudio de las relaciones entre habitat y especies representan
un elemento clave para las estrategias de conservacion y manejo, especialmente en estas
areas altamente perturbadas donde las comunidades de peces estan sujetas a muchas
presiones humanas. Los estudios multi-escala ayudan a profundizar en el conocimiento
de los componentes espaciales implicados e identifican variables clave locales (p.ej.,
ancho del cauce) y regionales (p. ej., superficie agricola) en la distribucion de especies.
Tradicionalmente, los estudios ecoldgicos se han centrado en los efectos de los factores
proximales enlas comunidades de peces, yraravezhan tenido en cuentalas consecuencias
de los procesos a mayor escala y sus interacciones (Wang et al. 2006). Hoy en dia, se sabe
que la ocurrencia de especies no solo esta restringida por factores locales tales como
aquellos relacionados con las caracteristicas inmediatas del habitat (calidad del agua,
corriente de agua, forma del canal, pendiente, etc.), sino que otros factores distantes que
operan a mayor escala espacial o temporal (p.ej., clima, aislamiento del habitat) también
pueden jugar un papel importante (Hawkes 1975, Huston 1999, Arunachalam 2000).
La hipdtesis mas ampliamente aceptada sugiere que factores a gran escala determinan
el conjunto de especies potenciales que pueden ocurrir localmente. Mientras tanto, los
factores de pequena escala a menudo reducen la biodiversidad potencial de las especies
que realmente se encuentran en un sitio especifico (p. ej., Tonn et al. 1990, Poft 1997,
Houston 1999). Sobre esta base, los modelos de ocurrencia de especies en conjuntos
locales deben incluir no solo factores locales, sino también regionales para determinar
sus efectos relativos en un sitio determinado. Este conocimiento es fundamental en
cualquier esfuerzo por gestionar y restaurar ecosistemas fluviales deteriorados (Wang
et al. 2006).

Existen varios modelos conceptuales para explicar los principales patrones espaciales
en los ecosistemas fluviales. La zonificacion longitudinal segtin el Concepto de Continuidad
del Rio “River Continuum” es el patrén de distribucion mas cominmente estudiado en la
ecologia de los peces de rio. Este patron relaciona los cambios en la composicion de la
comunidad con los gradientes ambientales desde la cabecera hastala desembocadura del rio
(Vila-Gispert et al. 2002, Moran-Lopez et al. 2006). Por lo general, este gradiente se asocia
no solo con la zonificacién biética, sino también con el aumento de la riqueza de especies
aguas abajo debido a un aumento en el tamario del rio y en la heterogeneidad ambiental
(Schlosser 1982). A escala local, los factores relacionados con la morfologia hidraulica (p.

¢j., la heterogeneidad del sustrato, la profundidad del canal y la velocidad del agua) junto
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con las caracteristicas adicionales del habitat (p.ej., la temperatura del agua, la vegetacion)
se han descrito como las caracteristicas (o factores de estrés) mas importantes para la
distribucion de los peces (Matthews 1998, Lamouroux et al. 1999). Mas recientemente,
las asociaciones entre factores locales y regionales también han dado lugar al desarrollo de
modelos jerarquicos que describen las relaciones espaciales dentro de un sistema fluvial

como una serie anidada desde el habitat local hasta la cuenca (Poff 1997,).

Sin embargo, el papel de los factores ambientales a diferentes escalas y su influencia
en la presencia de especies se ha abordado menos en la ecologia de peces (pero ver
Wang et al. 2006, Kennard et al. 2007, Troia & Gido 2015) a pesar de la relevancia de la
fauna de peces para la biodiversidad de agua dulce. Estudios anteriores han considerado
esta perspectiva principalmente a nivel comunitario (Tonn et al. 1990, Angermeier
& Winston 1998). Sin embargo, el enfoque a nivel de especie puede proporcionar
informacion importante para comprender los mecanismos subyacentes a los patrones
de distribucion de estas y los impactos humanos. Analizar el papel de los factores locales
y regionales en la ocurrencia de cada especie puede ayudar a comprender las respuestas
a nivel de la comunidad e implementar una buena planificacion de la conservacion
(Angermeier & Winston 1999).

En esta Tesis Doctoral se estudia la fauna de peces continentales de la cuenca
del rio Guadalquivir con el fin de identificar como los efectos ambientales locales y
regionales y sus interacciones influyen en la distribucién de las especies. Usando datos
de 285 localidades de muestreo, examinamos a dos escalas diferentes (local y regional),
los principales gradientes en las comunidades de peces y los factores mas decisivos a la

hora de explicar la presencia de las especies.

Objetivos y metodologia

El objetivo principal de esta tesis es evaluar el estado de conservacion de la ictiofauna de
la cuenca del Guadalquivir, asi como identificar los factores y procesos que determinan

la distribucion actual de la comunidad de peces.
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Las hipotesis previamente establecidas para el desarrollo de esta tesis son:

1. La comunidad de peces nativos de la cuenca ha sufrido un acusado declive en

el ultimo siglo.

2. Las fuertes perturbaciones de origen antrépico existentes en la red de
drenaje han alterado los patrones naturales de distribucion de la riqueza y

biodiversidad de peces continentales.

3. La fuerte asimetria ambiental existente entre ambas margenes de la cuenca
provoca del mismo modo una fuerte asimetria en la distribucién de la fauna
de peces.

4. Los efectos a escala local y regional que determinan la distribucion de especies

afectan de forma desigual a las especies

Los objetivos generales de la tesis son:

1. Proporcionar una revision completa de la fauna de peces del Guadalquivir

registrada desde el siglo XX hasta el presente.

2. Determinar los patrones actuales de distribucion general de peces, riqueza y

diversidad.
3. Determinar el estado de conservacion de la comunidad de peces de la cuenca.
4. Identificar los factores, naturales o antropicos, que determinan la distribucion
de las especies.

5. Proporcionar las bases ecoldgicas para el correcto disefio de estrategias de

conservacion y manejo.

Para abordar estos objetivos se empled una aproximaciéon multidisciplinar en la
obtencion de la informacién que comprendid revision bibliografica, ciencia ciudadana,

fuentes histdoricas y muestreos de campo.

Revision bibliografica: Se realizé una intensiva busqueda en documentos cientifico-
técnicos publicados en el ultimo siglo que proporcionaran informacion fiable sobre

la presencia y distribucion de peces en la cuenca del Guadalquivir.

Ciencia ciudadana: Para actualizar la informacion sobre especies invasoras recientes

en la cuenca del Guadalquivir realizamos exhaustivas busquedas en diferentes sitios

27



Distribucion de peces continentales en una Cuenca Mediterranea altamente
perturbada: bases ecoldgicas para la gestién y la conservacion

web, como redes sociales (p.ej., YouTube, Facebook), foros de pesca recreativa, blogs
y buscadores (p.ej., Google). Ademas, enviamos una solicitud de informacion sobre
los registros de las especies en estudio a los sitios web de pesca deportiva. Realizamos
una busqueda booleana utilizando una combinacion de diferentes palabras clave,
incluidos nombres cientificos y comunes en espafiol de las especies objeto y el nombre
del rio (Guadalquivir). Los registros de las especies se aceptaron solo cuando incluian
la localidad, el afio y estaban acompanados de foto o video (ver Gago et al. 2016 para
mas detalles). Entrevistamos, siempre que fue posible, al pescador que proporcioné

la informacién para confirmar los datos y evitar duplicidades en los registros.

Fuentes historicas: Se extrajeron los registros histdricos de peces de agua dulce
existentes en EI Diccionario geogrdfico-estadistico-histérico de Espafia y sus posesiones
de Ultramar de Pascual Madoz (Madoz 1845-1850). Para ello realizamos una
busqueda en las copias digitalizadas del diccionario Madoz disponible en www.
bibliotecavirtualdeandalucia.es utilizando la herramienta de bisqueda en el lector de
documentos pdf y los nombres comunes (y topénimos) de todos los peces ibéricos.
La informacion recopilada en Madoz comprendia 229 nombres de lugares (es decir,
ubicaciones) en la cuenca del rio Guadalquivir, con 472 registros de peces de agua

dulce, 82 de los cuales se referian simplemente a “peces” y 42 a “pesca’.

Muestreos de campo: Se emplearan los datos recopilados por el grupo de investigacion
‘Biologia de las aguas epicontinentales (RNM 324)" en las campafas de muestreo
realizadas en el marco del proyecto ‘Evaluacion ecoldgica de los medios fluviales de
la cuenca del Guadalquivir segin recoge la directiva marco de agua a través del uso
de bioindicadores basados en peces (P07-RNM-03309) . En dichas campaifias un
total de 285 localidades distribuidas por toda la cuenca fueron muestreadas. Por un
lado, se caracteriz6 la comunidad de peces utilizando dos métodos y por otro lado se
caracterizaron los habitats a través de variables bidticas y abidticas tomadas in situ.
Segun el ancho y la profundidad de la ubicacion, se utilizaron dos métodos de muestreo
de peces alternativos. Una combinacién de diferentes métodos de pesca es una opcion
apropiada para muestrear una amplia gama de habitats, especies y tamafos de peces
(Heggenes et al. 1990, Reynolds 1996, Bunt et al. 1998, Clavero et al. 2006; Figura 3).
Los sitios con corrientes, baja salinidad (<1,5 mS cm™) y poca profundidad (<1,2 m)
fueron muestreados mediante pesca eléctrica vadeando aguas arriba a lo largo de una
longitud de 100 m del cauce durante aproximadamente una hora. El equipo incluia una

caja de control que suministra una corriente continua pulsada, 300 / 600V, 4-6A sin
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redes de bloqueo (Electracatch International, motor Honda EU 20i con un rectificador
WEF6 y una red con un didmetro de 30 cm y un tamano de malla de 4 mm). Cuando las
condiciones de salinidad y profundidad no permitian la pesca eléctrica, principalmente
en rios y embalses de gran tamanio, utilizamos cuatro tipos de trampas pasivas: redes de
trasmallo, nasas, trampas “minnow” metalicas y de plastico. Dos redes de trasmallo (10
mx 2 m, 175 mm x 25 mm y tamaifio de malla 200 mm x 20 mm), tres pares de nasas
(tamano de malla de 12 mm y 3 mm), quince trampas de metal “minnow” (tamaio de

malla de 6 mm) y diez pares de trampas “minnow” de pléstico para peces pequefios

(entrada de 25 mm) durante un minimo de 8 horas (ver Clavero et al. 2006 para mas
detalles) (Figura 3).

Figura 3. Muestreo con pesca eléctrica vadeando aguas arriba a lo largo de 100 m de cauce
(imagen izquierda) y muestreo mediante el uso de trampas pasivas (nasas) (imagen derecha)
durante un tiempo minimo de 8 horas.

Habitat se caracterizé a través de 31 variables ambientales para cada localidad
utilizando un enfoque a dos escalas: local y regional. Las variables locales se definieron
como aquellas relacionadas con el punto de muestreo, mientras que las variables
regionales se refieren al drea de drenaje. En consecuencia, las variables locales se
obtuvieron in situ durante el trabajo de campo y las variables regionales se calcularan
durante los trabajos de gabinete utilizando Sistemas de Informacion Geografica (SIG) y

datos de cobertura proporcionados por las administraciones.
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Abstract: The Guadalquivir River Basin is one of the largest in the Iberian Peninsula
and has a remarkable freshwater biodiversity. Although many studies on hydrological
regimes or water quality have been conducted in this basin the biodiversity of freshwater
fish, as well as their distribution and conservation status, has never been globally
addressed as in other Iberian basins. In this context, we synthesized information on
freshwater fish using field procedures and a bibliographic search. Fish distribution
patterns at different spatial scales and general environmental conditions were analyzed
as well as the conservation status of the fish community. We documented the presence
of 40 species (20 native and 20 exotic) in the basin during the 20th century until today.
However, we only captured 18 species during the field sampling, with a prevalence for
any native species of less than 23% (except Luciobarbus sclateri). The highest species
richness was found in mid reaches, while the lower reaches had very low diversity
values. Around 50% of species are threatened; according to the IUCN, several species
are declining at an alarming rate and others are probably extinct and/or their current
status is unknown. Human disturbances during the last few decades have caused serious
changes in fish distribution and consequently to their conservation status. Hydrological
alterations, intensive agriculture and introduced species are probably the principal
reasons for Guadalquivir’s ichthyofauna imperilment. Our study indicates an urgent
and real need to identify important areas for fish conservation to guarantee a minimum
fish biodiversity conservation over the long term, as well as effective strategies for fish

recovery where it still is possible.

Keywords: fish fauna; Guadalquivir; distribution; ichthyofauna; Iberian Peninsula
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CHAPTER Il. Freshwater fish biodiversity in a large mediterranean basin
(Guadalquivir river, s Spain): patterns, threats, status and conservation

Introduction

Freshwater ecosystems are the richest and most diverse ecosystems on earth and also
one of the most threatened (Loh et al. 1998, Revenga and Mock 2000). Their biodiversity
is being reduced at an alarming rate, especially in arid and semi-arid regions where
water demand for human uses is increasing (e.g., Mediterranean areas) (Moyle and
Yoshiyama 1994, Loh et al.1998, Cowx and Collares-Pereira 2002, Smith and Darwall
2006). At a European level, the conservation status of aquatic species is very poor,
as 44% of freshwater mollusks, 37% of freshwater fishes and 23% of amphibians are
threatened (Freyhof and Brooks 2011). Freshwater fish are a basic element of this
biodiversity, representing one-fourth of all living vertebrate species, the world’s most
endangered vertebrate group after amphibians and the most species-rich group among
European vertebrates (546 fish species) (Bruton 1995, Abell 2002, Kottelat and Freyhof
2007, IUCN 2022). European freshwater fish fauna consists of 12% critically endangered
species, 10% endangered, 15% vulnerable and 4% species near-threatened. This is one of
the highest levels of threat of any important taxonomic group ever evaluated in Europe
(Kottelat and Freyhof 2007, Freyhof and Brooks 2011, ITUCN 2022).

In Mediterranean areas, where freshwater biodiversity is highly endemic (Cuttelod
et al. 2008), the World Conservation Union estimates that around 56% of endemic
freshwater fish species are threatened: 18% critically endangered, 18% endangered
and 20% vulnerable (Smith and Darwall 2006). In this context, there is an urgent need
for a permanently updated knowledge of the structure, diversity and distribution of
Mediterranean freshwater fish communities due to the continual increase in human
pressures on lands and resources in the Mediterranean (e.g., (Garcia-Ruiz et al. 2013,
Ruiz et al. 2015).

The ecological status of the Guadalquivir River Basin is one of the least known
in the Iberian Peninsula, despite its significant relevance in terms of area (around
10% of the Iberian land surface), biodiversity (one-third of Iberian fish species
inhabit or have recently inhabited this basin; see results), impacts (Mendiguchia
et al. 2007, Hermosin et al. 2013, Vargas et al. 2015, Carpintero 2015) and the high
number of threatened species that inhabit it (Cuttelod et al. 2008). Before the 20th

century, the fish fauna of the Guadalquivir was characterized, compared to other
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Iberian basins, by a diverse community of migratory species (catadromous and
anadromous). These species constituted an important economic resource for
many nearby towns (Granado-Lorencio 1991). However, the construction of
reservoirs in the canal, as well as in the tributaries, was the main factor in the
decline/extinction of these species (Granado-Lorencio 1991). Since the beginning
of the 20th century, more than 150 reservoirs have been built in the basin, eleven
of them in the main course of the river, which have isolated large sectors of the
basin and blocked the migratory movements of many species (Granado-Lorencio
1991). One of the first inventories of species in the basin was carried out in 1989,
which included a list of 19 native and introduced species with places and dates of
capture in the basin (Doadrio 1989). However, the diversity, conservation status and
distribution pattern of Guadalquivir’s fish have rarely been addressed at a whole-
basin level. Around 50% of native species recorded in the basin are threatened
(UICN 2022). At a national scale, more than 85% of native species recorded in
the Guadalquivir Basin are endangered (Doadrio 2001). At a regional scale, the
information available is very scarce. The regional Red Data Book includes 15
endangered species and one that is extinct (Franco-Ruiz 2001). These data show the
need for an urgent updating of the conservation status and threats to Guadalquivir’s
ichthyofauna; several species may be extinct nowadays and others are about to be
so, while the introduction of exotic species continues to increase. A continuous
monitoring program would also be necessary to assess population trends and to
carry out real management and conservation strategies based on the actual status of

this freshwater biodiversity component (Filipe et al. 2004, Magalhaes et al. 2008).

In this study, we examined the diversity, distribution and conservation status of
the Guadalquivir River Basin’s freshwater fish fauna. The specific objectives were: (1) to
provide a complete list of the Guadalquivir fish fauna recorded from the 20th century
to the present, (2) to determine current patterns of general fish distribution, richness
and diversity, (3) to determine the conservation status of fish fauna in the basin and (4)
to make recommendations for fish biodiversity conservation in the Guadalquivir River

Basin.
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Materials and Methods

Study Area

The Guadalquivir River is located in the south of the Iberian Peninsula, flowing west
to the Atlantic Ocean. The main channel is 680 km in length, the fifth longest river in
the Iberian Peninsula. The basin presents 80 main tributaries (basin areas between 12.6
km?* and 8255.6 km?*) with a total drainage area of 57,439 km* and an average human
population density of 69.6 hab/km? (Confederacion Hidrografica del Guadalquivir
2015a). The basin has a typical Mediterranean hydrological regime with high intra-
and inter-annual discharge variation (Gasith and Resh 1999, Navarro et al. 2012,

Confederacion Hidrografica del Guadalquivir 2015a)

The basin faces intense direct and indirect human pressures, mostly from
agriculture (Rodriguez Diaz et al. 2007, Hermosin et al. 2013), flow regulation (often
related to agriculture), species introductions (Clavero et al. 2004) and wastewater
disposal (Bhat and Blomquist 2004; see Table 1). Agriculture has been undergoing
major changes in Southern Spain since the end of the 1980s. A sharp change is taking
place: from traditional non-irrigated extensive agriculture of typical Mediterranean
crops (wheat, olives and wine) to a new, intensive, industrial and irrigated agricultural
model, with high soil erosion levels, water abstraction and/or flow regulation, pesticide
disposal and many other side effects (Table 1). A main consequence of these recent
agricultural changes, usually associated with an increase in irrigated olive groves, is the
introduction of an extraordinary suspended solid-loading into the drainage network
that causes extreme levels in water turbidity (Carpintero 2015). The values of suspended
sediment concentration (600 mg L) registered by Ruiz et al. (Ruiz et al. 2010) in the
main river channel are among the highest known in the world, two and three times
greater than that of the Danube (326 mg L™') and Amazon (200 mg L), respectively
(Carpintero 2015). These values are mainly located in the lower Guadalquivir reaches.
This is seriously affecting the fish community and its nursery function, a well-known

phenomenon in the Guadalquivir estuary (Gonzalez-Ortegoén et al. 2010).
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Table 1. Guadalquivir River Basin environmental characteristics (data source:

Confederacion  Hidrogrifica  del

Guadalquivir:

http://www.chguadalquivir.es/

demarcacion-hidrografica-guadalquivir#PlanHidrolégicodelGuadalquivir2009-2015
(accessed on 23 July 2021). * ‘Dehesa’ is a particular Mediterranean ecosystem where
man has removed bushes to improve the farm (Diaz et al. 1997).

Count hm’/year  km? %
Environmental information
Human population (n° inhabitants) 4,141,635
Municipality (n°) 429
Annual average rainfall (mm) (1942-2005) 561
Annual average contribution 7043
Average net provision (m*/ha/year) 2906
Olive water demand (m*/ha/year) 1500
Environmental quality (n° water mass)
Good or moderate ecological status 252 56.9
Poor or bad ecological status 191 43.1
Chemical status (n° water mass)
Good chemical status 46.1
Bad chemical status 53.9
Ne pollution discharges 1719
Water use
Supply 436.41 10.9
Industry 36.26 0.9
Agriculture 3504.06 87.4
Energy 31 0.8
Land use
Irrigated crops 8460 14.7
Rainfed cultivation 24,000 41.8
Forests 7140 12.4
Scrublands 10,000 17.4
Dehesas * 4000 7.0
Grasslands 1400 24
Bare or sparsely vegetated land 829 1.4
Water (lagoons, marshes, reservoirs, etc.) 880 1.5
Unproductive soil (urban dreas, roads, etc.) 730 1.3
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The flow of the Guadalquivir Basin is fully regulated. Thus, the water supply cannot
be increased, but demand continues to rise more or less uncontrollably (Argielles et
al. 2012). The number of reservoirs has reached a maximum. About 9193 hm? of river
flow is nowadays retained in 29 large reservoirs (>100 hm?) and more than 140 smaller
ones (<100 hm®) (Confederacion Hidrografica del Guadalquivir 2015b). There are also
numerous cut-offs, channeling and dredging works to promote river traffic, especially
in the lower reaches of the river (Cruz Villalon 1988, Granado-Lorencio 1991). As a
consequence, the natural flow pattern of the main channel has been strongly modified.
With respect to ecological status, according to the European Water Framework Directive
(WED; 2000/60/EC), 43% of all inland water bodies have poor or low level quality
(Confederacion Hidrografica del Guadalquivir 2015a; Table 1).

The Guadalquivir Basin displays a strong environmental asymmetry with respect
to both left and right margins. Geology, physiography, climate and human pressure
all vary. The right margin is located within the Iberian Massif, a low relief mountain
range covered with oak forests and dehesas and characterized by a very low human
population density, mostly devoted to marginal mountain agriculture and especially
extensive farming and cattle raising. This area has a high conservation value and most of
it is protected as several natural parks. The left margin corresponds to Cenozoic basins
and the Betic Mountain chain. This is a highly developed flat land covered by intensive
agriculture (irrigated and non-irrigated). Human population density is very high, and

human pressures, in general, are correspondingly high.

Data Collection

We obtained fish data via field sampling and a bibliographic search. Sampling was
conducted at 285 locations over the entire basin (216 in rivers and 69 in reservoirs)
between June-September 2007 (reservoirs) and March-July 2008 (rivers) (Figure 1).
The 285 sampling locations were distributed at random within 46 different sub-basins
(including the main channel) that represented 56.3% of the total number of sub-basins

and 96.1% of the total basin area, respectively (Figure 1).
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Figure 1. Map of the Guadalquivir River Basin. (a) Fish sampling sites: filled circles indicate
rivers (n = 216) and grey squares denote reservoirs (n = 69). (b) Map of sub-basins sampled (gray
color) and main channel (code-number 5) in the Guadalquivir River Basin. The code-number
indicates the name for each sub-basin.

Depending on location width and depth, two alternative sampling methods were
used. A combination of different fishing methods is an appropriate option for sampling
a wide range of habitats, species and fish sizes (Heggenes et al. 1990, Reynolds 1996,
Bunt et al. 1998, Clavero et al. 2006). Typical stream sites with low salinity (<1.5 mS
cm™') and shallow depth (<1.2 m) were electrofished by wading upstream along a
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channel length of 100 m during approximately one hour. The equipment comprised
a control box delivering a pulsed direct current, 300/600 V, 4-6 A without block nets
(Electracatch International, Honda EU 20i motor with a WE6 rectifier and a landing net
with a 30 cm diameter and a 4 mm mesh size). The relative density was calculated for
all captured species at all sampling points as catches per unit effort (hereafter, CPUE).
The CPUE was defined as the number of individuals captured per 100 m stream length

per hour sampling.

When the salinity and depth conditions did not allow electrofishing, mainly in
large rivers and reservoirs, we used four types of passive traps: trammel nets, fyke nets,
minnow traps and plastic bottle minnow traps. Two trammel nets (10 m x 2 m, 175
mm x 25 mm and 200 mm x 20 mm mesh size), three pairs of fyke nets (12 mm and 3
mm mesh size), fifteen metal minnow traps (6 mm mesh size) and ten pairs of plastic
minnow traps (25 mm inlet) were set for a minimum of 8 h (see Bunt et al. 1998 for
more details). After capture, fish were identified to species level, counted, measured and
returned live to the river. The CPUE was defined here as individuals captured in the
aforementioned trap combination (2 trammel nets + 3 pairs of fyke nets + 15 metallic

mesh minnow traps + 10 pairs of plastic bottle minnow traps) per 12 h sampling.

A Dbibliographic search was performed for all fish species recorded in the
Guadalquivir River Basin throughout the 20th century to develop a second presence/
absence historical data set. This search covered scientific journals, technical reports,
books and daily press with potential information on freshwater fish distribution. The
Carta Piscicola Espanola (http://www.cartapiscicola.es (accessed on 27 September
2022), and the International Standardization of Common Names for Iberian Endemic
Freshwater Fishes (Leunda et al. 2009) was used for scientific and common fish

nomenclature, respectively.

Data Analysis

Shannon (H’) alpha diversity index (see Moreno 2001) and species richness values
were compared at different scales and habitats using Kruskal-Wallis tests and Dunn’s
post test. All analyses were performed in SPSS Statistics” v. 21 (IBM Corp 2012). The
Shannon (H’) index was calculated with PAST" (v.2.14) (Hammer et al. 2001).
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Results

Faunal Composition

In an Iberian context, the Guadalquivir’s ichthyofauna has great relevance as 31.1% of
all native Iberian species live or have recently inhabited the Guadalquivir River Basin
(Table 2), although it merely encompasses 9.8% of the total surface area of the Iberian
Peninsula and only three families of native fish are not found in the basin. In particular,
migratory species are very well represented, accounting for 54.5% of all Iberian species
(Table 2). Cyprinidae is the richest family (both for native and exotic species) in the
basin constituting 21.6% of Iberian species (Table 2) and 55.4% of the sampled species
(Figure 2). Also, introduced species are widely represented in the Guadalquivir Basin
with 48.4% of the total species recorded in Iberia (Table 2).
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Table 2. Families and number (%) of Iberian freshwater fish species recorded in the Gua-
dalquivir River Basin. Sources: Carta Piscicola Espafiola for Spanish data (http://www.
cartapiscicola.es, accessed on 27 September 2022) and Fishbase for Portuguese data (http://
www.fishbase.org/Country/CountryChecklist.php?showAll=yes&c_code=620&vhabitat=-
fresh, accessed on 15 July 2022). * Tinca tinca is considered introduced according to Clave-
ro and Villero 2013.

Family Iberian Peninsula Guadalquivir
Petromyzontidae 6 1(16.7)
Acipenseridae 1 1 (100)
Clupeidae 2 2 (100)
Anguillidae 1 1 (100)
Salmonidae 2 1 (50)
Cyprinidae 37 8(21.6)

) Cobitidae 3 1(33.3)
= Nemacheilidae 1 0(0)
“ Cyprinodontidae 2 1(50)
Valenciidae 1 0(0)
Atherinidae 1 1 (100)
Gasterosteidae 1 1 (100)
Cottidae 2 0 (0)
Blenniidae 1 1 (100)
TOTAL 61 19 (31.1)
Salmonidae 4 1(25.0)
Esocidae 1 1 (100)
Cyprinidae 11% 6 (54.5)
Cobitidae 1 0(0)
Nemacheilidae 1 0(0)
< Ictaluridae 2 1 (50)
é Siluridae 1 1(100)
g Cyprinodontidae 1 0(0)
5 Fundulidae 1 1 (100)
Poeciliidae 3 1(33.3)
Cichlidae 1 1 (100)
Centrarchidae 2 2 (100)
Percidae 2 0(0)
TOTAL 31 15 (48.4)



http://www.cartapiscicola.es
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Figure 2. Percent of species number of the total families found in the Guadalquivir River Basin
during the sampling sessions.

During fieldwork a total of 18 fish species (9 native, 7 introduced and 2 translocated)
were captured in the Guadalquivir River Basin (see Table S1 for sub-basin details). In
addition, the bibliographic search revealed the presence of at least 22 additional species
(11 native and 11 exotic) during the 20th century. Just over 18% of the sampled locations
were apparently fishless (after 197.7 h spent electric fishing and 3578.7 m traversed
at these points), all of them located in rivers (24% of all river locations). Cyprinidae
was clearly the family with the greatest number of native and exotic sampled species,
accounting in total for more than 50% of species richness (Figure 2). Species undetected

during field sessions either have very low densities or they are extinct (see below).

Sampled Species

Seven native primary freshwater fish species were captured (Table 3): brown trout
(Salmo trutta Linnaeus, 1758), southern Iberian barbel (Luciobarbus sclateri (Gunther,
1868)), Iberian arched-mouth nase (Iberochondrostoma lemmingii (Steindachner,

1866)), southern straight-mouth nase (Pseudochondrostoma willkommii (Steindachner,
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1866)), calandino (Squalius alburnoides (Steindachner, 1866)), southern Iberian
chub (Squalius pyrenaicus (Glinther, 1868)), southern Iberian spined-loach (Cobitis
paludica (de Buen, 1930)), and big-scale sand smelt (Atherina boyeri Risso, 1810), as
well as one migratory species, European eel (Anguilla anguilla (Linnaeus, 1758)). The
introduced exotic species captured included: rainbow trout (Oncorhynchus mykiss
(Walbaum, 1792)), bleak (Alburnus alburnus (Linnaeus, 1758)), goldfish (Carassius
auratus (Linnaeus, 1758)), common carp (Cyprinus carpio Linnaeus, 1758), eastern
mosquitofish (Gambusia holbrooki Girard, 1859), pumpkinseed (Lepomis gibbosus
(Linnaeus, 1758)) and largemouth bass (Micropterus salmoides (Lacépede, 1802)). The
introduced translocated species (presumably from other Iberian river basins) were
Pyrenean gudgeon (Gobio lozanoi Doadrio and Madeira, 2004) and a minnow species
of unknown origin (Phoxinus spp.), probably the Pyrenean minnow (Phoxinus bigerri
Kottelat, 2007) (Table 3). All native species had a very restricted distribution (prevalence
less than 23%), except the southern Iberian barbel, which is the most widespread (a
prevalence of 58.6%; see Table 3) and abundant species (more than 50% of the total
captured fish) throughout the basin. Four species had prevalence values between 10%
and 23%, and the four remaining species were present at less than 9% of the sampled
sites. Excluding the southern Iberian barbel, the average prevalence of native fish was
9.8%. Among the locations with fishes, 42.1% presented at least one introduced species.
Atherina boyeri is not a primary freshwater species; however, in the Guadalquivir basin
there is an exclusively freshwater population (Zdfiar pond) (Doadrio 2001) and far from

any contact with the coast (>100 km), so we decided to include it in this study.

Largemouth bass and common carp were the most common exotic species (23.5%
and 22.1% of the sampled sites, respectively,) followed by pumpkinseed (18.6%) and
eastern mosquitofish (16.1%). The other species had prevalence values below 10% (Table
3). There are marked differences between native vs. introduced species prevalence in lotic
environments, where the first are largely distributed (71.8% and 25.0%, respectively).
Lentic environments, on the contrary, do not differ greatly, showing a prevalence of

91.3% for native species and 95.7% for introduced ones.
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Table 3. List of native and exotic freshwater fishes detected during the field sampling.
Threat categories are referred to IUCN Red List (UICN 2022) and Red book of Spanish
freshwater fish, RBSF (Doadrio 2001). CR: Critically endangered; EN: endangered; VU:
vulnerable; LC: least concern.

0,
Family Species IUCN RBSF Prevalence (%)

(2022) (2001) (n =285)
Anguillidae Anguilla anguilla CR VU 0.7
Salmonidae Salmo trutta LC VU 11.9
Luciobarbus sclateri LC LC 58.6
Iberochondrostoma
lemmingii Vo vu 21
£ Cyprinidae Pseudochondrostoma
= ) . VU VU 228
:2 willkommii
Squalius alburnoides vU VU 15.8
Squalius pyrenaicus - \48) 8.1
Cobitidae Cobitis paludica VU VU 15.4
Atherinidae Atherina boyeri LC VU 1.8
TOTAL 76.5
Salmonidae Oncorhynchus mykiss 1.8
Alburnus alburnus 8.1
Carassius auratus 3.5
~—  Cyprinidae Cyprinus carpio 22.1
g Gobio lozanoi 0,4
£ Phoxinus spp. 0,4
= Poeciliidae Gambusia holbrooki 16.1
) Lepomis gibbosus 18.6
Centrarchidae
Micropterus salmoides 235
TOTAL 42.1

Bibliographic-Recorded Species

Atotal of 11 native species had been previously recorded in the Guadalquivir River Basin but
were not captured in this study (Table 4), including 7 sedentary species: Oretanian arched-
mouth nase (Iberochondrostoma oretanum (Doadrio and Carmona, 2003)), jarabugo
(Anaecypris hispanica (Steindachner, 1866)), Iberian long-snout barbel (Luciobarbus
comizo (Steindachner, 1864)), bogardilla (Squalius palaciosi Doadrio, 1980), three-spined
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stickleback (Gasterosteus aculeatus Linnaeus, 1758), freshwater blenny (Salaria fluviatilis
Asso y del Rio, 1801), and baetican toothcarp (Aphanius baeticus (Doadrio, Carmona and
Fernandez-Delgado, 2002)); and 4 migratory species: Atlantic sturgeon (Acipenser sturio
Linnaeus, 1758), sea lamprey (Petromyzon marinus Linnaeus, 1758), allis shad (Alosa
alosa (Linnaeus, 1758)) and twaite shad (Alosa fallax (Lacépede, 1803)).

Some of these species may have gone extinct locally (e.g., Atlantic sturgeon, allis
shad, three-spined stickleback and bogardilla) (Granado-Lorencio 1991, Doadrio
2001, Granado-Lorencio and Hernando 2001). Others have been recently described
(e.g., baetican toothcarp, Oretanian arched-mouth nase) (Doadrio et al. 2002,
Doadrio and Carmona 2003) or have a very small distribution range (e.g., jarabugo)
(De Miguel et al. 2010). Iberian long-snout barbel and freshwater blenny records,
according to Doadrio (2001), have to be considered with caution and need to be
checked (Doadrio 2001).

Other records for 11 additional exotic species were obtained in the bibliographic
search: tench (Tinca tinca (Linnaeus, 1758)), mummichog (Fundulus heteroclitus
(Linnaeus, 1766)), black bullhead (Ameiurus melas (Rafinesque, 1820)), European
catfish (Silurus glanis Linnaeus, 1758), Siberian sturgeon (Acipenser baerii Brandt,
1869), Adriatic sturgeon (Acipenser naccarii Bonaparte, 1836), northern pike (Esox
lucius Linnaeus, 1758), oscar (Astronotus ocellatus (Agassiz, 1831)), chameleon cichlid
(Australoheros facetus (Jenyns, 1842)), pirapitinga (Piaractus brachypomus (Cuvier,
1818)) and Hypostomus sp. (Table 4). Some of these species have been well established in
the basin and surrounding areas for many years (e.g., mummichog, tench) (Clavero and
Villero 2013, Gutiérrez-Estrada et al. 1998), whereas others were recently introduced
(e.g., black bullhead, European catfish) (Garcia de Lomas et al. 2009, Moreno-Valcarcel
et al. 2013). The probable historical presence of the Adriatic sturgeon has been a
matter of debate, leading to several studies to either confirm or reject its occurrence
(Garrido-Ramos et al. 1997, Doukakis et al. 2000, De la Herran et al. 2004), but there
is still no consensus within the scientific community. However, some Adriatic sturgeon
(>25 kg weight) that escaped from fish farms have been captured by anglers (authors’
unpublished data). The status of this, and the rest of the introduced species that have

been cited in the literature, is currently unknown.
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Table 4. List of native and exotic freshwater fishes detected during the bibliographic
search. Threat categories are referred to IUCN Red List (UICN 2022) and Red book
of Spanish freshwater fish, RBSF (Doadrio 2001). CR: critically endangered; EN:
endangered; VU: vulnerable; LC: least concern. References for each data source (‘Ref’)
are included in the reference list at the end of the article. (*) indicates the species that are
still present in the Guadalquivir River Basin. (?) indicates species without data on their
current status. Iberochondrostoma oretanum is not included in RBSF (2001).

Famil Species IUCN RBSF Ref Current Locally
¥ P (2022) (2001) ) presence extinct
Petromyzontidae Petromyzon marinus LC EN [6,11,21] *
Acipenseridae Acipenser sturio CR CR [68910,11,14] *
) Alosa alosa LC VU [1,6] *
Clupleidae
Alosa fallax LC VU [6,11,19] *
Iberochondrostoma
) CR - [13] *
.E oretanum
2 Cyprinidae Anaecypris hispanica EN EN [20] *
Luciobarbus comizo vUu VU [11] *
Squalius palaciosi CR EN [3.11] ?
Cyprinodontidae  Aphanius baeticus EN EN [1,11,12] *
Gasterosteidae Gasterosteus aculeatus  LC EN [2] *
Blenniidae Salaria fluviatilis LC EN [11] ?
) ) Acipenser baerii [9] ?
Acipenseridae - »
Acipenser naccarii [8,14] *
Esocidae Esox lucius [5] *
- Cyprinidae Tinca tinca [11,23] *
§ Ictaluridae Ameiurus melas [18,19] *
'g Siluridae Silurus glanis [22] *
E Fundulidae Fundulus heteroclitus [4,11,19] *
Astronotus ocellatus [7,15] ?
Cichlidae
Australoheros facetus [18] *
Characidae Piaractus brachypomus [16,17] ?
Loricariidae Hypostomus sp. (6] ?

(1) Lozano Rey (1935), (2) Hernando (1975), (3) Doadrio (1980), (4) Fernandez-Delgado et al. (1986), (5)
Fernandez-Delgado et al. (2014), (6) Granado-Lorencio (1991), (7) Puentes (1996), (8) Garrido-Ramos

etal. (1997) (9) Elvira & Almoddvar (1999), (10) Almaga & Elvira (2000), (11) Doadrio (2001), (12)

Doadrio et al. (2002), (13) Doadrio & Carmona (2003), (14) De la Herran et al. (2004), (15) Elvira (2004),
(16) Florez (2007), (17) Garcia Novo et al. (2007), (18) Garcia de Lomas et al. (2009), (19) Arias Garcia
(2010), (20) De Miguel et al. (2010), (21) Mateus et al. (2012), (22) Moreno-Valcarcel et al. (2013), (23)
Clavero & Villero (2013).
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Patterns of Species Richness and Diversity

The total fish species richness (both native and exotic) for a given location ranged
between 0 and 6 while the Shannon diversity index (H’) ranged from 0-1.54 to 0-1.35
for native and exotic species, respectively, (see Table S2 for sub-basin details). A positive
correlation was found between native and exotic richness and H’ (r, = 0.178, p < 0.01
and r = 0.150, p < 0.05, respectively). In addition, Wilcoxon signed-rank test showed no
difference between native and exotic species in Shannon diversity (Z = -1.36, N = 285, p
>0.05), contrary to species richness (Z = -3.90, N = 285, p < 0.001). Therefore, sites with
high values of native biodiversity tended to show similar values for exotic biodiversity
due to the high penetration of exotic species (overall prevalence of 42.1%; 95.7% for

reservoirs and 25% for rivers).

Mean native biodiversity was independent of the type of water body, whether
main channel, tributary or reservoir (Figure 3). However, mean exotic biodiversity was
clearly overrepresented in reservoirs, which also acted as reservoirs for non-native fish,
while they had a minor importance compared to native fauna in tributaries or the main
channel (Figure 3). The right margin had higher biodiversity values than the left margin.
Finally, with respect to Strahler’s order, two different patterns emerged, one for native
species and another for exotics. Native biodiversity peaked at order 2 and progressively
was reduced until a minimum at locations higher than order 4, while exotics peaked at
order 4 following a progressive increase from order 1 (Figure 3) (for all comparisons,
Kruskal-Wallis, p < 0.05, Dunn’s post test).
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Figure 3. Main fish biodiversity descriptors (average species richness and Shannon H’ diversity
index) for native and exotic species at different aquatic habitat typologies in the Guadalquivir
Basin. Mainstream, tributaries and reservoirs (a); mainstream, left and right bank tributaries
(b) and stream order (c), according to Strahler (1964). Error bars indicate standard error (SE).
The same letter above bars shows that values are statistically different (Dunn’s post test; a = 0.05)
when Kruskal-Wallis p < 0.05.

Conservation Status

To check the fish conservation status of the Guadalquivir River Basin, for each of 46
sub-basins the frequency of species included in any IUCN categories (Least Concern,
Vulnerable, Critically Endangered) (UICN 2022) was calculated (Figure 4). Among the
total sub-basins sampled, 13% (n = 6) had no fish fauna and another one contained
only exotic species (approximately 3% of total area). The rest of the sub-basins had a
quite variable, but generally poor, conservation status (Figure 4). More than half of the
sampled species were included in some of the most threatened IUCN categories (Tables
3 and 4). Similarly, 55% of species found in the bibliographical search were also included
in some of these IUCN categories (Tables 3 and 4). The left margin presented a higher
proportion for Least Concern and Vulnerable categories than the right one, but the
right margin had more Critically Endangered species (Figure 4). Despite the existence
of critically endangered species in the left bank (according to bibliographic search) they
were not detected in the field study.
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Figure 4. Conservation status (%) of sampled threatened fish species (IUCN red list criteria,
version 15.1. July 2022) in different Guadalquivir River sub-basins.
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Discussion

The Guadalquivir River Basin has a remarkable importance in the context of

Mediterranean freshwater fish biodiversity and conservation (Smith and Darwall 2006).

Despite not being one of the most diverse basins in the region, it contains a high number

of species, many of them endemic (Smith and Darwall 2006). Around one-third of the

native species registered in the Iberian Peninsula are nowadays present or have recently

inhabited this basin and the species richness found within it is similar to other large

Iberian basins (Figure 5).
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Figure 5. Species density-basin area relationship for the main Iberian basins. Drainage area,
freshwater fish number and species density are shown. Raw data from: Hernando and Soriguer
1992, Elvira 1995, Clavero et al. 2004). The blue color refers to the native species and the red
to the exotic ones.
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Changes in the Guadalquivir Basin due to human activities during the last
century have greatly modified the ecological characteristics of the water bodies and,
subsequently, their fish communities (Granado-Lorencio 1991, Gonzélez-Ortegon et
al. 2010, Hermosin et al. 2013). During the 20th century, around 30 large dams were
built and largely as a consequence of this the irrigated land increased by approximately
7000 km? 83% of the current total irrigated area (Confederacion Hidrografica del
Guadalquivir 2015a). This habitat transformation, especially reservoir building, has
promoted the spread of exotic species (Clavero et al. 2004) and has numerically reduced
or driven to extinction a large proportion of native species, particularly migratory ones
(Granado-Lorencio 1991, Nicola et al. 1996, Clavero and Hermoso 2011) . At the same
time, agricultural intensification has markedly increased the discharge of agrochemicals
(fertilizers and pesticides) as huge loads of suspended solids, which have greatly
increased water turbidity, especially at the lower basin reaches (Gonzalez-Ortegon et
al. 2010, Hermosin et al. 2013). Here, navigation has provoked strong changes in the
main channel to reduce the distance from Seville harbour to the sea by more than 70 km
(Menanteau 1982, 1984). This has isolated the main channel from surrounding areas and
has allowed the penetration of seawater further upstream, along with different marine

species (e.g., Dicentrarchus labrax) (Granado-Lorencio 1991, Arias Garcia et al. 2010).

Guadalquivir Fish Biodiversity

Iberian freshwater fish are characterized by a small number of families but a high degree
of endemism (Doadrio 2001). This may be a consequence of both geographic isolation
and stressful ecological conditions derived from the extreme Mediterranean hydrologic
regime (Alman¢a 1976, Doadrio 2001). This is characterized by autumn-winter
catastrophic floods and summer droughts that leave many river sections dry during
the summer and early autumn (Gasith and Resh 1999). The native ichthyofauna of the
Guadalquivir Basin is dominated, as in most Iberian basins, by the Cyprinidae family
(Hernando and Soriguer 1992), which is well adapted to the extreme environmental

conditions of the Mediterranean climate.

Stream fish community richness tends to increase from headwaters to lower
sections of river basins (Sheldon 1968, Horwitz 1978, Reeves et al. 1988). However,

this general biodiversity pattern is altered in the Guadalquivir Basin most likely as a
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response to poor habitat quality in the lower river sections, as has been observed in
many highly populated basins in temperate areas (Aparicio et al. 2000, Corbacho and
Sanchez 2001). Downstream reaches (usually >4 order) have high contamination levels,
high prevalence of exotic species and physical habitat disturbances, among other things,
that prevent a large number of species from establishing there (Hughes and Gammon
1987, Corbacho and Sénchez 2001).

The positive correlation observed between native and exotic fish richness may indicate
that the dominant factors determining native diversity (e.g., competition, disturbance,
availability of resources, etc.) are the same as those influencing invasions (Huston 1994,
Levine and D "Antonio 1999). Here, sites with high values of native richness (a high habitat
quality for a large number of species) are more vulnerable to invasion than those places
with low diversity. This sharply contrasts with classical ecological theories that contend
that diverse communities better resist exotic species invasion (McArthur 1970, McArthur
1972, Case 1991). It may also be the case that the rivers draining the right margin of
the Guadalquivir had higher richness (and a fewer number of sites without fish) for
both native and exotic fish than the rivers along the left margin. These latter rivers drain
mostly flat, highly productive agricultural land occupied by intensive farming, industrial
areas and densely populated human settlements, while those draining the right margin
run through mountainous areas covered by natural forests, with low human disturbance
and extensive agriculture and cattle raising (Rodriguez Diaz, et al. 2007, Confederacion
Hidrografica del Guadalquivir 2015a).

Introduced Species

The introduction of exotic species in the Guadalquivir Basin is a general and widespread
problem that is heavily threatening the native fauna. It is also causing the homogenization
of freshwater biodiversity, a problem largely extending to all Iberian river basins (Rahel
2002, Clavero et al. 2004, Hermoso et al. 2008)

Our results point out that most exotic biodiversity is a direct consequence of
reservoirs. These human constructions provide the stable lentic habitats to which native
fauna is not well adapted, but where, on the contrary, introduced species can thrive, thus

acting as exotic species reservoirs, allowing them to disperse from here and to colonize
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other more or less nearby areas (Martinez et al. 1994, Clavero et al. 2004, Corbacho and
Sanchez 2001). Without reservoirs, many of these exotic fish species would not survive
in Mediterranean rivers or would do so in very low abundance (Martinez et al. 1994,
Corbacho and Sanchez 2001). The altitudinal segregation between native and exotic
species is mainly caused by two factors. On the one hand, headwaters are usually isolated
areas with low habitat transformation, in many cases included within protected areas
(Saunders et al. 2002). On the other hand, many authors suggest that middle and lower
river reaches have better conditions for the settlement of exotic species (slower water
and a large cumulative number of reservoirs for downstream exotic fish dispersion)
(Corbacho and Sanchez 2001, Clavero et al. 2004).

Many exotic species have been introduced and have subsequently proliferated in
the Guadalquivir Basin during recent decades. Around 54% of these species have been
introduced into Spain during the last century (Elvira and Almodévar 2001). Fourteen of
the detected introduced species (70% of the total) are now well established in the basin
and/or are in the process of expansion. Four of these have colonized the basin within
the last ten years: (1) bleak (Vinyoles et al. 2007) and (2) black bullhead (Garcia de
Lomas et al. 2009) are common in the middle and lower stretch of the basin, and finally
(3) European catfish, the latest species detected in the basin (Moreno-Valcarcel et al.
2013), which involves a serious threat to regional wildlife (Copp et al. 2009). The latter’s
preference for slow waters may favor its proliferation in the lowest sections of the basin,
including the nature sanctuary of Doflana National Park and surrounding areas, with

serious threats to this unique ecosystem.

Conservation Status

The conservation status of the Guadalquivir fish fauna is nowadays very poor, as more
than half of the recorded native species in the basin are classified in a threat category,

either nationally or internationally (see Tables 3 and 4).

The high degree of fish endemism in Mediterranean river basins, such as the
Guadalquivir, demonstrates that this fauna, on average, displays rare and isolated
populations naturally (e.g., oretanian arched-mouth nase, jarabugo, bogardilla and

baetican toothcarp) (Almanga 1976, Doadrio 2001). Furthermore, some of these species
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have a low tolerance to disturbance, so that their extinction risk increases considerably
(Hermoso et al. 2008, Blanco-Garrido et al. 2009). Several formerly common species
are now disappearing; for example, the Southern Iberian chub, the Iberian arched-
mouth, the calandino and the European eel have considerably reduced distributions

with respect to those observed in recent studies (Doadrio 2001).

Two freshwater species are considered officially extinct in the Guadalquivir Basin:
the three-spined stickleback and the Iberian long-snout barbel (Granado-Lorencio 1991,
Granado-Lorencio 2009, Arias Garcia 2010). The first represented the southernmost
population in Europe (Hernando 1975). The direct causes of its extinction will never be
known, but some speculate about habitat transformation, pollution and fish trading for
aquarists (Granado-Lorencio and Hernando 2001). The causes of Iberian long-snout
barbel extinction are also unknown; however, the very small number of records and
their antiquity (Lozano Rey 1935) suggests that the historical presence of this species in

the basin should be viewed with caution (Granado-Lorencio 2001).

Migratory species are the worst preserved fish species. Only one of the five species
(European eel, prevalence <1%) with historical presence in the basin was captured,
whereas two others are very scarce (i.e., sea lamprey and twaite shad) and the remaining
two are regionally extinct (Atlantic sturgeon and allis shad (Arias Garcia 2010, UICN
2022). The last published records for the sea lamprey come from 1992 and 1999, and
in some studies it is considered extinct (Arias Garcia 2010); however, we are aware of
sporadic, but periodic captures of this species in the estuary (authors’ unpublished
data). There are very few individual twaite shad dispersed in the lowest sections of the

basin during early autumn and spring.

The relationship between the conservation of migratory fish fauna and the impact
of dams is a widespread and well-known problem around the world (Stanley and Doyle
2003, Limburg and Waldman 2009). Dams without adequate fish passage systems
hinder access to upstream areas, which may include breeding grounds, this being
one of the main challenges to their conservation (Stanley and Doyle 2003, Limburg
and Waldman 2009). Spain is one of the most dammed countries in the world, which
represents an important environmental problem (Nicola et al. 1996, Clavero et al. 2004)

because, among other reasons, most dams are impassable, i.e., it is not possible to install
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feasible fishways due to their height. In the Guadalquivir River, the Alcala del Rio dam,
built in 1931, is a major obstacle for upstream fish migration, especially for sturgeon
(Granado-Lorencio 1991). Later on, in 1956, another dam (Cantillana dam) was built
approximately 22 km upstream of Alcala del Rio precipitating the total fragmentation of
the lower section of the river from the middle one. Other specific causes involved in the
regression of these species include: flow reduction (due to dams and irrigated crops),
gravel extractions (damaging spawning grounds), pollution from urban and industry
activities and overfishing, e.g., caviar industry, elver fishing (Granado-Lorencio 1991,
Doadrio 2001, Ramos-Merchante and Prenda 2018).

Conservation and Management Recommendations

A regional strategy for freshwater fish conservation was approved in 2012 (see http://
www.juntadeandalucia.es/boja/2012/60/boletin.60.pdf for more details, accessed on
26 September 2022) and its first actions, mainly species detection, range distribution
estimates and ex situ programs, have recently been initiated. This strategy aims to act on
species included in the regional Red Book: four critically endangered, five endangered
and seven vulnerable (Franco-Ruiz 2001). However, three endangered species (Salmo
trutta, Alosa alosa and Alosa fallax) are not included in the strategy. However, up to
now, the current management and conservation measures taken have not seemed to
alter the trend of the most endangered species due to the continuous degradation of
the aquatic ecosystems of the basin (Gonzalez-Ortegén et al. 2010, Hermosin et al.
2013, Ramos-Merchante and Prenda 2018) as well as the absence of large-scale actions
that can interfere with human activities (e.g., agriculture) (Gonzalez-Ortegén et al.
2010, Hermosin et al. 2013). Only baetican toothcarp and brown trout, which have
specific conservation plans for eight and six years, respectively, seem to have stabilized

their populations (Pérez Pavon et al. 2012, Larios-Lopez et al. 2015)

The current conservation status (according to IUCN criteria) of all threatened fish
species in the Guadalquivir Basin as well as introduced species should be revised and
updated, placing each species in their appropriate global and regional coherent category,
including possible extinctions. For example, the Andalusian regional Red Book includes
the European eel in the ‘Least Concern’ category while in the TUCN Red list it appears
as ‘Critically Endangered. As another example, the possible hybrid origin of bogardilla
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(Doadrio 2001) should be clarified. This taxon is included in the regional conservation
strategy and considerable funds could be invested for its conservation and protection,
without even knowing its true taxonomic status. In addition, this “species” has not been
collected in the last ten years (UICN 2022).

The definition and detection of priority sites for freshwater fish conservation is
necessary to determine the appropriate measures of restoration in the most valuable
areas for fish. These should be areas with high native species richness or inhabited
by endangered species. The legal declaration of protected natural areas would be
useful to preserve them. Removing obsolete dams will increase connectivity among
populations, thus avoiding their isolation (Stanley and Doyle 2003) and promoting
their recovery, especially among migratory species. This measure is being carried out
in several countries in Europe and America (Stanley and Doyle 2003). The ex situ
programs could, in the future, provide individuals for repopulations, introductions
and/or reintroductions for genetic improvement. In this regard, the development of
live gene banks could help avoid the biodiversity loss of depauperated populations
(Cowx and Collares-Pereira 2000, Doadrio 2001, Doadrio and Carmona 2014).
Finally, invasive species should be eliminated, if possible, especially from fish priority

sites.

Supplementary Materials: The following supporting information can be downloaded
at: www.mdpi.com/xxx/s1, Table S1: Species richness (S), number of families (F),
Shannon (H’) diversity indices and species density (D = n° species per 1000 km?) for
each sampled sub-basin (45 and the main channel). Table S2: List of freshwater fish
species sampled in each sub-basin. Species name are codified using the first letter of the

genus and the two first letters of the species.
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SUPPLEMENTARY MATERIAL

Table S1. List of freshwater fish species sampled in each sub-basin. Species name are
codified using the first letter of the genus and the two first letters of the species (see Table 3
and 4). Abbreviation for each species: AAN (Anguilla Anguilla), STR (Salmo trutta), LSC
(Luciobarbus sclateri), ILE (Iberochondrostoma lemmingii), PWI (Pseudochondrostoma
willkommii), SAL (Squalius alburnoides), SPY (Squalius pyrenaicus), CPA (Cobitis
paludica), ABO (Atherina boyeri), OMY (Oncorhynchus mykiss), AAL (Alburnus
alburnus), CAU (Carassius auratus), CCA (Cyprinus carpio), GLO (Gobio lozanoi), PHO
(Phoxinus spp.), GHO(Gambusia holbrooki), LGI (Lepomis gibbosus), MSA (Micropterus
salmoides). The symbol (+) indicates the presence of the species in the sub-basin.

S“t(’:'oBcf‘eSi“ AAN STR ISC ILE PWI SAL SPY CPA
1 + + +
2 +
3 + + +
6 + +
7 + + + +
8 +
9 + + +
10 + +
11 + +
12 +

Left 13 + +

bank
17 + + + + + +
18 +
19 + + + +
28 +
29 + +
32 + + +
33 + + + + + +
41
42
43

TOTAL LEFT + + + + + +
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ABO OMY AAL CAU CCA GLO PHO GHO LIGI MSA
+
+ + + +
+ + + + + +
+ + +
+ + +
+
+ + + +
+ +
+ + + + +
+ + + + + + + + +
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Sul():-oB(;le sin AAN STR LSC ILE PWI SAL SPY CPA
4 + + + + +
14 + + + + +
15 + + + + +
16 + + + + +
20 + + + + +
21 + + + + + +
22 + + + +
23 N
24 + + + +
25 + + + +
26 + + + + +

Right 27 + + + +

bank 30 +
31 + + + + +
34 + + + +
35
36 + + + +
37 + + +
38 + + +
39 + + + + +
40 N
44
45
46

TOTAL RIGHT + + + + + + + +

MAIN CHANNEL 5 + + + + +
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ABO OMY AAL CAU CCA GLO PHO GHO LGI MSA

+ + + + +
+ + + + +
+ + + + + +
+ + + + + +
+ + + + +
+ + + + +
+ + + + + +
+ + +
+ + + +
+ + + + +
+ + + + +
+ +
+
+ + + +
+

+ + + +

+ +
+
+ + + + + + + + +
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Table S2. Species richness (S), number of families (F), Shannon (H’) diversity indices
and species density (D = n° species per 1000 km?) for each sampled sub-basin (45 and the
main channel).

River Reservoir

Sub-Basin Name Code Surface (km?) N N
Azanaque 1 56 1 0
Madre Fuentes 2 412 1 0
Santa Maria 3 151 1 0
Corbones 6 1963 6 2
Genil 7 8460 27 13
Guadaira 8 1626 6 0
Guadajoz 9 2579 10 2
Guadalmazan 10 217 1 0
Guadalbullén 11 1207 6 0
Guadatin 12 119 1 0
Salado de Arjona 13 521 1 0
Guadiana Menor 17 7494 31 5
Las Torres 18 103 2 0
Bedmar 19 161 2 0
Salado de Lebrija 28 978 0 2
Salado de Morén 29 786 4 2
Canamares 32 192 2 0
Aguascebas 33 111 1 0
Salado de Porcuna 41 859 1 0
Arroyo del Salado 42 85 1 0
Jandulilla 43 312 1 0
Total left bank 27259 106 26
Bembézar 4 2093 6 3
Guadalimar 14 5441 23 6
Guadalmellato 15 1388 5 2

Guadiamar 16 1425 7 1
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Native Species Exotic Species

S F 5§ D S F 15§ D

3 2 0.24 53,57 0 0 0.00 0,00
3 1 0.92 7,28 1 1 0.00 2,43
1 1 0.00 6,62 0 0 0.00 0,00
2 1 0.10 1,02 4 3 0.17 2,04
5 3 0.12 0,59 6 0.16 0,71
1 1 0.00 0,62 3 2 0.14 1,85
3 2 0.17 1,16 2 0.10 1,16
2 1 0.67 9,22 0 0 0.00 0,00
2 2 0.02 1,66 1 1 0.00 0,83
1 1 0.00 8,40 0 0 0.00 0,00
2 1 0.30 3,84 0 0 0.00 0,00
6 3 0.11 0,80 4 3 0.08 0,53
1 1 0.00 9,71 0 0 0.00 0,00
4 2 0.16 24,84 0 0 0.00 0,00
1 1 0.00 1,02 2 2 0.53 2,04
3 2 0.21 3,82 4 3 0.29 5,09
3 2 0.19 15,63 0 0 0.00 0,00
6 3 1.54 54,05 0 0 0.00 0,00
0 0 0.00 0,00 0 0 0.00 0,00
0 0 0.00 0,00 0 0 0.00 0,00
0 0 0.00 0,00 0 0 0.00 0,00
7 4 0.13 0,26 9 5 0.12 0,33
5 2 0.47 2,39 5 3 0.44 2,39
5 2 0.24 0,92 6 4 0.12 1,10
5 1 0.33 3,60 7 3 0.52 5,04

6 4 0.30 421 5 3 0.49 3,51
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River Reservoir

Sub-Basin Name Code Surface (km?) N N
Guadiato 20 1591 6 3
Huéznar 21 733 5 2
Jandula 22 2720 6 1
M. de las marismas 23 1469 3 3
Retortillo 24 358 4 2
Guadalbacar 25 274 2 1
Rivera de Huelva 26 2079 7 9
Rumblar 27 740 3 2
Aguasmulas 30 33 1 0
Borosa 31 96 1 0
Viar 34 1884 4 1
Siete Arroyos 35 107 1 0
Yeguas 36 857 4 2
Arroyo Tamujoso 37 63 1 0
Rio de Pedro Gil 38 65 1 0
Arenoso 39 433 3 1
Martin Gonzalo 40 82 1 1
Corcomé 44 46 1 0
Escobar 45 62 1 0
Guadiel 46 364 3 0
Total right bank 23247 99 40
Main channel 5 4644 11 3

TOTAL BASIN 57439 216 69
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Native Species Exotic Species

S F H D S F 158 D
5 2 0.09 3,14 5 3 0.45 3,14
6 3 0.44 8,19 5 3 0.27 6,82
4 2 0.15 1,47 6 3 0.17 2,21
1 1 0.00 0,68 3 3 0.11 2,04
4 2 0.33 11,17 4 3 0.18 11,17
4 2 0.37 14,60 5 3 0.45 18,25
5 2 0.40 241 5 3 0.31 2,41
4 1 0.39 541 2 2 0.08 2,70
1 1 0.00 30,30 0 0 0.00 0,00
5 3 1.19 52,08 1 1 0.00 10,42
4 2 0.28 2,12 4 3 0.33 2,12
0 0 0.00 0,00 1 1 0.00 9,35
4 1 0.39 4,67 4 2 0.22 4,67

2 0.82 47,62 0 0 0.00 0,00
3 1 0.84 46,15 0 0 0.00 0,00
5 2 0.35 11,55 2 2 0.15 4,62
1 1 0.00 12,20 1 1 0.00 12,20
0 0 0.00 0,00 0 0 0.00 0,00
0 0 0.00 0,00 0 0 0.00 0,00
0 0 0.00 0,00 0 0 0.00 0,00
9 5 0.29 0,39 9 5 0.24 0,39
5 2 0.29 1,08 6 4 0.11 1,29

9 5 0.22 0,16 10 5 0.18 0,17
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Abstract: We report new distribution data on four recently introduced species in the
Guadalquivir River basin: chameleon cichlid (Australoheros facetus Jenyns, 1842),
North American black bullhead (Ameiurus melas Rafinesque, 1820), European catfish
(Silurus glanis Linnaeus, 1758) and a minnow species of unknown origin (Phoxinus
spp.). A compilation of records is used to update the distribution range of these species.
The information collected reinforces the evidence on the establishment and expansion
of these non-native species. We recommend new field sampling to identify the dispersal

pathways and to clarify their current statuses.

Key words: exotic species, Mediterranean rivers, invasive, Australoheros facetus,

Ameiurus melas, Phoxinus ssp., Silurus glanis
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CHAPTER III. Updating the distribution data of recently introduced
freshwater fish in the Guadalquivir River Basin (Spain)

Introduction

Introductions of non-native species are recognized as one of the main threats for freshwater
biodiversity worldwide (Gozlan et al. 2010). The impacts caused by the arrival of new
species are highly diverse and depend primarily on the introduced species and habitat
features (Ribeiro and Leunda 2012). In arid and semi-arid regions (e.g. Mediterranean
basin) where water demand for human uses is high (Cowx and Collares-Pereira 2002),
the number of reservoirs has reached almost a maximum, and consequently, the number
of non-native species and their distribution range is increasing. Thus, Iberian inland
waters are among the most invaded ecosystems within the Mediterranean region and fish
introductions are considered a major threat to native ichthyofauna which comprise a high

proportion of endemic species (Ribeiro and Leunda 2012).

Guadalquivir River basin is highly important in terms of biodiversity and number
of threatened taxa (Doadrio 2001), as around 50% of the native species recorded in
the basin are included in an TUCN-2015 category. Yet, the current ichthyofauna of the
basin contains large proportion of introduced species. Fernandez-Delgado et al. (2014)
detected up to 14 non-native species showing a higher richness than natives ones (13
species). A recent study also determined high non-native species richness (10 vs. 9 for
native and introduced species respectively; see Ramos-Merchante and Prenda 2018).
These and other studies (Garcia de Lomas et al. 2009; Moreno-Valcércel et al. 2013)
revealed the recent detection of several species with high invasive potential such as
chameleon fish (Australoheros facetus Jenyns, 1842), North American black bullhead
(Ameirus melas Rafinesque, 1820) and European catfish (Silurus glanis Linnaeus, 1758).
These species are included in the rank lists of the most invasive alien species (IAS)
because their potential threat to biodiversity (Clavero 2011; van der Veer and Nentwig
2015; Carboneras et al. 2018). Therefore, updated knowledge about new introductions
and their distribution ranges is essential to detect new threats and implement appropriate

conservation strategies.

Here we provide new distribution data on the three recently introduced species:
Australoheros facetus, Ameirus melas and Silurus glanis in the Guadalquivir River basin
(South Spain) and also report the first record of an invasive species belonging to the

genus Phoxinus in this basin.
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Materials and methods

The Guadalquivir is the fifth longest river in the Iberian Peninsula, situated in the south
of Spain, running in a dominant east-west direction to the Atlantic Ocean. The main
channel is 680 km long, with a drainage area of 57439 km?. Based on non-native species
distribution data from other studies (Garcia de Lomas et al. 2009; Moreno-Valcarcel
et al. 2013; Fernandez-Delgado et al. 2014) we compiled information from two data
sources (field sampling and anglers’ records) in order to update the current distribution

of Australoheros facetus, Ameirus melas, Silurus glanis and Phoxinus spp. in the basin.

Firstly, during the course of a research project on fish fauna distribution in
Guadalquivir River basin (see acknowledgements for details) we conducted a field
sampling at 285 locations over the entire basin (216 in rivers and 69 in reservoirs)
between June 2007 and July 2008 (Figure 1A). Depending on location width and depth,
two alternative sampling methods were used. Typical stream sites with low salinity (<
1.5 mS cm™) and shallow depth (< 1.2 m) were electrofished by wading upstream along
a channel length of 100 m during approximately one hour. The equipment comprised
a control box delivering a pulsed direct current, 300/600 V, 4-6 A without block nets
(Electracatch International, Honda EU 20i motor with a WE6 rectifier and a landing net
with a 30 cm diameter and a 4 mm mesh size). When the salinity and depth conditions
did not allow electrofishing, mainly in large rivers and reservoirs, we used four types of
passive traps: trammel nets, fyke nets, minnow traps and plastic bottle minnow traps.
Two trammel nets (10 m x 2 m, 175 mm X 25 mm and 200 mm X 20 mm mesh size),
three pairs of fyke nets (12 mm and 3 mm mesh size), fifteen metal minnow traps (6 mm
mesh size) and ten pairs of plastic minnow traps (25 mm inlet) were set for a minimum
of 8 h (see Clavero et al. 2006 for more details). After capture, fish were identified to

species level, counted, measured and returned live to the river.
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Figure 1. Map of the Guadalquivir River Basin and geographical locations of the records for each
species. Dark circles represent the new records described in this study. Grey circles and squares
correspond to the previous records reported by FerndndezDelgado et al. 2014 and Garcia de
Lomas et al. 2009 respectively. Fine-scale is shown for Australoheros facetus and Ameiurus melas.

For details see Supplementary material Table SI.
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Secondly, we completed the information obtained in the field samplings with
extensive searches on different social media websites (e.g. YouTube, Facebook),
recreational fisheries forums, blogs and search engines (i.e. Google) to obtain
records of the studied species. In addition, we sent a request for information on
records of the species under study to fisheries websites. Following the Gago et al.
(2016) criteria, we performed a Boolean search between July 2010 and October
2015 using a combination of different keywords, including scientific and common
names in Spanish (i.e. chanchito, pez gato, siluro, piscardo) and river name
(Guadalquivir). Species records were accepted only when it included the locality,
year and accompanying media (picture or video) (see Gago et al. 2016 for details).
We interviewed, whenever possible, the angler who reported the information to
confirm this and avoid double counting. The geographical coordinates were
extracted from Google Earth Pro. Finally, we added to the database a remarkable
sighting of North American black bullhead that we made in the Dofiana National

Park, a highly protected area in the lower section of the basin.

Results and discussion

A total of 18 records were obtained in the Guadalquivir River basin (Supplementary
material Table S1), with fishing forum websites representing the main source of
information with 46.2% of the total records. A single record was never detected in
more than one data source (i.e. duplicate records). Chameleon cichlid was the species
with the highest number of records (69%) and the species with the highest number
of specimens registered was the North American black bullhead (> 2000) (Table
S1). During the fish sampling, other 8 non-native species well known in previous
studies were also collected (Doadrio 2001; Vinyoles et al. 2007): Oncorhynchus mykiss
(Walbaum, 1972), Alburnus alburnus (Linnaeus, 1758), Carassius auratus (Bloch,
1782), Cyprinus carpio (Linnaeus, 1758), Gobio lozanoi (Doadrio and Madeira,
2004), Gambusia holbrooki (Girard, 1859), Lepomis gibbosus (Linnaeus, 1758) and
Micropterus salmoides (Lacépéde, 1802).
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Phoxinus spp.

Traditionally, minnow populations from the Iberian Peninsula have been identified
as Phoxinus phoxinus (Linnaeus, 1758) (Doadrio 2001). However, Kottelat (2007)
reclassified these populations as P. bigerri. Since the author did not analyse samples
from Iberia he suggests caution identifying these populations. The Iberian distribution
includes some rivers in the Cantabrian Mountains and the Ebro River basin (Kottelat
and Freyhof 2007). However, the origin (native or introduced) of Atlantic populations
is unknown due to continuous introductions carried out by anglers (e.g. Cantabrian
Rivers and Douro basin) who use the species as live bait or as food for trout (Doadrio
and Garzon 1986; Doadrio 2001; SIBIC 2014). Moreover, species from Phoxinus genus
can reproduce and generate hybrids, even intergeneric hybrids (Eisenhour and Piller
1997). For this reason, identifications based on morphometric characteristics can be
misleading and genetic analysis represent the most reliable tool. Three individuals from
Phoxinus genus were collected on May 1% 2008 (Table S1) in a right bank tributary
of the Guadalquivir (Guadalbarbo River; Figure 1). Morphological measures taken
from the sampled specimens (e. g. distance between the end of the first and last ray
branched of the anal fin, see Kottelat 2007) did not allow unambiguous identification
of the species since they could correspond to both P. phoxinus and P. bigerri as well as
commercial hybrids. On this basis, we consider this population as Phoxinus spp. until
additional studies based on genetic analysis can clarify this issue. The fish exhibited
bright colours and emerging spawning characteristics, such as a reddish abdomen and
base of fins, a darker band on the flank, yellow spots on the operculum with intensive
colour and head tubercles (Figure 2), and thus reproduction is highly likely. After the
capture, individuals were measured to the nearest 1 mm and weighed to the nearest 0.01
g. Length and weight measurements were: 44, 56 and 55 mm and 0.83, 1.70 and 1.60
g, respectively. Three native species: Iberian arched-mouth nase (Iberochondrostoma
lemmingii - Steindachner, 1866), southern Iberian barbel (Luciobarbus sclateri -
Giinther, 1868), and calandino (Iberocypris alburnoides — Steindachner, 1866) and one
non-native species, bleak (Alburnus alburnus — Linnaeus, 1758), were also captured in
the same locality. Subsequent sampling has confirmed the establishment of a minnow
population in this location (referred to as P. phoxinus, see Fernandez-Delgado et al.
2014). The specimens were preserved in the ichthyological collection of the Department

of Integrative Sciences (University of Huelva, Spain).
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1.0 cm

Figure 2. Minnow (Phoxinus spp.) specimens captured in the Guadalquivir basin (only two are
shown) during the field session with emerging spawning characteristics: bright colours, reddish
base of fins, darker band on the flanks, and yellow spots on the operculum.

Chameleon cichlid - Australoheros facetus (Jenyns, 1842)

Chameleon cichlid was identified in the Guadalquivir River for the first time in 2007
during the implementation of control measures on non-native Chinese mitten crab
(Eriocheir sinensis) (see Garcia de Lomas et al. 2009). Between 7 Oct. 2010 and 10 Mar.
2015, we have compiled in the same river section 9 new records, via angler captures,
corresponding to 12 individuals (Table S1). These new records provide evidence on
the survival and establishment of an emerging population in this locality (Seville
city, Guadalquivir dock; Figure 1). Specimens of A. facetus captured coincide with
identification characters reported by Doadrio (2001) and FernandezDelgado et al.
(2014); the dorsal fin is composed by 15-17 hard and 9-11 soft rays, the anal fin shows
5-6 hard rays and the caudal fin is rounded with a dark spot at the base. Some of these
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captures corresponded to reproductive individuals (> 20 cm) building nests in shallow
areas (PS, pers. obs.). The chameleon cichlid is a highly valued species by aquarist,

lacking any sporting value.

North American black bullhead - Ameiurus melas (Rafinesque, 1820)

The species was first detected in the lower part of the Guadalquivir River basin in 2007
(Garcia de Lomas et al. 2009) and subsequently it has dispersed both upstream and
downstream from this location (FernandezDelgado et al. 2014). We report data from two
new localities (Table S1). The first locality corresponds to the Viar River, a right bank
tributary of the Guadalquivir (Figure 1) where the species first appeared in the spring of
2009 via angler captures. This species is currently reproducing in this location and has

been observed performing parental care behaviours (i.e. guarding; PS, pers. obs.).

The second sub-basin corresponds to the Dofiana National Park. On the 26" of
July 2016 we observed a large shoal of bullhead individuals in the “La Rocina’, a shallow
freshwater inland marsh (Figures 1, 3). During the sighting we were able to capture
by hand some specimens for identification purposes and we estimate, based on field

observation, abundance around several thousands of individuals (Figure 3).

Specimens of A. melas collected in the Guadalquivir basin coincide with
identification reported by Elvira (1984) and Cucherousset et al. (2006): D 1/6,P1/7,V 8,
A 19-21 and C 19-20. Its presence in Dofiana has been known since 2010 (MA Bravo,
pers. comm.), however, during the last few years the species is spreading throughout
the lower sections of the basin (FernandezDelgado et al. 2014), where environmental
conditions are most appropriate for the species (i.e. lentic or low-flow habitats with a

mud substrate).

European catfish - Silurus glanis (Linnaeus, 1758)

This species, the largest European freshwater fish, reaches sizes up to 5 meters in length
and more than 100 kilograms in weight. In the Iberian Peninsula this species was
detected for the first time in 1974 in the Ebro River (Doadrio 2001). It is considered a

serious threat to aquatic ecosystems (Copp et al. 2009). The first record of this species

79



80

Distribucion de peces continentales en una Cuenca Mediterranea altamente
perturbada: bases ecoldgicas para la gestion y la conservacion

in the Guadalquivir was in 2011 in Izndjar reservoir, the largest in the basin (Moreno-
Valcarcel et al. 2013). We report a new locality located 250 km downstream from Iznajar
reservoir, in a lower stretch of a Guadalquivir right bank tributary (Rivera de Huelva;
Figure 1). This new record, via angler captures in February 2015, corresponds to 3 adult
individuals. Specimens were identified following Kobayakawa (1989) and Kottelat and
Freyhof (2007). The weights of these specimens ranged from 3 to 8 kg. Until now, there

was no evidence of the European catfish presence outside the Iznajar reservoir.

— 100 cm |

Figure 3. Near (a) and distant (b) views of a large group (> 2000) of young North American black
bullheads in Dofana National Park (SW Spain). Many adults (> 20 cm length) were also found
in the group (c).
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Concluding remarks

The information collected in this study provides evidence on the reproduction of three
non-native species in the Guadalquivir River basin (Phoxinus spp., Chameleon cichlid
and North American black bullhead). Therefore, the establishment of these species in
different sections of the basin is highly likely. The presence of these invasive species
(Leunda 2010) in different sections of the basin can be confirmed and their distribution
ranges will probably increase in the next few years. Regardless of the taxonomy of
Phoxinus specimens collected in this study, this genus has a high invasive potential in the
Iberian Peninsula (see Clavero 2011). For this reason, the knowledge of this population
by researchers and wildlife managers can help to avoid its expansion because there is
currently only one population located in a small tributary. At the same time, genetic
analyses and new samplings of this population are necessary to set the taxonomy of
this species. European catfish have been detected many kilometres downstream from
the first recorded site, and there are no records between the two areas, so their presence
there is likely to be due to new introductions. This species constitute a great threat
to native fish fauna due to its voracity and wide dietary range, comprising up to 53
freshwater fish species reported by Copp et al. 2009. It is therefore critical to increase
sampling effort, to improve our knowledge about the invasion degree by this species of

the Guadalquivir basin.
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Supplementary material

Table S1. Record list collected for each species including latitude and longitude in

decimal degrees (coordinates), number of specimens (N), river name and data source.

This material is available as part of online article from:

http://www.reabic.net/journals/bir/2019/Supplements/BIR_2019_Saez-Gomez_Prenda_

Table_S1.xlsx

Table S1. Record list collected for each species including latitude and longitude in
decimal degrees (coordinates), number of specimens (N), river name and data source.

Species Date Location name  Latitude  Longitude Survey date
Phoxinus sp. 05/01/2008  Guadalbarbo 38.180037° -4,888,418 05/01/2008
07/10/2010 ~ Guadalquivir 37.398269° -6.003951° 07/10/2010
08/17/2010  Guadalquivir 37.413106° -5.989803° 08/17/2010
07/20/2011  Guadalquivir 37.423448° -5.991000° 07/20/2011
04/16/2012  Guadalquivir 37.410142° -5.991528° 4/16/2012
J‘%”C’zzl"hems 05/12/2012  Guadalquivir 37.397349°  -6.004918°  05/12/2012
06/22/2013  Guadalquivir 37.387417° -6.004745° 06/22/2013
05/28/2015  Guadalquivir 37.389957° -6.006921° 05/28/2015
09/16/2015  Guadalquivir 37.386798° -6.002287° 09/16/2015
10/03/2015  Guadalquivir 37.387646° -6.003338° 10/03/2015
Ameiurus 06/14/2009  Viar 37.683727° -5.826569° 06/14/2009
melas 07/26/2016 ~ Rocina 37.125855°  -6.493750°  07/26/2016
Silurus glanis ~ February 2015 Rivera de Huelva 37.559697°  -6.050213°  February 2015
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Phoxinus Australoheros Ameiurus  Silurus
spp- facetus melas glanis Source

3 0 0 0 Field sampling
0 4 0 0 Fishing forum website
0 1 0 0 Fishing forum website
0 1 0 0 Fishing forum website
0 1 0 0 YouTube
0 1 0 0 Facebook
0 1 0 0 Fishing forum website
0 1 0 0 Facebook
0 1 0 0 Facebook
0 1 0 0 Facebook
0 0 >20 0 Fishing forum website
0 0 >2000 0 Author’s sighting
0 0 0 3 Fishing forum website
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CHAPTERS IV AND V: ARTICLES

Los articulos que forman parte de los capitulos IV y V, debido a restricciones relativas a
derechos de autor, han sido retirados de la tesis. En sustitucion de éstos, ofrecemos la
siguiente informacidn: referencia bibliografica, enlace al articulo si estuviera publicado
y resumen.

- Sdez-Gémez, P., Ramos-Merchante, A., & Prenda, J. (2020). Multiscale effects on
freshwater fish distribution in a highly disturbed Mediterranean-type basin: community-
level and species-level responses. In Aquatic Ecology (Vol. 54, Issue 3, pp. 869-887).
Springer Science and Business Media LLC. https://doi.org/10.1007/s10452-020-09783-9

Enlace al texto completo: https://doi.org/10.1007/s10452-020-09783-9

Resumen:

Fish—habitat relationships are a key element for conservation and management
strategies, especially in highly disturbed areas where fish communities are subjected to
many human pressures. In this regard, multiscale studies help to improve the knowledge
of the spatial components and identify local (e.g. water width) and regional (e.g.
elevation) key variables in species distribution. We examined local and regional
requirements to study freshwater fish assemblage and occurrence at 216 locations in a
highly disturbed basin, the Guadalquivir River Basin (S Spain). Fifteen environmental
variables were considered at local scale and twenty at regional level. A total of eighteen
species were captured during field sampling. The global prevalence for introduced
species was 25%, which can be considered a high value. The most extended introduced
species were eastern mosquitofish (Gambusia holbrooki) and pumpkinseed (Lepomis
gibbosus), with around 10% prevalence. Regional and local scales showed different
relevance according to the level-study approach (community or species). At the
community level, the local, regional and shared components revealed similar influence
on the fish assemblage, while at individual species level the local component was the
main factor to explain most of fish occurrences. Moreover, variables’ interaction was
scarcely selected and almost no introduced species distribution was affected by the
interaction of any variable. Our results highlight the poor conservation status of the
native fish fauna of the Guadalquivir River Basin as well as the importance of analyzing
fish—habitat relationships at different scales and approach. These results provide useful
information to assess and design conservation strategies in Mediterranean-type basin.


https://doi.org/10.1007/s10452-020-09783-9
https://doi.org/10.1007/s10452-020-09783-9

- Sdez-Gémez P, Ramos-Merchante A, Prenda J. The environmental asymmetry in a
large Mediterranean basin determines the spatial pattern of freshwater fish local
extinctions vs. introductions of exotic species. Submitted to Aquatic Conservation:
Marine and Freshwater Ecosystems.

Resumen:

Long-term data provide an excellent tool to assess changes in species distribution.
Historical data sources are an important source of data prior to most current impacts,
yet they have rarely been used in ecology. We use historical sources and field sampling
to analyze the patterns extinctions of native species as well as the establishment of
invasive species in a highly disturbed Mediterranean basin (Guadalquivir, Spain). We
compiled 472 historical freshwater fish records and data from 285 sampling points to
characterize historical and current native and non-native species distribution. Through
the combined analysis of species records and 19 environmental variables, we explore
the proximal causes of these extinction/colonization processes. The number of extinct
species showed an asymmetric (inverse) pattern with respect to the basin margins,
mainly caused by the historical distribution of native species and their life history. The
invasion of non-native species showed a downstream-upstream pattern on both
margins related with the presence of reservoirs and human activities (disturbance). The
high number of reservoirs in the right margin promoted the establishment of non-native
species in this area. Sites with the lowest level of disturbance (located in right margin)
were those that presented a higher range of current distribution of both exotic and
native species, indicating that the poor environmental quality of the left margin hinders
the establishment of invasive species. The marked differences in human pressures
between the margins and sectors of the basin (longitudinal gradient) suggest that they
are cause for the asymmetry found in the loss/gain of species. This work highlights the
importance of historical ecology to understand the processes that have produced
current changes in fish communities in Mediterranean environments, as well as, provide
relevant information for conservation strategies.
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Discusion general

Los documentos que integran esta Tesis Doctoral abordan, utilizando la cuenca del
Guadalquivir como sistema de estudio, la problematica de conservacién en la que
se encuentran los rios Mediterraneos. En la actual situacion de crisis ambiental, con
una incesante demanda de recursos naturales, los medios acuaticos son uno de los
ecosistemas que mas rapidamente estan sufriendo estos efectos. La incesante demanda
de agua para usos agricolas o ganaderos estd limitando la cantidad y calidad de las
mismas, poniendo en serio peligro las comunidades de peces que albergan. Por otro
lado, la globalizacién esta fomentando una rapida homogenizacion de los ecosistemas
facilitando el establecimiento y expansion de especies exdticas. Los peces continentales
han constituido tradicionalmente uno de los grupos de vertebrados que menos atencién
ha suscitado entre la comunidad cientifica. Por estos motivos es indispensable conocer
los impactos y los mecanismos de respuesta a los que estan sometidos los peces

continentales Mediterraneos.

Los cambios en la cuenca del Guadalquivir debidos a las actividades humanas
durante el ultimo siglo han modificado en gran medida las caracteristicas ecoldgicas
de las masas de agua y, consecuentemente, de sus comunidades de peces (Granado-
Lorencio 1991, Gonzalez-Ortegén et al. 2010, Hermosin et al. 2013). Durante el
siglo XX se construyeron alrededor de 30 grandes presas y en gran medida como
consecuencia de ello la superficie de regadio se increment6 en aproximadamente
7000 km?, el 83% de la superficie regada total actual (Confederacion Hidrografica
del Guadalquivir 2015a). Estas transformaciones del habitat fluvial, han promovido
la propagacion de especies exdticas (Clavero et al. 2004) y el declive de una gran
proporcion de especies nativas, particularmente las migradoras (Granado-Lorencio
1991, Nicola et al. 1996, Clavero & Hermoso 2011). Al mismo tiempo, la intensificacién
de la agricultura ha incrementado notablemente el vertido de agroquimicos
(fertilizantes y pesticidas), asi como de grandes cantidades de solidos en suspension,
que han incrementado considerablemente la turbiedad del agua, especialmente en

los tramos bajos de la cuenca (Gonzalez-Ortegoén et al. 2010, Hermosin et al. 2013).
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En esta porcion terminal del rio la navegacion ha provocado fuertes cambios en el
cauce principal para reducir la distancia del puerto de Sevilla al mar en mas de 70 km
(Menanteau 1982, 1984). Esto ha aislado el cauce principal de las areas circundantes
y ha permitido la penetracion del agua de mar aguas arriba, junto con diferentes

especies marinas (Granado-Lorencio 1991, Arias-Garcia 2010).

Biodiversidad de los peces del Guadalquivir

Los peces ibéricos de agua dulce se caracterizan taxondmicamente por pertenecer a un
numero reducido de familias, pero con un alto grado de endemismo (Doadrio 2001).
Esto debe ser consecuencia tanto del aislamiento geografico, como de las estresantes
condiciones ecologicas derivadas del régimen hidrologico del clima mediterraneo
(Almaga 1976, Doadrio 2001). Este se caracteriza por inundaciones, eventualmente
catastroficas, en otofio-invierno y por sequias de verano que dejan sin agua muchos
tramos de la red de drenaje durante parte de la primavera, el verano y principios de
otono (Gasith & Resh 1999). La ictiofauna autdctona de la cuenca del Guadalquivir esta
dominada, como en la mayoria de las cuencas ibéricas, por la familia Cyprinidae, bien

adaptada a las condiciones ambientales extremas del clima mediterraneo.

La cuenca del Guadalquivir presenta (o ha presentado) una de las comunidades de
peces mas ricas del Mediterraneo considerandose un ‘hotspot‘ de biodiversidad en el
Mediterraneo (Smith & Darwall 2006). EI 31,1% de todas las especies ibéricas nativas
habitan o han habitado recientemente en la cuenca del rio Guadalquivir y la riqueza de
especies por unidad de superficie encontrada es similar a otras grandes cuencas ibéricas.
Sin embargo, pocas estrategias de conservacion se han llevado a cabo para intentar
poner freno al declive que sufre su ictiofauna. Los resultados de esta tesis revelan que en

la actualidad la riqueza de especies exdticas iguala a la de nativas.

La riqueza de la comunidad de peces de los rios tiende a aumentar desde las
cabeceras hasta las secciones mas bajas de las cuencas fluviales (Sheldon 1968, Horwitz
1978, Reeves et al. 1998). Pero este patron general de biodiversidad se encuentra
distorsionado en la cuenca del Guadalquivir, muy probablemente en respuesta a la mala
calidad del habitat en las secciones bajas del rio, como se ha observado en otras cuencas

con alta densidad de poblacion humana (Aparicio et al. 2000, Corbacho & Sanchez
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2001). Los tramos aguas abajo (generalmente de orden 4 y superiores) soportan un
alto nivel de contaminacion, una alta prevalencia de especies exéticas, importantes
perturbaciones fisicas del habitat, entre otros impactos, que impiden que una fracciéon
significativa de su fauna potencial se establezca en ellos (Hughes & Gammon 1987,
Corbacho & Sanchez 2001).

La correlacion positiva observada en la cuenca del Guadalquivir entre la riqueza
de peces nativos y la de exéticos sefiala que los factores dominantes que determinan la
diversidad nativa (p. ej., competencia, régimen de perturbaciones, disponibilidad de
recursos, etc.) son los mismos y actian en el mismo sentido que los que influyen en las
exoticas (Huston 1994, Levine & D" Antonio 1999). Es decir, las zonas con altos valores
de riqueza nativa, con una alta calidad del habitat para un gran numero de especies, son
mas vulnerables a las invasiones que aquellos lugares con baja diversidad. Esto contrasta
marcadamente con las teorias ecoldgicas clasicas que sostienen que las comunidades
diversas resisten las invasiones de especies exdticas mejor que las mds pobres (ver
McArthur 1970, 1972, Case 1991).

La diversidad de peces (nativos y exdticos) estd en su mayoria restringida a
determinados cauces de la margen derecha de la cuenca (Sierra Morena). Las especies
nativas mostraron una distribucién muy restringida (prevalencia inferior al 23% de
los puntos muestreados), con la excepcion del barbo (Luciobarbus sclateri) que es la
especie mas extendida (prevalencia del 58,6%) y abundante ya que representé mas
del 50% del total de peces capturados durante los muestreos de campo. Los rios que
drenan la margen derecha de la cuenca del Guadalquivir contienen mayor riqueza y
menor numero de localidades sin peces, tanto de especies autoctonas como exoticas
que los rios de la margen izquierda. Estos tltimos drenan tierras agricolas en su mayoria
llanas y altamente productivas ocupadas por cultivos intensivos, areas industriales
y asentamientos humanos densamente poblados, mientras que los que drenan la
margen derecha discurren por zonas montuosas cubiertas por bosques, con pocas
perturbaciones humanas y agricultura y ganaderia extensivas (Rodriguez Diaz et
al.2007, Confederacién Hidrografica del Guadalquivir 2015a).
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Especies introducidas

La introduccion de especies exdticas es un problema general que amenaza gravemente a
la fauna autdctona a nivel mundial. También esta provocando la homogeneizacion de la
biodiversidad acuatica continental, un problema que se extiende en gran medida a todas
las cuencas hidrograficas ibéricas (Clavero et al. 2004, Hermoso et al. 2008, Rahel 2002).

Los resultados obtenidos en esta tesis muestran que la biodiversidad exética esta
relacionada con los embalses. Estas construcciones humanas proporcionan habitats
1énticos estables, pero impredecibles, donde las especies introducidas pueden prosperar;
actuando como centros de dispersion o habitats fuente sensu Pulliam (1988). Una vez
establecidos en el nuevo ecosistema, los peces exdticos eliminan eficientemente a los

nativos, desplazandolos competitivamente o depredando sobre ellos.

Sin embalses, muchas especies de peces exdticos no sobrevivirian en los rios
mediterraneos o lo harfan en condiciones muy precarias de abundancia y amplitud
de distribucién (Martinez et al. 2004). Las diferencias en el orden de los cursos de
agua usados por especies nativas y exdticas se deben principalmente a dos factores.
Por un lado, los cursos de agua de bajo orden suelen estar aislados, en dreas de mayor
altitud con escasa transformacidon del habitat, en muchos casos incluidos dentro de
areas protegidas (Saunders 2002). Por otro lado, los tramos medios y bajos de los rios
tienen mejores condiciones para el asentamiento de especies exdticas, la mayoria de
ecosistemas lénticos (aguas mas lentas y un nimero acumulado de embalses mayor, lo

que facilita la dispersion de los peces exéticos rio abajo) (Clavero et al. 2004).

Muchas especies exoticas se han introducido y han proliferado en la cuenca del
Guadalquivir durante las ultimas décadas: 14 (70% del total) y estan bien implantadas
en la cuenca y/o en proceso de expansion; 4 han colonizado la cuenca en los tltimos diez
anos: 1) el alburno (Alburnus alburnus) (Vinyoles et al. 2007) y 2) el pez gato (Ameiurus
melas) (Garcia de Lomas et al. 2009) son frecuentes en los tramos medio y bajo, 3) el
piscardo (Phoxinus spp.) se encuentra en un solo rio, el chanchito (Cichlasoma facetum)
se encuentra en los cursos de agua cercanos a la ciudad de Sevilla y (4) el siluro (Silurus
glanis), la Gltima especie detectada en la cuenca (Moreno-Valcarcel et al. 2013), lo que
supone una grave amenaza para la fauna regional (Copp et al. 2009). La preferencia de

este ultimo por aguas lentas puede favorecer su proliferacion en los tramos mas bajos de
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la cuenca, incluido el Parque Nacional de Dofiana y zonas aledafias con graves amenazas

para este singular ecosistema.

La informacién recogida en esta tesis aporta evidencias sobre la reproduccion en
la cuenca del Guadalquivir de tres especies aloctonas con elevado potencial invasor e
(Phoxinus spp., Australoheros facetum 'y Ameiurus melas). Por lo tanto, es muy probable
que se encuentren establecidas en el Guadalquivir y es muy probable que sus rangos de
distribucién aumenten en los proximos afios. Independientemente de la taxonomia de
los ejemplares de Phoxinus recogidos en este estudio, este género tiene un alto potencial
invasor en la Peninsula Ibérica (ver Clavero 2011). Por esta razon, el conocimiento
de esta poblacion por parte de investigadores y gestores ambientales puede ayudar a
evitar su expansion debido a que actualmente solo se conoce una poblacion ubicada
en un pequefo afluente de la margen derecha del Guadalquivir. Al mismo tiempo,
son necesarios analisis genéticos y nuevos muestreos de esta poblacion para establecer
definitivamente la taxonomia de esta especie. Silurus glanis se ha detectado muchos
kilémetros rio abajo del primer sitio en que fue observada y no hay registros entre las
dos dreas, por lo que es probable que su presencia se deba a nuevas introducciones.
Por otro lado la ausencia de muestreos realizados por la administracion en la zona de
expansion cercana al lugar donde fue detectada por primera vez limita el conocimiento
sobre su grado de expansion. Esta especie constituye una gran amenaza para la ictiofauna
nativa de esta cuenca mediterranea debido a su voracidad y amplio espectro trofico, que
comprende hasta 53 especies de peces de agua dulce (Copp et al. 2009). Por tanto, es
fundamental aumentar el esfuerzo de muestreo, para mejorar nuestro conocimiento

sobre el grado de invasion de esta especie en la cuenca del Guadalquivir.

Modelos de distribucion de las comunidades de peces de la cuenca

del Guadalquivir

Determinar como los factores bidticos y abioticos condicionan la presencia de cada
especie asi como la estructura de las comunidades es una informacién basica para
implementar estrategias efectivas de conservacion. Esta tesis contribuye a una mejor
comprension de como las variables ambientales locales y regionales, asi como el enfoque
del estudio (comunidad o especie) pueden afectar de diferente manera a la distribucion

de los peces de una cuenca sometida a fuertes presiones antropicas.
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Losfactores regionales ylocales revelaron una marcada zonacion longitudinal donde
las asociaciones de especies de peces estaban fuertemente vinculadas a un gradiente
longitudinal de perturbacién. Esto determiné una fuerte segregacion entre localidades
mas perturbadas y menos perturbados y, en consecuencia, altas correlaciones con
variables antropogénicas y naturales. Por un lado, los sitios de cabecera generalmente
ubicados en areas protegidas y por lo tanto con menos presion humana estaban
dominados por especies nativas. En los sitios mas perturbados de los tramos inferiores,
con alta densidad de poblacién humana y actividad humana intensa, urbana/industrial,
agricola, las especies mas prevalentes fueron las no nativas. Las caracteristicas bioldgicas
de estas especies, tipicamente de ambientes Iénticos (Corbacho & Sanchez 2001, Carol
et al. 2006), generalmente han limitado su rango de distribucién a los tramos inferiores
dela cuenca. En general, la composicion de la comunidad de peces nativos fluctud desde
una sola especie con altos requerimientos de habitat (S. trutta), seguida por conjuntos
de especies dominados por pequefos cipriniformes, como S. alburnoides, C. paludica
e I. lemmingii, hasta asociaciones que incluyen grandes ciprinidos, generalmente mas
resistentes a las perturbaciones (Ferreira et al. 2007) como L. sclateri y P. willkommii.
Por otro lado, la comunidad de especies introducidas, por lo general con mayor rango
de tolerancia a las perturbaciones (p.ej, C. carpio, M. salmoides, L gibbosus, G. holbrooki)

se ubico casi exclusivamente en los tramos bajos de la cuenca.

Las caracteristicas del habitat a escala local también definieron un gradiente
longitudinal. En este sentido, las caracteristicas fisico-quimicas del agua jugaron un
papel importante en la distribucion de las especies. Las especies con altos requerimientos
de hébitat (p.ej, S. trutta, S. pyrenaicus) (Corbacho & Sanchez 2001, Ferreira et al. 2007)
habitaron tramos con alta velocidad de la corriente y alta concentracién de oxigeno
disuelto y bajos valores de conductividad, turbidez (es decir, baja carga de sélidos
suspendidos) y de concentraciéon de fosforo reactivo soluble (Oliveira et al. 2012,
Ramos-Merchante & Prenda 2018). Por lo tanto, este patrén estuvo estrechamente
relacionado con los efectos regionales, ya que las cabeceras se caracterizan, en general,
por una alta calidad del agua (Vila-Gispert 2002, Oliveira et al. 2012, Ramos-Merchante
& Prenda 2018). Estos resultados estan en concordancia con el patron representado
por el analisis de particion de la varianza, ya que no se encontraron grandes diferencias
entre las contribuciones regionales, locales y compartidas y son consistentes con

lo observado en otras cuencas perturbadas ibéricas (fuertes interacciones entre
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contribuciones locales y regionales) (Magalhaes et al. 2002, Ferreira et al. 2007). La baja
prevalencia de especies nativas en los tramos inferiores de la cuenca revela una fuerte
alteracion en la composicion de la asociacion de especies de peces a lo largo de los
gradientes longitudinales (Vila-Gispert et al. 2002, Ramos-Merchante & Prenda 2018).
Nuestros resultados, de acuerdo con nuestra hipétesis inicial, también concuerdan con
los obtenidos en varias cuencas mediterraneas igualmente perturbadas, como la del
Guadiana u otras pequefias cuencas del norte y sur ibéricos (Corbacho & Sanchez 2001,
Magalhaes et al. 2002, Vila-Gispert 2002).

Modelos de especies individuales

La alta precision de la mayoria de los modelos de regresion logistica (AUC > 0,8) se
debi6 al uso de un buen conjunto de variables para explicar la presencia de especies.
Sin embargo, la precision varid entre especies. En general, los modelos para especies no
nativas obtuvieron una mejor explicacion sobre su distribucién que los autéctonos. La
desequilibrada proporcion entre presencia y ausencia (21,4% de sitios sin peces) puede
afectar ala precision y el poder predictivo de los modelos de varias especies. Los modelos
logisticos para I. lemmingii y M. salmoides carecieron de poder predictivo debido al
pequefio nimero de localidades donde estuvieron presentes (6 y 8 respectivamente).
Ademas, algunas medidas especificas del habitat (p.ej., sustrato, macrofitos) pueden
mejorar, casi parcialmente, los modelos para estas especies (Levin 1994, Bond & Lake
2003). Finalmente, las interacciones entre especies (Guisan & Zimmermann 2000,
Clavero etal. 2013) y factores historicos como el aislamiento producido por la formacion
y evolucion de las cuencas (Carmona et al. 1999, Williams et al. 2003) también pueden

condicionar los resultados.

En promedio, el nimero de factores seleccionados para cada especie vari6 entre
escalas (un promediode 3,1 vs. 1,6 paralas variables regionales ylocales respectivamente),
por lo quelas variables regionales mostraron una mayor relevancia que laslocales. El drea
de drenaje fue el factor regional mas influyente con correlaciones positivas con especies
nativas y no nativas. Por tanto, un gran tamafio del area de drenaje favorece la presencia
de muchas de las especies que habitan en la cuenca del Guadalquivir. Las variables
antropicas, como la densidad de poblacion humana, mostraron efectos negativos en

la ocurrencia de la mayoria de las especies nativas, pero no se observo ningtn efecto
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en el caso de las no nativas. De la misma manera la agricultura intensiva se relacioné
negativamente con S. alburnoides, M. salmoides, L. gibbosus y A. alburnus. El area aguas
arriba de los embalses favorecid la presencia de algunas especies no nativas como L.
gibbosusy G. holbrooki y la ausencia de algunas nativas (L. sclateri, S. alburnoides), como
lo describen otros autores (Clavero et al. 2004, Carol et al. 2006, Clavero et al. 2013). En
cuanto a los factores locales, la mayoria de las especies no nativas habitaron rios anchos,
mientras que la mayoria de las especies nativas evitaron sitios con baja concentracién
de oxigeno disuelto. Las caracteristicas fisicoquimicas y la morfologia del cauce también
juegan un papel importante en la presencia de especies. La anchura del cauce estuvo
relacionada positivamente con la presencia de algunas especies lénticas introducidas (L.
gibbosus, C. carpioy A. alburnus). Las concentraciones de oxigeno disuelto y fésforo y la
temperatura del agua también se correlacionaron significativamente con la presencia de

algunas especies de peces, de acuerdo con sus estrategias de vida y requisitos de habitat.

Las especies cuya distribucion esta determinada principalmente por factores locales
(p. €j., I. lemmingii) pueden tener una distribucion irregular en la cuenca y, por lo tanto,
ser mds vulnerables a los impactos locales; sin embargo, las medidas de conservacion
suelen ser mas eficaces que las que se rigen por factores regionales (p. ej. S. pyrenaicus)
afectadas principalmente por perturbaciones a gran escala como el cambio climatico o
la fragmentacion del hébitat. Las fuertes transformaciones en la cuenca debidas a los
grandes cambios en las practicas agricolas y las infraestructuras hidraulicas durante las
ultimas décadas (Rodriguez Diaz et al. 2007, Hermosin et al. 2013) probablemente hayan
determinado la extincion de algunas especies (p.ej., especies migradoras y Gasterosteus
aculeatus) (Hernando 1975, Granado-Lorencio & Hernando 2001, Arias-Garcia 2010)
y la marcada reduccion en el rango de distribucion de otras especies hasta hace poco

abundantes (A. anguilla, 1. lemmingii).

Efectos regionales y locales en la presencia de especies

Los factores regionales, locales y los compartidos mostraron efectos significativos
en la distribucion de los peces en la cuenca del rio Guadalquivir, aunque hubo una
fuerte interaccion entre escalas y la variacion total explicada por estos componentes
varié ampliamente entre especies. El componente compartido fue el que mas influyd

en la presencia de peces. Ademas, no se explico la distribucion de especies basandose
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principalmente en atributos locales, por lo que algunas de estas variables pueden estar
estructuradas regionalmente. Esta superposiciéon puede deberse a las implicaciones
regionales de algunos de los descriptores locales. Los estudios futuros deberian
considerar otros factores ambientales, asi como las variaciones ambientales interanuales
para mejorar el conocimiento de las relaciones peces-habitat (Lohr & Fausch 1997,
Magalhaes et al. 2002, Yoon et al. 2011). Los resultados son consistentes con nuestro
enfoque inicial donde planteamos la hipotesis de que las variables locales y regionales

afectan a las especies de manera diferente.

Patrones espaciales de extincion e invasion de la ictiofauna

La homogeneizacion bidtica es un patrén ecoldgico no aleatorio en el que las
invasiones de especies exdticas y extinciones de nativas tienen un papel determinante
(Clavero & Garcia-Berthou 2006, Leprieur et al. 2009, Leprieur et al. 2008). Tanto los
procesos de colonizacion como las extinciones dependen de las caracteristicas del
habitat y de los niveles de perturbacién (Leprieur et al. 2009, Villéger et al. 2011).
En el suroeste de Europa, las especies de peces no nativas reducen las diferencias en
la composicion de la comunidad de peces entre cuencas, promoviendo una elevada
homogeneizacion (Leprieur et al. 2008, Villéger et al. 2011). Desde mediados del
siglo XIX hasta el siglo XXI, la comunidad de peces de agua dulce del Guadalquivir
ha sufrido fuertes cambios en su distribucion y abundancia. Los resultados obtenidos
en esta tesis revelan patrones especificos de extincién de especies nativas e invasion
de especies no nativas. El numero de especies perdidas mostré un patrén inverso
entre los sectores de ambas margenes. Los sectores del margen izquierdo indicaron
un proceso de extinciéon muy pronunciado desde los sectores de cabecera hacia
los de las partes bajas de la cuenca. Sin embargo, las diferencias en las especies
perdidas de la margen derecha fueron muy leves, independientemente del gradiente
altitudinal. Los procesos de invasion de especies no nativas mostraron un patrén
similar (aguas abajo - aguas arriba) entre margenes, aunque el nimero de especies
no nativas ganadas (es decir, establecidas) difirié significativamente entre margenes
(mayor en el margen derecho), por lo que se observaron dos patrones diferentes
(longitudinal y entre margenes). Probablemente el patrén de extincion de especies
nativas responda a las extinciones de las poblaciones de S. trutta y A. anguilla muy

condicionados por su historia natural (Clavero & Hermoso 2015, Clavero et al. 2017)
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y con una distribucién histérica desigual a lo largo de la cuenca (Ramos-Merchante
et al. 2021). La asimetria existente en la distribucién de los embalses y la calidad de
las aguas puede ser la principal causa a las diferencias encontradas en los procesos de

colonizacion de especies no nativas (mayor en la margen derecha).

Numerosos estudios han puesto de manifiesto el papel clave que juegan los
embalses en el establecimiento de estas especies (Corbacho & Sanchez 2001, Clavero
et al. 2004, Clavero & Garcia-Berthou 2006, Clavero & Hermoso 2011, Hermoso
et al. 2011). Ademas, el elevado nimero de embalses favorece el aislamiento de
muchos tramos del rio, limitando los procesos de recolonizaciéon por parte de
especies autdctonas (Clavero et al. 2004, Hermoso et al. 2011). La mayoria de las
especies no nativas son tipicamente de ambientes lénticos, por lo que los tramos
bajos de la cuenca tienen un hébitat mas adecuado para ellas (Clavero et al. 2004,
Corbacho & Sanchez 2001). Por otro lado, el margen derecho tiene menos presion
antrdpica que el izquierdo (Ramos-Merchante & Prenda 2018). Los resultados de
esta tesis muestran que los rios que drenan la margen derecha del Guadalquivir
tienen una mayor presencia de peces tanto autéctonos como exoticos que los rios
de la margen izquierda. Ademas, se detect6 una fuerte distribucion asimétrica de
patrones naturales y presiones humanas analizadas. Los rios del margen izquierdo
drenan tierras agricolas en gran parte planas y altamente productivas ocupadas
por cultivos intensivos, zonas industriales y asentamientos humanos densamente
poblados (es decir, perturbaciones humanas), mientras que los que drenan el
margen derecho discurren por areas montafosas cubiertas por bosques naturales,
con poca actividad humana (Gasith & Resh 1999, Confederacién Hidrografica del
Guadalquivir 2015). Estos datos indican que el estado ecoldgico de las masas de
agua del margen izquierdo podria ser tan pobre que dificulta el establecimiento
de especies no nativas, como sugieren estudios previos sobre la calidad del habitat
(Ramos-Merchante & Prenda 2018).

Estado de conservacion

El estado de conservacion de la ictiofauna de la cuenca del Guadalquivir es actualmente
muy pobre. Mas de la mitad de las especies autoctonas registradas en la cuenca estan

catalogadas en alguna categoria de amenaza, tanto a nivel nacional como internacional.
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Elalto grado de endemicidad de los peces de las cuencas de los rios mediterraneos, como
el Guadalquivir, demuestra que esta fauna, por término medio, presenta poblaciones
raras y aisladas (p. ej., Iberochondrostoma oretanum, Anaecypris hispanica, Squalius
palaciosi y Aphanius baeticus) (Almanga 1976, Doadrio 2001). Ademas, algunas de
estas especies muestran una baja tolerancia a las perturbaciones antrdpicas, por lo
que su riesgo de extincion aumenta considerablemente por efecto de las presiones
humanas (Hermoso et al. 2008b, Blanco-Garrido et al. 2009). Varias especies que
antes eran comunes en la cuenca ahora estan desapareciendo; por ejemplo, Squalius
pyrenaicus, Iberochondrostoma lemmingii, Squalius alburnoides y Anguilla anguilla
tienen distribuciones considerablemente reducidas con respecto a las observadas en

estudios recientes (Doadrio 2001).

Dos especies de agua dulce se consideran oficialmente extintas en la cuenca del
Guadalquivir: Gasterosteus aculeatus y Barbus comizo (Granado-Lorencio 2001,
Granado-Lorencio & Hernando 2001, Arias-Garcia 2010). El primero presentaba
la poblacién mas meridional de Europa (Hernando 1975). Las causas directas de su
extinciéon nunca se conocerdn, pero algunos especulan sobre la transformacion del
habitat, la contaminacion y el comercio de peces para los acuaristas (Granado-Lorencio
& Hernando 2001). También se desconocen las causas de la extincién del B. comiza; sin
embargo, el escaso niimero de registros y su antigiiedad (Lozano Rey 1935) sugieren que
la presencia historica de esta especie en la cuenca debe tomarse con cautela (Granado-
Lorencio 2001).

Las especies migradoras son las especies de peces con peor estado de conservacion.
En esta Tesis solo se capturd una de las cinco especies con presencia histdrica en la
cuenca (anguila, prevalencia <1%), mientras que otras dos son muy escasas (Petromyzon
marinus'y Alosa fallax) y las dos restantes estan extintas regionalmente (Acipenser sturio
y Alosa alosa) (Arias-Garcia 2010, UICN 2015). Los ultimos registros publicados para P
marinus son de 1992 y 1999, respectivamente, y en algunos estudios se considera extinta
(Arias-Garcia 2010). Sin embargo, se conocen casos esporadicos, pero periddicos de
capturas de esta especie en la ria del Guadalquivir (datos no publicados de los autores).
Son muy pocos los ejemplares de A. fallax registrados en los tramos mas bajos de la

cuenca a principios de otofio y primavera.
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La relacion entre la conservacion de la fauna de peces migratorios y el impacto de
las presas es un problema generalizado y bien conocido en todo el mundo (Limburg
& Waldman 2009, Stanley & Doyle 2003). Las presas sin sistemas adecuados de paso
de peces normalmente impiden el acceso a las dreas aguas arriba, que pueden incluir
areas de reproduccion, siendo este uno de los principales desafios para su conservacion
(Limburg & Waldman 2009, Stanley & Doyle 2003). Espaia es uno de los paises del
mundo con mas embalses, lo que representa un importante problema medioambiental
(Nicola et al. 1996, Clavero et al. 2004) porque, entre otras razones, la mayoria de las
presas son barreras infranqueables para los peces. Esto implica que no es posible instalar
escalas viables para peces debido a su altura. En el rio Guadalquivir, la presa de Alcala
del Rio -construida en 1931- es un obstaculo insalvable para la migracion de los peces
rio arriba, especialmente para el esturidén (Granado-Lorencio 1991). Posteriormente,
en 1956 se construyo la presa de Cantillana, aproximadamente 22 km aguas arriba de
Alcala del Rio, produciendo la fragmentacion total del tramo bajo del rio y su completo
aislamiento con el tramo medio. Otras causas especificas implicadas en la regresion
de estas especies incluyen: reducciones de caudal (debido a embalses y extracciones
para riego), extracciones de aridos (dafio a las zonas de desove), contaminacién por
vertidos urbanos e industriales y sobrepesca (p.ej. industria del caviar, pesca de angulas)
(Granado-Lorencio 1991, Fernandez-Pasquier 1999, Doadrio 2001).

Conocer las relaciones peces-habitat en multiples escalas es una herramienta util
para investigadores, gestores ambientales y para disefiar estrategias de restauracion y
conservacion (Godinho & Ferreira 2000, Filipe et al. 2004, Hermoso et al. 2009, Clavero
et al. 2010) especialmente en cuencas altamente perturbadas donde los patrones
naturales pueden estar distorsionados (Magalhaes et al. 2002, Moran-Lodpez et al. 2006,
Hermoso et al. 2009). Los estudios centrados en la identificacion de areas importantes
para la fauna de peces se basan en estos estudios previos sobre preferencias de habitat y
por lo tanto tienen una gran relevancia para futuras investigaciones (Filipe et al. 2004.
Hermoso et al. 2009).



Discusidn general

Recomendaciones para la gestion y conservacion de los peces del

Guadalquivir

En 2012 se aprobo una estrategia regional para la conservacion de peces continentales
(ver http://www.juntadeandalucia.es/boja/2012/60/boletin.60.pdf para mas detalles)
y sus primeras acciones, principalmente deteccion de especies foraneas, analisis del
ambito de distribucion y programas de cria ex-situ, se han iniciado recientemente. Esta
estrategia pretende actuar sobre especies incluidas en el Libro Rojo regional: 4 en peligro
critico, 5 en peligro y 7 vulnerables (Franco & Rodriguez 2001). Sin embargo, tres de las
especies en peligro de extincion (A. alosa, A. fallax y Salmo trutta) no estan incluidas
en la estrategia. Hasta el momento, las actuales medidas de gestion y conservacion
adoptadas no parecen modificar la tendencia regresiva de las especies mas amenazadas.
Solo A. baeticus y S. trutta, que cuentan con planes de conservacion especificos, parecen

haber estabilizado sus poblaciones (Pérez Pavon et al. 2012, Larios-Lopez et al. 2015).

El estado de conservacion actual segtn los criterios de la UICN de todas las
especies de peces amenazadas en la cuenca del Guadalquivir, asi como de las especies
introducidas, debe revisarse y actualizarse, situando a cada especie en su categoria global
y regional apropiada, incluidas las posibles extinciones. Por ejemplo, el Libro Rojo
autonémico de Andalucia incluye a la anguila europea en la categoria de ‘Preocupacion
Menor’ mientras que en la lista roja de la UICN aparece como ‘En Peligro Critico. Otro
ejemplo de discrepancia se refiere al posible origen hibrido de la bogardilla (Doadrio
2001), que conviene aclarar. Este taxon esta incluido en la estrategia de conservacion
regional y se podrian invertir considerables fondos para su conservacién y proteccion,
sin siquiera conocer su verdadero estado taxonémico. Ademas, esta “especie” no ha sido
colectada en los ultimos diez afios (IUCN 2015).

La definicion y deteccién de sitios prioritarios para la conservacion de los peces
continentales es necesaria para determinar las medidas apropiadas de restauracién en las
dreas mas valiosas para esta fauna imprescindible. Estas deben ser areas con alta riqueza
de especies nativas o habitadas por especies en peligro de extincion. La declaracion
de espacios naturales protegidos seria una herramienta util para preservarlos. La
eliminacion de presas obsoletas aumentara la conectividad entre poblaciones, evitando

asi su aislamiento (Stanley & Doyle 2003) y favoreciendo su recuperacion, especialmente
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entre las especies migradoras. Esta medida se estd llevando a cabo en varios paises de
Europa y América (Stanley & Doyle 2003). Los programas ex-situ podrian, en el futuro,
proporcionar stocks para repoblaciones, introducciones y/o reintroducciones para
mejora poblacional y genética. En este sentido, el desarrollo de bancos de genes vivos
podria ayudar a evitar la pérdida de biodiversidad de poblaciones empobrecidas (Cowx
& Collares-Pereira 2000, Doadrio 2001, Doadrio & Carmona 2014). Finalmente, las
especies invasoras deben eliminarse, si es posible, especialmente de los sitios prioritarios

para peces.

Las especies asociadas principalmente a factores locales (p. ¢j., I. lemmingii) pueden
ser mas vulnerables a las perturbaciones locales y, en consecuencia, a las extinciones
locales (Clavero et al. 2004). Sin embargo, en la cuenca del rio Guadalquivir, la mayoria
de las especies se distribuyen en funcién de factores regionales (o compartidos) y sus
principales amenazas son a gran escala, como las discontinuidades de los rios (Branco
et al. 2012). Estos resultados, de acuerdo con otros de un estudio reciente, resaltan el
mal estado de conservacion de la cuenca (ver Ramos-Merchante & Prenda 2018). Es
necesaria una gestion global e integrada de los recursos hidricos y la fauna piscicola
para evitar el actual deterioro del habitat en esta cuenca. En este sentido, esta tesis
brinda informacién sobre cdmo las especies responden a la heterogeneidad del paisaje
y muestra el estado actual de conservacién deficiente de la comunidad de peces nativos,
en particular A. Anguilla e I. lemmingii, asi como el aumento del numero de especies no
introducidas. Nuestros modelos destacan la importancia de analizar las correlaciones
peces-habitat a diferentes escalas y pueden usarse para evaluar y redisefiar estrategias
de conservacion donde también deben considerarse procesos ecolégicos como la
capacidad reproductiva o de dispersién (Magalhées et al. 2002, Ferreira et al. 2007,
Oliveira et al. 2012).
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Conclusiones

. Se capturaron un total de 18 especies de peces (9 autdctonas, 7 introducidas y
2 translocadas) en la cuenca del rio Guadalquivir en 285 puntos de muestreo.
Una busqueda bibliografica revelé la presencia de al menos 22 especies
adicionales (11 nativas y 11 exdticas) presentes en algin momento a lo largo
del siglo XX. Algo mas del 18% de los lugares muestreados no tenian peces,

todos ellos ubicados en rios.

. Todas las especies autoctonas mostraron una distribucion muy restringida
(prevalencia inferior al 23%), excepto el barbo ibérico meridional (Luciobarbus
sclateri) que fue la especie mas ampliamente distribuida (prevalencia del 58,6%)

y abundante (mas del 50% del total de peces capturados) en toda la cuenca.

. El patrén general de biodiversidad (desde cabeceras hasta tramos inferiores)
se altera en la cuenca del Guadalquivir. La biodiversidad nativa de peces de
agua dulce alcanz6 su punto maximo en cursos de agua de orden 2 y se redujo
progresivamente hasta un minimo en lugares superiores al orden 4, mientras

que los exoticos alcanzaron su punto maximo en el orden 4 del rio.

. Tres especies de reciente introduccion (Phoxinus spp, Ameiurus melas,
Australoheros facetus), con alto potencial invasor, se establecen en la cuenca
del rio Guadalquivir. Ademas, se han detectado siluros (Silurus glanis) muchos
kilémetros rio abajo del primer sitio en que fue registrada esta especie, lo que

indica procesos de expansion o nuevas introducciones.

. A nivel de la comunidad, los factores regionales y locales revelaron una
zonificacion longitudinal marcada donde las asociaciones de especies de peces
estaban fuertemente vinculadas a un gradiente longitudinal de perturbacion,

desde las cabeceras hasta la desembocadura del rio.

. Para los modelos de especies individuales, las variables locales y regionales
y sus interacciones, revelaron asociaciones significativas con la presencia de

especies, lo que sugiere una fuerte interaccion entre las escalas.
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Los procesos de extincion de especies nativas y colonizacion de especies
exoticas entre el s. XIX y XXI mostraron una marcada asimetria entre las
margenes de la cuenca y la zonificacién longitudinal. Estos procesos se
encuentran intimamente relacionados con la historia natural de las especies
extinguidas, asi como la asimetria ambiental y de perturbacion existente en la

cuenca.

La conservacion eficiente de la ictiofauna del Guadalquivir, segun estos
resultados, pasa por la definicién de tramos de alta riqueza y diversidad
de especies y por la aplicacion de medidas de gestion a escala local. La
creacion especifica de espacios naturales protegidos en los que los peces sean
primordiales facilitaria la conservacion de este segmento fundamental de la

biodiversidad hoy gravemente amenazado.
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Conclusions

1. A total of 18 fish species (9 native, 7 introduced and 2 translocated) were
captured in the Guadalquivir River Basin throughout 285 sampling points.
The bibliographic search revealed the presence of at least 22 additional species
(11 native and 11 exotic) during the 20th century. Just over eighteen percent

of the sampled locations were fishless, all of them located in rivers.

2. All native species had a very restricted distribution (prevalence less than
23%), excepting the southern Iberian barbel (Luciobarbus sclateri) which is
the most widespread (a prevalence of 58.6%) and abundant species (more
than 50% of the total captured fish) throughout the basin.

3. The general biodiversity pattern (from headwaters to lower sections) is altered
in the Guadalquivir Basin. Freshwater fish native biodiversity peaked at river
order 2 and progressively was reduced until a minimum at locations higher

than order 4, while exotics peaked at river order 4.

4. Three recently introduced species (Phoxinus spp, Ameiurus melas,
Australoheros facetus), with high invasive potential, are established in the
Guadalquivir River Basin. In addition, European catfish (Silurus glanis) have
been detected many kilometers downstream from the first recorded site,

indicating expansion processes or new introductions.

5. At the fish community level, regional and local factors revealed a marked
longitudinal zonation where fish assemblage was strongly associated with a

longitudinal gradient of perturbation (i.e. from headwaters to river mouth).

6. For individual species models, local and regional variables, and their
interactions, revealed significant associations with the presence of species,

suggesting a strong interaction between the scales.
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7. The processes of extinction of native species and colonization of exotic
ones between the s. XIX and XXI showed a marked asymmetry between
the margins and the longitudinal zonation of the basin. These processes
are closely related to the natural history of the extinct species as well as the

environmental and disturbance asymmetry in the basin.

8. The efficient conservation of the fish fauna of the Guadalquivir river basin,
according to the results presented here, needs a selection of stream reaches of
high species richness and diversity and the application of direct management
measures at a local scale. The creation of protected areas in which fish are
essential will be essential to conserve this fundamental segment of biodiversity,

seriously threatened nowadays.
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El articulo “Multiscale effects on freshwater fish distribution in a highly disturbed
Mediterranean-type basin: community-level and species-level responses” ha sido
retirado del apartado Anexos debido a restricciones relativas a derechos de autor. En
sustitucién de éste, ofrecemos la siguiente informacion: referencia bibliografica, enlace
al articulo y resumen.

- Sdez-Gémez, P., Ramos-Merchante, A., & Prenda, J. (2020). Multiscale effects on
freshwater fish distribution in a highly disturbed Mediterranean-type basin: community-
level and species-level responses. In Aquatic Ecology (Vol. 54, Issue 3, pp. 869-887).
Springer Science and Business Media LLC. https://doi.org/10.1007/s10452-020-09783-9

Enlace al texto completo: https://doi.org/10.1007/s10452-020-09783-9

Resumen:

Fish—habitat relationships are a key element for conservation and management
strategies, especially in highly disturbed areas where fish communities are subjected to
many human pressures. In this regard, multiscale studies help to improve the knowledge
of the spatial components and identify local (e.g. water width) and regional (e.g.
elevation) key variables in species distribution. We examined local and regional
requirements to study freshwater fish assemblage and occurrence at 216 locations in a
highly disturbed basin, the Guadalquivir River Basin (S Spain). Fifteen environmental
variables were considered at local scale and twenty at regional level. A total of eighteen
species were captured during field sampling. The global prevalence for introduced
species was 25%, which can be considered a high value. The most extended introduced
species were eastern mosquitofish (Gambusia holbrooki) and pumpkinseed (Lepomis
gibbosus), with around 10% prevalence. Regional and local scales showed different
relevance according to the level-study approach (community or species). At the
community level, the local, regional and shared components revealed similar influence
on the fish assemblage, while at individual species level the local component was the
main factor to explain most of fish occurrences. Moreover, variables’ interaction was
scarcely selected and almost no introduced species distribution was affected by the
interaction of any variable. Our results highlight the poor conservation status of the
native fish fauna of the Guadalquivir River Basin as well as the importance of analyzing
fish—habitat relationships at different scales and approach. These results provide useful
information to assess and design conservation strategies in Mediterranean-type basin.
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Abstract: The Guadalquivir River Basin is one of the largest in the Iberian Peninsula and has a re-
markable freshwater biodiversity. Although many studies on hydrological regimes or water quality
have been conducted in this basin the biodiversity of freshwater fish, as well as their distribution
and conservation status, has never been globally addressed as in other Iberian basins. In this context,
we synthesized information on freshwater fish using field procedures and a bibliographic search.
Fish distribution patterns at different spatial scales and general environmental conditions were an-
alyzed as well as the conservation status of the fish community. We documented the presence of 40
species (20 native and 20 exotic) in the basin during the 20th century until today. However, we only
captured 18 species during the field sampling, with a prevalence for any native species of less than
23% (except Luciobarbus sclateri). The highest species richness was found in mid reaches, while the
lower reaches had very low diversity values. Around 50% of species are threatened; according to
the IUCN, several species are declining at an alarming rate and others are probably extinct and/or
their current status is unknown. Human disturbances during the last few decades have caused se-
rious changes in fish distribution and consequently to their conservation status. Hydrological alter-
ations, intensive agriculture and introduced species are probably the principal reasons for Guadal-
quivir’s ichthyofauna imperilment. Our study indicates an urgent and real need to identify im-
portant areas for fish conservation to guarantee a minimum fish biodiversity conservation over the
long term, as well as effective strategies for fish recovery where it still is possible.

Keywords: fish fauna; Guadalquivir; distribution; ichthyofauna; Iberian Peninsula

1. Introduction

Freshwater ecosystems are the richest and most diverse ecosystems on earth and also
one of the most threatened [1,2]. Their biodiversity is being reduced at an alarming rate,
especially in arid and semi-arid regions where water demand for human uses is increas-
ing (e.g., Mediterranean areas) [1,3-5]. At a European level, the conservation status of
aquatic species is very poor, as 44% of freshwater mollusks, 37% of freshwater fishes and
23% of amphibians are threatened [6]. Freshwater fish are a basic element of this biodi-
versity, representing one-fourth of all living vertebrate species, the world’s most endan-
gered vertebrate group after amphibians and the most species-rich group among Euro-
pean vertebrates (546 fish species) [7-10]. European freshwater fish fauna consists of 12%
critically endangered species, 10% endangered, 15% vulnerable and 4% species near-
threatened. This is one of the highest levels of threat of any important taxonomic group
ever evaluated in Europe [6,9,10].

In Mediterranean areas, where freshwater biodiversity is highly endemic [11], the
World Conservation Union estimates that around 56% of endemic freshwater fish species
are threatened: 18% critically endangered, 18% endangered and 20% vulnerable [5]. In

Diversity 2022, 14, 831. https://doi.org/10.3390/d14100831
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this context, there is an urgent need for a permanently updated knowledge of the struc-
ture, diversity and distribution of Mediterranean freshwater fish communities due to the
continual increase in human pressures on lands and resources in the Mediterranean (e.g.,
[12,13]).

The ecological status of the Guadalquivir River Basin is one of the least known in the
Iberian Peninsula, despite its significant relevance in terms of area (around 10% of the
Iberian land surface), biodiversity (one-third of Iberian fish species inhabit or have re-
cently inhabited this basin; see results), impacts [14-17] and the high number of threat-
ened species that inhabit it [11]. Before the 20th century, the fish fauna of the Guadalquivir
was characterized, compared to other Iberian basins, by a diverse community of migra-
tory species (catadromous and anadromous). These species constituted an important eco-
nomic resource for many nearby towns [18]. However, the construction of reservoirs in
the canal, as well as in the tributaries, was the main factor in the decline/extinction of these
species [18]. Since the beginning of the 20th century, more than 150 reservoirs have been
built in the basin, eleven of them in the main course of the river, which have isolated large
sectors of the basin and blocked the migratory movements of many species [18]. One of
the first inventories of species in the basin was carried out in 1989, which included a list
of 19 native and introduced species with places and dates of capture in the basin [19].
However, the diversity, conservation status and distribution pattern of Guadalquivir's
fish have rarely been addressed at a whole-basin level. Around 50% of native species rec-
orded in the basin are threatened [10]. At a national scale, more than 85% of native species
recorded in the Guadalquivir Basin are endangered [20]. At a regional scale, the infor-
mation available is very scarce. The regional Red Data Book includes 15 endangered spe-
cies and one that is extinct [21]. These data show the need for an urgent updating of the
conservation status and threats to Guadalquivir’s ichthyofauna; several species may be
extinct nowadays and others are about to be so, while the introduction of exotic species
continues to increase. A continuous monitoring program would also be necessary to as-
sess population trends and to carry out real management and conservation strategies
based on the actual status of this freshwater biodiversity component [22,23].

In this study, we examined the diversity, distribution and conservation status of the
Guadalquivir River Basin’s freshwater fish fauna. The specific objectives were: (1) to pro-
vide a complete list of the Guadalquivir fish fauna recorded from the 20th century to the
present, (2) to determine current patterns of general fish distribution, richness and diver-
sity, (3) to determine the conservation status of fish fauna in the basin and (4) to make
recommendations for fish biodiversity conservation in the Guadalquivir River Basin.

2. Materials and Methods
2.1. Study Area

The Guadalquivir River is located in the south of the Iberian Peninsula, flowing west
to the Atlantic Ocean. The main channel is 680 km in length, the fifth longest river in the
Iberian Peninsula. The basin presents 80 main tributaries (basin areas between 12.6 km?
and 8255.6 km?) with a total drainage area of 57,439 km? and an average human popula-
tion density of 69.6 hab/km? [24]. The basin has a typical Mediterranean hydrological re-
gime with high intra- and inter-annual discharge variation [24-26].

The basin faces intense direct and indirect human pressures, mostly from agriculture
[15,27], flow regulation (often related to agriculture), species introductions [28] and
wastewater disposal ([29]; see Table 1). Agriculture has been undergoing major changes
in Southern Spain since the end of the 1980s. A sharp change is taking place: from tradi-
tional non-irrigated extensive agriculture of typical Mediterranean crops (wheat, olives
and wine) to a new, intensive, industrial and irrigated agricultural model, with high soil
erosion levels, water abstraction and/or flow regulation, pesticide disposal and many
other side effects (Table 1). A main consequence of these recent agricultural changes, usu-
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ally associated with an increase in irrigated olive groves, is the introduction of an extraor-
dinary suspended solid-loading into the drainage network that causes extreme levels in
water turbidity [17]. The values of suspended sediment concentration (600 mg L) regis-
tered by Ruiz et al. [30] in the main river channel are among the highest known in the
world, two and three times greater than that of the Danube (326 mg L) and Amazon (200
mg L), respectively [17]. These values are mainly located in the lower Guadalquivir
reaches. This is seriously affecting the fish community and its nursery function, a well-
known phenomenon in the Guadalquivir estuary [31].

Table 1. Guadalquivir River Basin environmental characteristics (data source: Confederacién Hi-
drografica del Guadalquivir: http://www.chguadalquivir.es/demarcacion-hidrografica-guadalqui-
vir#PlanHidrolégicodelGuadalquivir2009-2015 (accessed on 23 July 2021). * ‘Dehesa’ is a particular
Mediterranean ecosystem where man has removed bushes to improve the farm [32].

Count hm?3/year km? %

Environmental information
Human population (n® inhabitants) 4,141,635

Municipality (n% 429
Annual average rainfall (mm) (1942— 561
2005)
Annual average contribution 7043
Average net provision (m%ha/year) 2906
Olive water demand (m?3/ha/year) 1500
Environmental quality (n® water mass)
Good or moderate ecological status 252 56.9
Poor or bad ecological status 191 43.1
Chemical status (n® water mass)
Good chemical status 46.1
Bad chemical status 53.9
Ne pollution discharges 1719
Water use
Supply 436.41 10.9
Industry 36.26 0.9
Agriculture 3504.06 874
Energy 31 0.8
Land use
Irrigated crops 8460 14.7
Rainfed cultivation 24,000 41.8
Forests 7140 124
Scrublands 10,000 17.4
Dehesas * 4000 7.0
Grasslands 1400 2.4
Bare or sparsely vegetated land 829 14
Water (lagoons, marshes, reservoirs, etc.) 880 1.5

Unproductive soil (urban dreas, roads,

730 13
etc.)

The flow of the Guadalquivir Basin is fully regulated. Thus, the water supply cannot
be increased, but demand continues to rise more or less uncontrollably [33]. The number
of reservoirs has reached a maximum. About 9193 hm? of river flow is nowadays retained
in 29 large reservoirs (>100 hm?) and more than 140 smaller ones (<100 hm?) [34]. There
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are also numerous cut-offs, channeling and dredging works to promote river traffic, espe-
cially in the lower reaches of the river [18,35]. As a consequence, the natural flow pattern
of the main channel has been strongly modified. With respect to ecological status, accord-
ing to the European Water Framework Directive (WFD; 2000/60/EC), 43% of all inland
water bodies have poor or low level quality ([24], Table 1).

The Guadalquivir Basin displays a strong environmental asymmetry with respect to
both left and right margins. Geology, physiography, climate and human pressure all vary.
The right margin is located within the Iberian Massif, a low relief mountain range covered
with oak forests and dehesas and characterized by a very low human population density,
mostly devoted to marginal mountain agriculture and especially extensive farming and
cattle raising. This area has a high conservation value and most of it is protected as several
natural parks. The left margin corresponds to Cenozoic basins and the Betic Mountain
chain. This is a highly developed flat land covered by intensive agriculture (irrigated and
non-irrigated). Human population density is very high, and human pressures, in general,
are correspondingly high.

2.2. Data Collection

We obtained fish data via field sampling and a bibliographic search. Sampling was
conducted at 285 locations over the entire basin (216 in rivers and 69 in reservoirs) between
June-September 2007 (reservoirs) and March-July 2008 (rivers) (Figure 1). The 285 sam-
pling locations were distributed at random within 46 different sub-basins (including the
main channel) that represented 56.3% of the total number of sub-basins and 96.1% of the
total basin area, respectively (Figure 1).
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Figure 1. Map of the Guadalquivir River Basin. (a) Fish sampling sites: filled circles indicate rivers
(n =216) and grey squares denote reservoirs (n = 69). (b) Map of sub-basins sampled (gray color)
and main channel (code-number 5) in the Guadalquivir River Basin. The code-number indicates the
name for each sub-basin.

Depending on location width and depth, two alternative sampling methods were
used. A combination of different fishing methods is an appropriate option for sampling a
wide range of habitats, species and fish sizes [36-39]. Typical stream sites with low salinity
(<1.5 mS cm) and shallow depth (<1.2 m) were electrofished by wading upstream along
a channel length of 100 m during approximately one hour. The equipment comprised a
control box delivering a pulsed direct current, 300/600 V, 4-6 A without block nets (Elec-
tracatch International, Honda EU 20i motor with a WF6 rectifier and a landing net with a
30 cm diameter and a 4 mm mesh size). The relative density was calculated for all captured
species at all sampling points as catches per unit effort (hereafter, CPUE). The CPUE was
defined as the number of individuals captured per 100 m stream length per hour sam-
pling.

When the salinity and depth conditions did not allow electrofishing, mainly in large
rivers and reservoirs, we used four types of passive traps: trammel nets, fyke nets, min-
now traps and plastic bottle minnow traps. Two trammel nets (10 m x 2 m, 175 mm x 25
mm and 200 mm x 20 mm mesh size), three pairs of fyke nets (12 mm and 3 mm mesh
size), fifteen metal minnow traps (6 mm mesh size) and ten pairs of plastic minnow traps
(25 mm inlet) were set for a minimum of 8 h (see [38] for more details). After capture, fish
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were identified to species level, counted, measured and returned live to the river. The
CPUE was defined here as individuals captured in the aforementioned trap combination
(2 trammel nets + 3 pairs of fyke nets + 15 metallic mesh minnow traps + 10 pairs of plastic
bottle minnow traps) per 12 h sampling.

A bibliographic search was performed for all fish species recorded in the Guadalqui-
vir River Basin throughout the 20th century to develop a second presence/absence histor-
ical data set. This search covered scientific journals, technical reports, books and daily
press with potential information on freshwater fish distribution. The Carta Piscicola Es-
pafiola (http://www.cartapiscicola.es accessed on 27 September 2022), and the Interna-
tional Standardization of Common Names for Iberian Endemic Freshwater Fishes [40]
was used for scientific and common fish nomenclature, respectively.

2.3. Data Analysis

Shannon (H’) alpha diversity index (see [41]) and species richness values were com-
pared at different scales and habitats using Kruskal-Wallis tests and Dunn’s post test. All
analyses were performed in SPSS Statistics® v. 21 [42]. The Shannon (H’) index was calcu-
lated with PAST® (v.2.14) [43].

3. Results
3.1. Faunal Composition

In an Iberian context, the Guadalquivir’s ichthyofauna has great relevance as 31.1%
of all native Iberian species live or have recently inhabited the Guadalquivir River Basin
(Table 2), although it merely encompasses 9.8% of the total surface area of the Iberian
Peninsula and only three families of native fish are not found in the basin. In particular,
migratory species are very well represented, accounting for 54.5% of all Iberian species
(Table 2). Cyprinidae is the richest family (both for native and exotic species) in the basin
constituting 21.6% of Iberian species (Table 2) and 55.4% of the sampled species (Figure
2). Also, introduced species are widely represented in the Guadalquivir Basin with 48.4%
of the total species recorded in Iberia (Table 2).

Table 2. Families and number (%) of Iberian freshwater fish species recorded in the Guadalquivir
River Basin. Sources: Carta Piscicola Espafiola for Spanish data (http://www.cartapiscicola.es, ac-
cessed on 27 September 2022) and Fishbase for Portuguese data (http://www.fishbase.org/Coun-
try/CountryChecklist.php?show All=yesé&c_code=620&vhabitat=fresh, , accessed on 15 July 2022). *
Tinca tinca is considered introduced according [44].

Family Iberian Peninsula Guadalquivir
Petromyzontidae 6 1(16.7)
Acipenseridae 1 1 (100)
Clupeidae 2 2 (100)
Anguillidae 1 1 (100)
Salmonidae 2 1 (50)
Cyprinidae 37 8(21.6)
v Cobitidae 3 1(33.3)
g Nemacheilidae 1 0 (0)
z Cyprinodontidae 2 1 (50)
Valenciidae 1 0 (0)
Atherinidae 1 1 (100)
Gasterosteidae 1 1 (100)
Cottidae 2 0(0)
Blenniidae 1 1 (100)
TOTAL 61 19 (31.1)
Salmonidae 4 1(25.0)
e Esocidae 1 1(100)
£57 Cyprinidae 11+ 6 (54.5)
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Cobitidae 1 0 (0)
Nemacheilidae 1 0(0)
Ictaluridae 2 1 (50)
Siluridae 1 1 (100)
Cyprinodontidae 1 0(0)
Fundulidae 1 1 (100)
Poeciliidae 3 1(33.3)
Cichlidae 1 1 (100)
Centrarchidae 2 2 (100)
Percidae 2 0(0)
TOTAL 31 15 (48.4)
Centrarchidae 11.0% Anguillidae 5.6% D Native

i 9
_Salmonidae 5.6% . Exotic

Poeciliidae 5.6%

Cyprinidae 27.7%

Cyprinidae 27.7%

“._Cobitidae 5.6%

Salmonidae 5.6% \_Atherinidae 5.6%

Figure 2. Percent of species number of the total families found in the Guadalquivir River Basin dur-
ing the sampling sessions.

During fieldwork a total of 18 fish species (9 native, 7 introduced and 2 translocated)
were captured in the Guadalquivir River Basin (see Table S1 for sub-basin details). In ad-
dition, the bibliographic search revealed the presence of at least 22 additional species (11
native and 11 exotic) during the 20th century. Just over 18% of the sampled locations were
apparently fishless (after 197.7 h spent electric fishing and 3578.7 m traversed at these
points), all of them located in rivers (24% of all river locations). Cyprinidae was clearly the
family with the greatest number of native and exotic sampled species, accounting in total
for more than 50% of species richness (Figure 2). Species undetected during field sessions
either have very low densities or they are extinct (see below).

3.1.1. Sampled Species

Seven native primary freshwater fish species were captured (Table 3): brown trout
(Salmo trutta Linnaeus, 1758), southern Iberian barbel (Luciobarbus sclateri (Glinther, 1868)),
Iberian arched-mouth nase (Iberochondrostoma lemmingii (Steindachner, 1866)), southern
straight-mouth nase (Pseudochondrostoma willkommii (Steindachner, 1866)), calandino
(Squalius alburnoides (Steindachner, 1866)), southern Iberian chub (Squalius pyrenaicus
(Guinther, 1868)), southern Iberian spined-loach (Cobitis paludica (de Buen, 1930)), and big-
scale sand smelt (Atherina boyeri Risso, 1810), as well as one migratory species, European
eel (Anguilla anguilla (Linnaeus, 1758)). The introduced exotic species captured included:
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rainbow trout (Oncorhynchus mykiss (Walbaum, 1792)), bleak (Alburnus alburnus (Lin-
naeus, 1758)), goldfish (Carassius auratus (Linnaeus, 1758)), common carp (Cyprinus carpio
Linnaeus, 1758), eastern mosquitofish (Gambusia holbrooki Girard, 1859), pumpkinseed
[Lepomis gibbosus (Linnaeus, 1758)] and largemouth bass (Micropterus salmoides (Lacépéde,
1802)). The introduced translocated species (presumably from other Iberian river basins)
were Pyrenean gudgeon (Gobio lozanoi Doadrio and Madeira, 2004) and a minnow species
of unknown origin (Phoxinus spp.), probably the Pyrenean minnow (Phoxinus bigerri
Kottelat, 2007) (Table 3). All native species had a very restricted distribution (prevalence
less than 23%), except the southern Iberian barbel, which is the most widespread (a prev-
alence of 58.6%; see Table 3) and abundant species (more than 50% of the total captured
fish) throughout the basin. Four species had prevalence values between 10% and 23%, and
the four remaining species were present at less than 9% of the sampled sites. Excluding
the southern Iberian barbel, the average prevalence of native fish was 9.8%. Among the
locations with fishes, 42.1% presented at least one introduced species. Atherina boyeri is
not a primary freshwater species; however, in the Guadalquivir basin there is an exclu-
sively freshwater population (Zéfar pond) [20] and far from any contact with the coast
(>100 km), so we decided to include it in this study.

Largemouth bass and common carp were the most common exotic species (23.5%
and 22.1% of the sampled sites ,respectively,) followed by pumpkinseed (18.6%) and east-
ern mosquitofish (16.1%). The other species had prevalence values below 10% (Table 3).
There are marked differences between native vs. introduced species prevalence in lotic
environments, where the first are largely distributed (71.8% and 25.0% ,respectively). Len-
tic environments, on the contrary, do not differ greatly, showing a prevalence of 91.3% for
native species and 95.7% for introduced ones.

Table 3. List of native and exotic freshwater fishes detected during the field sampling. Threat cate-
gories are referred to IUCN Red List [10] and Red book of Spanish freshwater fish, RBSF [20]. CR:
Critically endangered; EN: endangered; VU: vulnerable; LC: least concern.

. . IUCN RBSF  Prevalence (%)
Family Species

(2022) (2001) (n = 285)
Anguillidae Anguilla anguilla CR A48} 0.7
Salmonidae Salmo trutta LC vu 119
Cyprinidae Luciobarbus sclateri LC LC 58.6
IberocﬁOﬂ'ﬂlrostoma VU VU 21
° lemmingii
.% Ps{eudochorldrostomu VU VU »s
Z willkommii
Squalius alburnoides A48 vu 15.8
Squalius pyrenaicus - VU 8.1
Cobitidae Cobitis paludica VU VU 15.4
Atherinidae Atherina boyeri LC vu 1.8
TOTAL 76.5
Salmonidae Oncorhynchus mykiss 1.8
Cyprinidae Alburnus alburnus 8.1
Carassius auratus 3.5
g Cyprinus carpio 22.1
_g Gobio lozanoi 0,4
£ Phoxinus spp. 0,4
£ Poeciliidae Gambusia holbrooki 16.1
Centrarchidae Lepomis gibbosus 18.6
Micropterus salmoides 23.5

TOTAL 42.1
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3.1.2. Bibliographic-Recorded Species

A total of 11 native species had been previously recorded in the Guadalquivir River
Basin but were not captured in this study (Table 4), including 7 sedentary species: Ore-
tanian arched-mouth nase (Iberochondrostoma oretanum (Doadrio and Carmona, 2003)), ja-
rabugo (Anaecypris hispanica (Steindachner, 1866)), Iberian long-snout barbel (Luciobarbus
comizo (Steindachner, 1864)), bogardilla (Squalius palaciosi Doadrio, 1980), three-spined
stickleback (Gasterosteus aculeatus Linnaeus, 1758), freshwater blenny (Salaria fluviatilis
Asso y del Rio, 1801), and baetican toothcarp (Aphanius baeticus (Doadrio, Carmona and
Fernandez-Delgado, 2002)); and 4 migratory species: Atlantic sturgeon (Acipenser sturio
Linnaeus, 1758), sea lamprey (Petromyzon marinus Linnaeus, 1758), allis shad [Alosa alosa
(Linnaeus, 1758)] and twaite shad [Alosa fallax (Lacépede, 1803)].

Some of these species may have gone extinct locally (e.g., Atlantic sturgeon, allis
shad, three-spined stickleback and bogardilla) [18,20,45]. Others have been recently de-
scribed (e.g., baetican toothcarp, Oretanian arched-mouth nase) [46,47] or have a very
small distribution range (e.g., jarabugo) [48]. Iberian long-snout barbel and freshwater
blenny records, according to Doadrio [20], have to be considered with caution and need
to be checked [see 20].

Other records for 11 additional exotic species were obtained in the bibliographic
search: tench (Tinca tinca (Linnaeus, 1758)), mummichog (Fundulus heteroclitus (Linnaeus,
1766)), black bullhead (Ameiurus melas (Rafinesque, 1820)), European catfish (Silurus glanis
Linnaeus, 1758), Siberian sturgeon (Acipenser baerii Brandt, 1869), Adriatic sturgeon
(Acipenser naccarii Bonaparte, 1836), northern pike (Esox lucius Linnaeus, 1758), oscar (As-
tronotus ocellatus (Agassiz, 1831)), chameleon cichlid (Australoheros facetus (Jenyns, 1842)),
pirapitinga (Piaractus brachypomus (Cuvier, 1818)) and Hypostomus sp. (Table 4). Some of
these species have been well established in the basin and surrounding areas for many
years (e.g., mummichog, tench) [44,49], whereas others were recently introduced (e.g.,
black bullhead, European catfish) [50,51]. The probable historical presence of the Adriatic
sturgeon has been a matter of debate, leading to several studies to either confirm or reject
its occurrence [52-54], but there is still no consensus within the scientific community.
However, some Adriatic sturgeon (>25 kg weight) that escaped from fish farms have been
captured by anglers (authors” unpublished data). The status of this, and the rest of the
introduced species that have been cited in the literature, is currently unknown.

Table 4. List of native and exotic freshwater fishes detected during the bibliographic search. Threat
categories are referred to [IUCN Red List [10] and Red book of Spanish freshwater fish, RBSF [20].
CR: critically endangered; EN: endangered; VU: vulnerable; LC: least concern. References for each
data source (‘Ref’) are included in the reference list at the end of the article. (*) indicates the species
that are still present in the Guadalquivir River Basin. (?) indicates species without data on their
current status. Iberochondrostoma oretanum is not included in RBSF (2001).

Famil Species IUCN RBSF Ref Current Locally
y P (2022) (2001) . Presence Extinct
Zeetromyzontld Petromyzon marinus LC EN [18,20,55] *
Acipenseridae Acipenser sturio CR CR [18,20,52,54,56,57] *
Clupleidae Alosa alosa LC vu [18,58] *
Alosa fallax LC VU [18,20,59] *
o Cyprinidae Iberochondrostoma CR ) [47] N
2 oretanum
‘Z“ Anaecypris hispanica EN EN [48] *
Luciobarbus comizo %8} vu [20] *
Squalius palaciosi CR EN [20,60] ?
ggprm"domd Aphanius bacticus EN EN [20,46,58] *
Gasterosteidae Gasterosteus aculeatus LC EN [45,61] *
Blenniidae Salaria fluviatilis LC EN [20] ?
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Acipenseridae Acipenser baerii [56] ?

Acipenser naccarii [52,54] *

Esocidae Esox lucius [62] *

- Cyprinidae Tinca tinca [20,44] *

§ Ictaluridae Ameiurus melas [50,59] *

g Siluridae Silurus glanis [51] *

g Fundulidae Fundulus heteroclitus [20,59,63] *
Cichlidae Astronotus ocellatus [64,65]

Australoheros facetus [50] *

Characidae Piaractus brachypomus [66,67] ?

Loricariidae Hypostomus sp. [18] ?

3.2. Patterns of Species Richness and Diversity

The total fish species richness (both native and exotic) for a given location ranged
between 0 and 6 while the Shannon diversity index (H’) ranged from 0-1.54 to 0-1.35 for
native and exotic species, respectively, (see Table S2 for sub-basin details). A positive cor-
relation was found between native and exotic richness and H’' (rs=0.178, p <0.01 and r =
0.150, p < 0.05, respectively). In addition, Wilcoxon signed-rank test showed no difference
between native and exotic species in Shannon diversity (Z=-1.36, N =285, p > 0.05), con-
trary to species richness (Z =-3.90, N =285, p <0.001). Therefore, sites with high values of
native biodiversity tended to show similar values for exotic biodiversity due to the high
penetration of exotic species (overall prevalence of 42.1%; 95.7% for reservoirs and 25%
for rivers).

Mean native biodiversity was independent of the type of water body, whether main
channel, tributary or reservoir (Figure 3). However, mean exotic biodiversity was clearly
overrepresented in reservoirs, which also acted as reservoirs for non-native fish, while
they had a minor importance compared to native fauna in tributaries or the main channel
(Figure 3). The right margin had higher biodiversity values than the left margin. Finally,
with respect to Strahler’s order, two different patterns emerged, one for native species and
another for exotics. Native biodiversity peaked at order 2 and progressively was reduced
until a minimum at locations higher than order 4, while exotics peaked at order 4 follow-
ing a progressive increase from order 1 (Figure 3) (for all comparisons, Kruskal-Wallis, p
<0.05, Dunn’s post test).
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£ o4 03
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2 03 | c
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c b
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channel channel Stream order

Figure 3. Main fish biodiversity descriptors (average species richness and Shannon H’ diversity in-
dex) for native and exotic species at different aquatic habitat typologies in the Guadalquivir Basin.
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Mainstream, tributaries and reservoirs (a); mainstream, left and right bank tributaries (b) and stream
order (c), according to Strahler (1964). Error bars indicate standard error (SE). The same letter above
bars shows that values are statistically different (Dunn'’s post test; a = 0.05) when Kruskal-Wallis p
<0.05.

3.3. Conservation Status

To check the fish conservation status of the Guadalquivir River Basin, for each of 46
sub-basins the frequency of species included in any IUCN categories (Least Concern, Vul-
nerable, Critically Endangered) [10] was calculated (Figure 4). Among the total sub-basins
sampled, 13% (n = 6) had no fish fauna and another one contained only exotic species
(approximately 3% of total area). The rest of the sub-basins had a quite variable, but gen-
erally poor, conservation status (Figure 4). More than half of the sampled species were
included in some of the most threatened IUCN categories (Tables 3 and 4). Similarly, 55%
of species found in the bibliographical search were also included in some of these IUCN
categories (Tables 3 and 4). The left margin presented a higher proportion for Least Con-
cern and Vulnerable categories than the right one, but the right margin had more Critically
Endangered species (Figure 4). Despite the existence of critically endangered species in
the left bank (according to bibliographic search) they were not detected in the field study.

1 ——ssl—— {e557}
O% Least Concern 2 —dnsnlE—D {6667}
o 3 1100.00 | 1
=% Vulnerable 6 fo00} h— {5000}
9% Critically Endangered | 7 [——— o0} {000}
8 {10000} ]
10 {5000} {50.00]
1 {s0.00F {50.00}
12 {10000} ]
13 {s000] {s0.00}
=t [om)
18 {10000} 1
19 —{snl—— {50.00
28
] 29
8 32
£ 33
@  Total left bank
2 4
E-3
‘3 14
15
16 1667 o
20
21
22
23
24 . {750}
2 Hpeb— )
26 2000} [so00}
27 —malo (o}
30 {10000} 1
31
34
36
37
38
39
40 1
Total right bank
Main
TOTAL
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Conservation value

Figure 4. Conservation status (%) of sampled threatened fish species (IUCN red list criteria, version
15.1. July 2022) in different Guadalquivir River sub-basins.
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4. Discussion

The Guadalquivir River Basin has a remarkable importance in the context of Medi-
terranean freshwater fish biodiversity and conservation [5]. Despite not being one of the
most diverse basins in the region, it contains a high number of species, many of them
endemic [5]. Around one-third of the native species registered in the Iberian Peninsula are
nowadays present or have recently inhabited this basin and the species richness found
within it is similar to other large Iberian basins (Figure 5).

Native Exotic

Bl Arca Number of  Species | Number of Species

(Km?) species density species density
Ducro 97,710 9 0.9 1 11
Ebro 85,530 15 18 12 14
Tajo 81,947 13 1.6 13 1.6
Guadiana 67,040 12 18 10 15
Guadalquivir 57,439 1 1.9 8 14
Jacar 22,145 9 4.1 13 5.9
Mifio 16,800 19 113 7 42
Segura 16,164 5 3.1 8 5.0
Guadalete 3360 4 1.9 4 11.9
Guadalhorce 3,158 4 127 3 9.5
Odicl 2,308 6 26.0 3 13.0
B Guadiaro 1,503 3 19.9 2 133
Barbate 1,200 4 310 3 233

*number of species per 10000 km?

Guadalquivir

=
|

10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Basin area (km?)

Figure 5. Species density-basin area relationship for the main Iberian basins. Drainage area, fresh-
water fish number and species density are shown. Raw data from: [28,68,69]. The blue color refers
to the native species and the red to the exotic ones.

Changes in the Guadalquivir Basin due to human activities during the last century
have greatly modified the ecological characteristics of the water bodies and, subsequently,
their fish communities [15,18,31]. During the 20th century, around 30 large dams were
built and largely as a consequence of this the irrigated land increased by approximately
7000 km?, 83% of the current total irrigated area [24]. This habitat transformation, espe-
cially reservoir building, has promoted the spread of exotic species [28] and has numeri-
cally reduced or driven to extinction a large proportion of native species, particularly mi-
gratory ones [18,70,71]. At the same time, agricultural intensification has markedly in-
creased the discharge of agrochemicals (fertilizers and pesticides) as huge loads of sus-
pended solids, which have greatly increased water turbidity, especially at the lower basin
reaches [15,31]. Here, navigation has provoked strong changes in the main channel to re-
duce the distance from Seville harbour to the sea by more than 70 km [72,73]. This has
isolated the main channel from surrounding areas and has allowed the penetration of sea-
water further upstream, along with different marine species (e.g., Dicentrarchus labrax)
[18,59].
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4.1. Guadalquivir Fish Biodiversity

Iberian freshwater fish are characterized by a small number of families but a high
degree of endemism [20]. This may be a consequence of both geographic isolation and
stressful ecological conditions derived from the extreme Mediterranean hydrologic re-
gime [20,74]. This is characterized by autumn-winter catastrophic floods and summer
droughts that leave many river sections dry during the summer and early autumn [25].
The native ichthyofauna of the Guadalquivir Basin is dominated, as in most Iberian ba-
sins, by the Cyprinidae family [69], which is well adapted to the extreme environmental
conditions of the Mediterranean climate.

Stream fish community richness tends to increase from headwaters to lower sections
of river basins [75-77]. However, this general biodiversity pattern is altered in the Gua-
dalquivir Basin most likely as a response to poor habitat quality in the lower river sections,
as has been observed in many highly populated basins in temperate areas [78,79]. Down-
stream reaches (usually >4 order) have high contamination levels, high prevalence of ex-
otic species and physical habitat disturbances, among other things, that prevent a large
number of species from establishing there [79,80].

The positive correlation observed between native and exotic fish richness may indi-
cate that the dominant factors determining native diversity (e.g., competition, disturb-
ance, availability of resources, etc.) are the same as those influencing invasions [81,82].
Here, sites with high values of native richness (a high habitat quality for a large number
of species) are more vulnerable to invasion than those places with low diversity. This
sharply contrasts with classical ecological theories that contend that diverse communities
better resist exotic species invasion [83-85]. It may also be the case that the rivers draining
the right margin of the Guadalquivir had higher richness (and a fewer number of sites
without fish) for both native and exotic fish than the rivers along the left margin. These
latter rivers drain mostly flat, highly productive agricultural land occupied by intensive
farming, industrial areas and densely populated human settlements, while those draining
the right margin run through mountainous areas covered by natural forests, with low hu-
man disturbance and extensive agriculture and cattle raising [24,27].

4.2. Introduced Species

The introduction of exotic species in the Guadalquivir Basin is a general and wide-
spread problem that is heavily threatening the native fauna. It is also causing the homog-
enization of freshwater biodiversity, a problem largely extending to all Iberian river ba-
sins [28,86,87].

Our results point out that most exotic biodiversity is a direct consequence of reser-
voirs. These human constructions provide the stable lentic habitats to which native fauna
is not well adapted, but where, on the contrary, introduced species can thrive, thus acting
as exotic species reservoirs, allowing them to disperse from here and to colonize other
more or less nearby areas [28,79,88]. Without reservoirs, many of these exotic fish species
would not survive in Mediterranean rivers or would do so in very low abundance [79,88].
The altitudinal segregation between native and exotic species is mainly caused by two
factors. On the one hand, headwaters are usually isolated areas with low habitat transfor-
mation, in many cases included within protected areas [89]. On the other hand, many au-
thors suggest that middle and lower river reaches have better conditions for the settlement
of exotic species (slower water and a large cumulative number of reservoirs for down-
stream exotic fish dispersion) [28,79].

Many exotic species have been introduced and have subsequently proliferated in the
Guadalquivir Basin during recent decades. Around 54% of these species have been intro-
duced into Spain during the last century [90]. Fourteen of the detected introduced species
(70% of the total) are now well established in the basin and/or are in the process of expan-
sion. Four of these have colonized the basin within the last ten years: (1) bleak [91] and (2)
black bullhead [50] are common in the middle and lower stretch of the basin, and finally

211



212

Diversity 2022, 14, 831

Distribucion de peces continentales en una Cuenca Mediterranea altamente
perturbada: bases ecoldgicas para la gestién y la conservacion

14 of 19

(3) European catfish, the latest species detected in the basin [51], which involves a serious
threat to regional wildlife [92]. The latter’s preference for slow waters may favor its pro-
liferation in the lowest sections of the basin, including the nature sanctuary of Dofiana
National Park and surrounding areas, with serious threats to this unique ecosystem.

4.3. Conservation Status

The conservation status of the Guadalquivir fish fauna is nowadays very poor, as
more than half of the recorded native species in the basin are classified in a threat category,
either nationally or internationally (see Tables 3 and 4).

The high degree of fish endemism in Mediterranean river basins, such as the Guadal-
quivir, demonstrates that this fauna, on average, displays rare and isolated populations
naturally (e.g., oretanian arched-mouth nase, jarabugo, bogardilla and baetican toothcarp)
[20,74]. Furthermore, some of these species have a low tolerance to disturbance, so that
their extinction risk increases considerably [93,94]. Several formerly common species are
now disappearing; for example, the Southern Iberian chub, the Iberian arched-mouth, the
calandino and the European eel have considerably reduced distributions with respect to
those observed in recent studies [20].

Two freshwater species are considered officially extinct in the Guadalquivir Basin:
the three-spined stickleback and the Iberian long-snout barbel [18,59,95]. The first repre-
sented the southernmost population in Europe [61]. The direct causes of its extinction will
never be known, but some speculate about habitat transformation, pollution and fish trad-
ing for aquarists [45]. The causes of Iberian long-snout barbel extinction are also unknown;
however, the very small number of records and their antiquity [58] suggests that the his-
torical presence of this species in the basin should be viewed with caution [95].

Migratory species are the worst preserved fish species. Only one of the five species
(European eel, prevalence <1%) with historical presence in the basin was captured,
whereas two others are very scarce (i.e., sea lamprey and twaite shad) and the remaining
two are regionally extinct (Atlantic sturgeon and allis shad [10,59]. The last published rec-
ords for the sea lamprey come from 1992 and 1999, and in some studies it is considered
extinct [59]; however, we are aware of sporadic, but periodic captures of this species in
the estuary (authors’ unpublished data). There are very few individual twaite shad dis-
persed in the lowest sections of the basin during early autumn and spring.

The relationship between the conservation of migratory fish fauna and the impact of
dams is a widespread and well-known problem around the world [96,97]. Dams without
adequate fish passage systems hinder access to upstream areas, which may include breed-
ing grounds, this being one of the main challenges to their conservation [96,97]. Spain is
one of the most dammed countries in the world, which represents an important environ-
mental problem [28,70] because, among other reasons, most dams are impassable, i.e., it
is not possible to install feasible fishways due to their height. In the Guadalquivir River,
the Alcala del Rio dam, built in 1931, is a major obstacle for upstream fish migration, es-
pecially for sturgeon [18]. Later on, in 1956, another dam (Cantillana dam) was built ap-
proximately 22 km upstream of Alcald del Rio precipitating the total fragmentation of the
lower section of the river from the middle one. Other specific causes involved in the re-
gression of these species include: flow reduction (due to dams and irrigated crops), gravel
extractions (damaging spawning grounds), pollution from urban and industry activities
and overfishing, e.g., caviar industry, elver fishing [18,20,98].

4.4. Conservation and Management Recommendations

A regional strategy for freshwater fish conservation was approved in 2012 (see
http://www juntadeandalucia.es/boja/2012/60/boletin.60.pdf for more details, accessed on
26 September 2022) and its first actions, mainly species detection, range distribution esti-
mates and ex situ programs, have recently been initiated. This strategy aims to act on spe-
cies included in the regional Red Book: four critically endangered, five endangered and
seven vulnerable [21]. However, three endangered species (Salmo trutta, Alosa alosa and



Anexos

Diversity 2022, 14, 831

15 of 19

Alosa fallax) are not included in the strategy. However, up to now, the current manage-
ment and conservation measures taken have not seemed to alter the trend of the most
endangered species due to the continuous degradation of the aquatic ecosystems of the
basin [15,31,99] as well as the absence of large-scale actions that can interfere with human
activities (e.g., agriculture) [15,31]. Only baetican toothcarp and brown trout, which have
specific conservation plans for eight and six years, respectively, seem to have stabilized
their populations [100,101].

The current conservation status (according to IUCN criteria) of all threatened fish
species in the Guadalquivir Basin as well as introduced species should be revised and
updated, placing each species in their appropriate global and regional coherent category,
including possible extinctions. For example, the Andalusian regional Red Book includes
the European eel in the ‘Least Concern’ category while in the TUCN Red list it appears as
‘Critically Endangered’. As another example, the possible hybrid origin of bogardilla [20]
should be clarified. This taxon is included in the regional conservation strategy and con-
siderable funds could be invested for its conservation and protection, without even know-
ing its true taxonomic status. In addition, this “species” has not been collected in the last
ten years [10].

The definition and detection of priority sites for freshwater fish conservation is nec-
essary to determine the appropriate measures of restoration in the most valuable areas for
fish. These should be areas with high native species richness or inhabited by endangered
species. The legal declaration of protected natural areas would be useful to preserve them.
Removing obsolete dams will increase connectivity among populations, thus avoiding
their isolation [97] and promoting their recovery, especially among migratory species.
This measure is being carried out in several countries in Europe and America [97]. The ex
situ programs could, in the future, provide individuals for repopulations, introductions
and/or reintroductions for genetic improvement. In this regard, the development of live
gene banks could help avoid the biodiversity loss of depauperated populations
[20,102,103]. Finally, invasive species should be eliminated, if possible, especially from
fish priority sites.
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https://www.mdpi.com/article/10.3390/d14100831/s1, Table S1: Species richness (S), number of fam-
ilies (F), Shannon (H’) diversity indices and species density (D = n® species per 1000 km?) for each
sampled sub-basin (45 and the main channel). Table S2: List of freshwater fish species sampled in
each sub-basin. Species name are codified using the first letter of the genus and the two first letters
of the species.
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Abstract

We report new distribution data on four recently introduced species in the
Guadalquivir River basin: chameleon cichlid (Australoheros facetus Jenyns, 1842),
North American black bullhead (4meiurus melas Rafinesque, 1820), European
catfish (Silurus glanis Linnaeus, 1758) and a minnow species of unknown origin
(Phoxinus spp.). A compilation of records is used to update the distribution range
of these species. The information collected reinforces the evidence on the
establishment and expansion of these non-native species. We recommend new field
sampling to identify the dispersal pathways and to clarify their current statuses.

Key words: exotic species, Mediterranean rivers, invasive, Australoheros facetus,
Ameiurus melas, Phoxinus ssp., Silurus glanis

Introduction

Introductions of non-native species are recognized as one of the main
threats for freshwater biodiversity worldwide (Gozlan et al. 2010). The
impacts caused by the arrival of new species are highly diverse and depend
primarily on the introduced species and habitat features (Ribeiro and
Leunda 2012). In arid and semi-arid regions (e.g. Mediterranean basin)
where water demand for human uses is high (Cowx and Collares-Pereira
2002), the number of reservoirs has reached almost a maximum, and
consequently, the number of non-native species and their distribution
range is increasing. Thus, Iberian inland waters are among the most
invaded ecosystems within the Mediterranean region and fish introductions
are considered a major threat to native ichthyofauna which comprise a
high proportion of endemic species (Ribeiro and Leunda 2012).
Guadalquivir River basin is highly important in terms of biodiversity
and number of threatened taxa (Doadrio 2001), as around 50% of the
native species recorded in the basin are included in an IUCN-2015
category. Yet, the current ichthyofauna of the basin contains large
proportion of introduced species. Fernandez-Delgado et al. (2014) detected
up to 14 non-native species showing a higher richness than natives ones
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(13 species). A recent study also determined high non-native species

richness (10 vs. 9 for native and introduced species respectively; see
Ramos-Merchante and Prenda 2018). These and other studies (Garcia de
Lomas et al. 2009; Moreno-Valcarcel et al. 2013) revealed the recent
detection of several species with high invasive potential such as chameleon
fish (Australoheros facetus Jenyns, 1842), North American black bullhead
(Ameirus melas Rafinesque, 1820) and European catfish (Silurus glanis
Linnaeus, 1758). These species are included in the rank lists of the most
invasive alien species (IAS) because their potential threat to biodiversity
(Clavero 2011; van der Veer and Nentwig 2015; Carboneras et al. 2018).
Therefore, updated knowledge about new introductions and their
distribution ranges is essential to detect new threats and implement
appropriate conservation strategies.

Here we provide new distribution data on the three recently introduced
species: Australoheros facetus, Ameirus melas and Silurus glanis in the
Guadalquivir River basin (South Spain) and also report the first record of
an invasive species belonging to the genus Phoxinus in this basin.

Materials and methods

The Guadalquivir is the fifth longest river in the Iberian Peninsula, situated
in the south of Spain, running in a dominant east-west direction to the
Atlantic Ocean. The main channel is 680 km long, with a drainage area of
57439 km? Based on non-native species distribution data from other
studies (Garcia de Lomas et al. 2009; Moreno-Valcarcel et al. 2013;
Fernandez-Delgado et al. 2014) we compiled information from two data
sources (field sampling and anglers’ records) in order to update the current
distribution of Australoheros facetus, Ameirus melas, Silurus glanis and
Phoxinus spp. in the basin.

Firstly, during the course of a research project on fish fauna distribution
in Guadalquivir River basin (see acknowledgements for details) we
conducted a field sampling at 285 locations over the entire basin (216 in
rivers and 69 in reservoirs) between June 2007 and July 2008 (Figure 1A).
Depending on location width and depth, two alternative sampling methods
were used. Typical stream sites with low salinity (< 1.5 mS cm™) and
shallow depth (< 1.2 m) were electrofished by wading upstream along a
channel length of 100 m during approximately one hour. The equipment
comprised a control box delivering a pulsed direct current, 300/600 V, 4-6 A
without block nets (Electracatch International, Honda EU 20i motor with a
WEF6 rectifier and a landing net with a 30 cm diameter and a 4 mm mesh
size). When the salinity and depth conditions did not allow electrofishing,
mainly in large rivers and reservoirs, we used four types of passive traps:
trammel nets, fyke nets, minnow traps and plastic bottle minnow traps.
Two trammel nets (10 m X 2 m, 175 mm x 25 mm and 200 mm X 20 mm
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Figure 1. Map of the Guadalquivir River Basin and geographical locations of the records for each species. Dark circles represent
the new records described in this study. Grey circles and squares correspond to the previous records reported by Fernandez-
Delgado et al. 2014 and Garcia de Lomas et al. 2009 respectively. Fine-scale is shown for Australoheros facetus and Ameiurus
melas. For details see Supplementary material Table S1.

mesh size), three pairs of fyke nets (12 mm and 3 mm mesh size), fifteen
metal minnow traps (6 mm mesh size) and ten pairs of plastic minnow
traps (25 mm inlet) were set for a minimum of 8 h (see Clavero et al. 2006
for more details). After capture, fish were identified to species level,
counted, measured and returned live to the river.

Secondly, we completed the information obtained in the field samplings
with extensive searches on different social media websites (e.g. YouTube,
Facebook), recreational fisheries forums, blogs and search engines (i.e.
Google) to obtain records of the studied species. In addition, we sent a
request for information on records of the species under study to fisheries
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websites. Following the Gago et al. (2016) criteria, we performed a Boolean

search between July 2010 and October 2015 using a combination of different
keywords, including scientific and common names in Spanish (i.e. chanchito,
pez gato, siluro, piscardo) and river name (Guadalquivir). Species records
were accepted only when it included the locality, year and accompanying
media (picture or video) (see Gago et al. 2016 for details). We interviewed,
whenever possible, the angler who reported the information to confirm this
and avoid double counting. The geographical coordinates were extracted
from Google Earth Pro. Finally, we added to the database a remarkable
sighting of North American black bullhead that we made in the Dofiana
National Park, a highly protected area in the lower section of the basin.

Results and discussion

A total of 18 records were obtained in the Guadalquivir River basin
(Supplementary material Table S1), with fishing forum websites representing
the main source of information with 46.2% of the total records. A single
record was never detected in more than one data source (i.e. duplicate
records). Chameleon cichlid was the species with the highest number of
records (69%) and the species with the highest number of specimens
registered was the North American black bullhead (> 2000) (Table S1). During
the fish sampling, other 8 non-native species well known in previous studies
were also collected (Doadrio 2001; Vinyoles et al. 2007): Oncorhynchus
mykiss (Walbaum, 1972), Alburnus alburnus (Linnaeus, 1758), Carassius
auratus (Bloch, 1782), Cyprinus carpio (Linnaeus, 1758), Gobio lozanoi
(Doadrio and Madeira, 2004), Gambusia holbrooki (Girard, 1859), Lepomis
gibbosus (Linnaeus, 1758) and Micropterus salmoides (Lacépéde, 1802).

Phoxinus spp.

Traditionally, minnow populations from the Iberian Peninsula have been
identified as Phoxinus phoxinus (Linnaeus, 1758) (Doadrio 2001). However,
Kottelat (2007) reclassified these populations as P. bigerri. Since the author
did not analyse samples from Iberia he suggests caution identifying these
populations. The Iberian distribution includes some rivers in the Cantabrian
Mountains and the Ebro River basin (Kottelat and Freyhof 2007). However,
the origin (native or introduced) of Atlantic populations is unknown due
to continuous introductions carried out by anglers (e.g. Cantabrian Rivers
and Douro basin) who use the species as live bait or as food for trout
(Doadrio and Garzon 1986; Doadrio 2001; SIBIC 2014). Moreover, species
from Phoxinus genus can reproduce and generate hybrids, even intergeneric
hybrids (Eisenhour and Piller 1997). For this reason, identifications based
on morphometric characteristics can be misleading and genetic analysis
represent the most reliable tool. Three individuals from Phoxinus genus
were collected on May 1* 2008 (Table S1) in a right bank tributary of the
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Figure 2. Minnow (Phoxinus spp.) specimens captured in the Guadalquivir basin (only two are
shown) during the field session with emerging spawning characteristics: bright colours, reddish
base of fins, darker band on the flanks, and yellow spots on the operculum.

Guadalquivir (Guadalbarbo River; Figure 1). Morphological measures taken
from the sampled specimens (e. g. distance between the end of the first and
last ray branched of the anal fin, see Kottelat 2007) did not allow unambiguous
identification of the species since they could correspond to both P. phoxinus
and P. bigerri as well as commercial hybrids. On this basis, we consider this
population as Phoxinus spp. until additional studies based on genetic
analysis can clarify this issue. The fish exhibited bright colours and
emerging spawning characteristics, such as a reddish abdomen and base of
fins, a darker band on the flank, yellow spots on the operculum with
intensive colour and head tubercles (Figure 2), and thus reproduction is
highly likely. After the capture, individuals were measured to the nearest
1 mm and weighed to the nearest 0.01 g. Length and weight measurements
were: 44, 56 and 55 mm and 0.83, 1.70 and 1.60 g, respectively. Three
native species: Iberian arched-mouth nase (Iberochondrostoma lemmingii -
Steindachner, 1866), southern Iberian barbel (Luciobarbus sclateri —
Gunther, 1868), and calandino (Iberocypris alburnoides — Steindachner,
1866) and one non-native species, bleak (Alburnus alburnus - Linnaeus,
1758), were also captured in the same locality. Subsequent sampling has
confirmed the establishment of a minnow population in this location
(referred to as P. phoxinus, see Fernandez-Delgado et al. 2014). The specimens
were preserved in the ichthyological collection of the Department of
Integrative Sciences (University of Huelva, Spain).

Chameleon cichlid - Australoheros facetus (Jenyns, 1842)

Chameleon cichlid was identified in the Guadalquivir River for the first
time in 2007 during the implementation of control measures on non-native
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Chinese mitten crab (Eriocheir sinensis) (see Garcia de Lomas et al. 2009).

Between 7 Oct. 2010 and 10 Mar. 2015, we have compiled in the same river
section 9 new records, via angler captures, corresponding to 12 individuals
(Table S1). These new records provide evidence on the survival and
establishment of an emerging population in this locality (Seville city,
Guadalquivir dock; Figure 1). Specimens of A. facetus captured coincide with
identification characters reported by Doadrio (2001) and Fernandez-
Delgado et al. (2014); the dorsal fin is composed by 15-17 hard and 9-11
soft rays, the anal fin shows 5-6 hard rays and the caudal fin is rounded
with a dark spot at the base. Some of these captures corresponded to
reproductive individuals (> 20 cm) building nests in shallow areas (PS,
pers. obs.). The chameleon cichlid is a highly valued species by aquarist,
lacking any sporting value.

North American black bullhead - Ameiurus melas (Rafinesque, 1820)

The species was first detected in the lower part of the Guadalquivir River
basin in 2007 (Garcia de Lomas et al. 2009) and subsequently it has
dispersed both upstream and downstream from this location (Fernandez-
Delgado et al. 2014). We report data from two new localities (Table S1).
The first locality corresponds to the Viar River, a right bank tributary of
the Guadalquivir (Figure 1) where the species first appeared in the spring
of 2009 via angler captures. This species is currently reproducing in this
location and has been observed performing parental care behaviours (i.e.
guarding; PS, pers. obs.).

The second sub-basin corresponds to the Dofiana National Park. On the
26" of July 2016 we observed a large shoal of bullhead individuals in the
“La Rocina”, a shallow freshwater inland marsh (Figures 1, 3). During the
sighting we were able to capture by hand some specimens for identification
purposes and we estimate, based on field observation, abundance around
several thousands of individuals (Figure 3).

Specimens of A. melas collected in the Guadalquivir basin coincide with
identification reported by Elvira (1984) and Cucherousset et al. (2006): D 1/6,
P 1/7,V 8, A 19-21 and C 19-20. Its presence in Dofiana has been known
since 2010 (MA Bravo, pers. comm.), however, during the last few years the
species is spreading throughout the lower sections of the basin (Fernandez-
Delgado et al. 2014), where environmental conditions are most appropriate
for the species (i.e. lentic or low-flow habitats with a mud substrate).

European catfish - Silurus glanis (Linnaeus, 1758)

This species, the largest European freshwater fish, reaches sizes up to 5 meters
in length and more than 100 kilograms in weight. In the Iberian Peninsula
this species was detected for the first time in 1974 in the Ebro River
(Doadrio 2001). It is considered a serious threat to aquatic ecosystems (Copp
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Figure 3. Near (a) and distant (b) views of a large group (> 2000) of young North American
black bullheads in Dofiana National Park (SW Spain). Many adults (> 20 cm length) were also
found in the group (c).

et al. 2009). The first record of this species in the Guadalquivir was in 2011
in Izndjar reservoir, the largest in the basin (Moreno-Valcarcel et al. 2013).
We report a new locality located 250 km downstream from Izndjar
reservoir, in a lower stretch of a Guadalquivir right bank tributary (Rivera
de Huelva; Figure 1). This new record, via angler captures in February 2015,
corresponds to 3 adult individuals. Specimens were identified following
Kobayakawa (1989) and Kottelat and Freyhof (2007). The weights of these
specimens ranged from 3 to 8 kg. Until now, there was no evidence of the
European catfish presence outside the Izndjar reservoir.

Concluding remarks

The information collected in this study provides evidence on the
reproduction of three non-native species in the Guadalquivir River basin
(Phoxinus spp., Chameleon cichlid and North American black bullhead).
Therefore, the establishment of these species in different sections of the
basin is highly likely. The presence of these invasive species (Leunda 2010)
in different sections of the basin can be confirmed and their distribution
ranges will probably increase in the next few years. Regardless of the
taxonomy of Phoxinus specimens collected in this study, this genus has a
high invasive potential in the Iberian Peninsula (see Clavero 2011). For this
reason, the knowledge of this population by researchers and wildlife
managers can help to avoid its expansion because there is currently only
one population located in a small tributary. At the same time, genetic
analyses and new samplings of this population are necessary to set the

Séez-Gomez and Prenda (2019), Biolnvasions Records 8(4): 924-932, https://doi.org/10.3391/bir.2019.8.4.21 930



226 Distribucion de peces continentales en una Cuenca Mediterranea altamente
perturbada: bases ecoldgicas para la gestién y la conservacion

Q)

u'NVMWESNH Exotic species data in the Guadalquivir River Basin

taxonomy of this species. European catfish have been detected many
kilometres downstream from the first recorded site, and there are no
records between the two areas, so their presence there is likely to be due to
new introductions. This species constitute a great threat to native fish
fauna due to its voracity and wide dietary range, comprising up to 53
freshwater fish species reported by Copp et al. 2009. It is therefore critical
to increase sampling effort, to improve our knowledge about the invasion
degree by this species of the Guadalquivir basin.
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