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GENERAL ABSTRACT (English version)

Current extinction rates due to the direct and indirect consequences of human
intervention on natural systems are several orders of magnitude higher than those
recorded throughout the historical evolution of the Earth. Consequently, minimizing the
loss of global biodiversity has arisen as one of the major challenges to face nowadays.
Amphibians are the most threatened group of vertebrates. The decline and local
extinction of amphibian populations and species has been observed in severa regions of
the world. Although such a decline may be attributed to natura demographic
fluctuations, evidence supporting the hypothesis of global amphibian decline due to the
direct and indirect action of humankind has been reported. Six factors have been
hypothesized as possible causes for the observed decline. These factors, which may act
at either global or local scale, have been classified into two different classes, according
to either the understanding of their effects on amphibians or the time these vertebrates
have been exposed to them. Thus, class | hypotheses would include those factors that
have been acting for at least the last 100 years (exotic species, habitat destruction and
ateration and overexploitation), whereas class Il hypotheses would comprise those
factors for which there is a poor understanding and which are affecting amphibians from
more recent times (global change, emergent diseases and chemicals). Moreover, the
effects of the interaction among several stressors have recently become of great concern
among researchers because its additive or synergistic effects may exacerbate amphibian
vulnerability to extinction. However, in spite of the information existing on the impacts
of the stressing factors mentioned, its knowledge is far from being exhaustive, and

further studies are necessary to compl ete the existing database on their effects.



Genera abstract

Although chemicals are cited as one of the major causes to explain the decline of
amphibian populations, most studies dealing with the impact of these pollutants have
mainly focused on the effect of heavy metals, pesticides, polychlorinated biphenyls and
polycyclic aromatic hydrocarbons. Nevertheless, other types of pollutants, such as road
de-icers or pharmaceuticals degradates, may also produce a negative impact on fitness-
related traits. Among this last group of pollutants, the interest to accurately assess the
effects of fertilizers and other nitrogenous compounds is increasing, since these
compounds are distributed worldwide in natural habitats and their presence is expected
to increase in the future. Moreover, because nitrogen pollution has been described to
produce both lethal and sublethal effects on amphibians, improving the understanding
of the real effects that the exposure to nitrogenous compounds may produce should be a
priority. Consequently, the amount of studies devoted to assess such effects is raising.
However, to date, two main shortcomings in the analyses of nitrogenous pollution as a
threat to amphibians exist: first, most of the studies have been carried out in laboratory
conditions. Although thisis an essential starting point, it is necessary to perform further
studies to assess whether the results obtained in the laboratory ensue in more natura
conditions. Second, data on the potential adaptive response of amphibian populations to
nitrogenous pollutants are still lacking and only a few reports on the inter and intra-
specific variation regarding the tolerance to nitrogenous compounds have been
published. Therefore, this underlines the need to perform further researche to accurately
determine the real impact of nitrogenous pollution on amphibians.

In this context, the present PhD thesis looks at the impact of nitrogenous
compounds on the Iberian water frog, Pelophylax perezi (Seoane, 1885), with the
following objectives. 1) Larvae and metamorphs of P. perezi were exposed to

ammonium chloride (NH4CI), sodium nitrite (NaNO,) and sodium nitrate (NaNQO3) to

Vi



General abstract

determine: @) larval tolerance limits and habitat selection of postmetamorphic
individuals in laboratory conditions, b) larval surviva and sublethal effects in different
venues, and, ¢) larval survival and sublethal effects when pollutants were presented
either isolated or combined in different venues. 2) The existence of interpopulational
divergences in larval survival and sublethal effects due to nitrogenous pollution and the
possible evolution of local adaptation. 3) To provide an overview of pollution effects on
amphibians during their aquatic and metamorphic stages by conducting a meta-analysis.

To examine the tolerance limits of the studied species, the effects of the acute
exposure to nitrogenous compounds on larval survival was studied in the laboratory for
72 h (in the case of nitrite and nitrate) or 96 h (for ammonium). To analyse the effect of
nitrogenous pollution, larvae were exposed for 21 days to subletha concentrations of
ammonium, nitrite and nitrate and to some of their combinations in the laboratory, and
to sublethal concentrations of ammonium, isolated or combined with nitrite and nitrate,
in mesocosms. Moreover, in a field experiment, enclosed larvae were exposed for 21
days to natural streams showing differing levels of nitrogenous pollution. For al these
experiments, the response variables studied included survival, final mass, growth,
morphological traits or behavioral endoints (i.e. number of censuses in which larvae
were observed inactive or at the bottom of the experimental beakers, food consumption
and escape ability). The hypothesis suggesting that the presence in the water column of
ammonium, either isolated or combined with nitrite and nitrate, would affect the use of
aguatic habitats by metamorphs was explored in laboratory conditions for 14 days.

The existence of interpopulational divergences in the tolerance to sublethal
nitrogenous pollution was explored in the laboratory by comparing survival and larval
performance of two populations inhabiting polluted habitats with two populations

located in less polluted environments. Additionally, the hypothesis of local adaptation
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was examined both in mesocoms and field-based enclosures by considering larvae from
one polluted population and from two less polluted ones.

The results obtained for the acute exposure to ammonium, nitrite and nitrate in the
laboratory showed that larval mortality increased with increasing concentrations of
these ions, as well as with raising exposure times. Thus, the negative impact of acute
nitrogenous pollution corresponds to its chronic effect rather than to the initial exposure.
Mean letha concentration values (LCsp) for ammonium, nitrite and nitrate decreased as
time passed. For ammonium, lower lethal concentration values to that concentrations
recorded in the field were estimated after a period of 96 h, suggesting that ammonium
pollution may be athreat to P. perezi populations.

As regards the analysis of the effect of sublethal nitrogenous pollution, the
exposure to high concentration of ammonium, nitrite and nitrate, either isolated or
combined, for 21 days significantly increased larva mortality and reduced food
consumption in laboratory conditions, existing evidence for the significant reduction of
larval mass at higher ammonium and nitrite concentrations. Moreover, the number of
censuses that larvae were detected inactive or at the bottom of the experimental beakers
was reduced by the exposure to lower concentrations of ammonium (only in the case of
inactivity) or nitrate or by the combination of low nitrite concentration with nitrate and
ammonium.

The analysis of habitat selection of metamorphic individuals reveaed that, when
they were exposed in laboratory conditions to ammonium acting isolated or combined
with nitrite and nitrate, the presence of nitrogenous ions in the water column did not
involve the avoidance of aguatic environments, although significant inter-individual

variation in pollution avoidance was detected.
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In addition to the experiments carried out in laboratory conditions, the effects of
nitrogenous pollution were explored in more natural conditions. Thus, in outdoor
mesocosms, the exposure to sublethal concentrations of ammonium, isolated or
combined with nitrite and nitrate, did not affect larval survival after a period of 21 days,
although it significantly reduced body and tail depth, final mass and growth. A different
pattern was found for field enclosures. Larval mortality increased when larvae of the
studied species were exposed for 21 days to natural permanent streams containing a
high degree of nitrogenous pollution, although surviving larvae showed higher values
for morphologica traits, final mass and growth than those tadpoles exposed to less
polluted streams. Treatments or field localities did not affect either distance swum nor
swimming speed. Nevertheless, the influence of morphological traits on swimming
performance greatly varied across populations of origin and treatments. A positive
trade-off between growth and swimming speed was detected in the case of the exposure
to high concentration of ammonium acting alone and for the exposure to polluted
habitats.

The exposure to the combination of sublethal concentrations of ammonium, nitrite
or nitrate was more harmful than the effect of these ions acting isolated in both
laboratory and mesocosms experiments. When experiments were run in the laboratory
this negative effect may fit well to a synergistic effect in the case of larval survival, final
mass and food consumption, whereas it was additive for behavioural traits (i.e. number
of censuses tadpoles were found inactive or at the bottom of the experimental units).

As regards the analysis of the interpopulational variation in the tolerance to
nitrogenous pollution, popul ation-specific responses to treatments were detected in both
laboratory and mesocosm experiments, suggesting local adaptation to polluted

environments, since larvae from populations inhabiting highly polluted environments
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showed higher larval survival in the face of treatments enriched with high nitrogen
concentration than those from populations coming from less polluted localities.
Nevertheles, when larvae were exposed to natural field sites, no population divergence
in tolerance to pollution was detected.

The overall impact of chemical pollutants on amphibians as a group was explored
by meta-analysis. This dtatistical procedure allows to analyse data obtained in
independent studies. Unlike traditional reviews based on vote-counting methods, meta-
analysis techniques show high statistical power and provide a reliable way of
determining the overall magnitude of the impact of pollutants on amphibians, as well as
a way of comparing the effects among categories for a priori defined groups. To run
meta-analyses, a thorough review of the publications dealing with the impact of
pollutants on amphibians was carried out. Morevoer, severa authors kindly provided
some of their unpublished databases. The studies obtained were analysed and selected
whether the concentrations used in the experiments were ecologically relevant for the
location; mean and standard deviation values for both a control and an experimental
group, as well as the number of cases used to compute these statistics, were clearly
provided; the effect of only one type of pollutant was studied and data for amphibian
survival, time to hatching, time to metamorphosis, total length, weight or abnormality
rate were reported. Moreover, to assess the effect and magnitude of the interaction
between pollutants and other biotic and abiotic factors on amphibian survival, studies
fitting the above criteria and showing a factorial design were selected. Mean and
standard deviation values for both a control and an experimental group, as well as the
number of cases used to compute these statistics, were recorded from each publication
or unpublished database selected for inclusion in the meta-analyses to assess the

pollutant effect size. The results obtained showed that pollution is an important threat to
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amphibians, negatively affecting survival, size and development. However, time to
hatching and time to metamorphosis were unaffected by chemical pollutants. In spite of
the overall impact observed for most of the studied variables, wide variation regarding
experimental venue, developmental stage at the beginning of the experiment and type of
pollutant was detected. Significant differences among amphibian families were only
detected for time to hatching, the impact of chemica pollution being higher for
ambystomatid salamanders. In this case, significant phylogenetic autocorrelation was
detected. Moreover, the exposure to a wide range of biotic and biotic stressing factors
affected survival more severely than the exposure to full pollutant stressors, no evidence
existing for asignificant interaction between different types of stressors.

In conclusion, the results obtained support the hypothesis describing chemical
pollution as a major threat to amphibians. Both the experimental studies carried out on
the effect of nitrogenous pollution on P. perezi and the meta-analytic review show that
the exposure to both lethal and sublethal concentrations of pollutants may affect larval
survival and other sublethal endpoints. Although it is difficult to infer the response of a
population from the effects on inviduals, these effects indicate that the negative impact
of nitrogenous pollution may play an important role in the decline of amphibian
populations. However, local adaptation to polluted environments is an alternative to
extinction and, consequently, chemical pollution in general and, more specificaly,
nitrogenous compounds may be an important factor directing evolution in amphibians,
as the results obtained suggest. Additionally, the different results obtained for the
different experiments carried out in laboratory, mesocosm or enclosure conditions,
together with the conclusion derived from the meta-analysis, point to the great relevance

of the venue when assessing the impact of a stressor on amphibians.
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RESUMEN GENERAL (version espafiola)

Las tasas de extincion actuales debidas a las @aoerseas directas e indirectas de la
intervencion humana sobre los sistemas naturalesvados oOrdenes de magnitud
superiores a aquéllas registradas durante la adoluustérica de la Tierra. Como
consecuencia, uno de los principales desafios antafr actualmente consiste en la
minimizacion de la pérdida global de biodiversidhds anfibios son el grupo de
vertebrados mas amenazados. Se ha observadoigedelds extinciones locales tanto
de poblaciones como de especies de anfibios easviagiones del mundo. Aunque este
declive puede ser atribuido a fluctuaciones denfmgig naturales, se han descrito
evidencias que apoyan la hipotesis del decliveajldb los anfibios debido a la acciéon
directa e indirecta del hombre. Se han sefialadgdf@eiores como causas eventuales de
los declives observados. Estos factores, los cymleden actuar tanto a escala global
como local, han sido clasificados en dos clasesratites, en funcion tanto de la
comprension de sus efectos sobre los anfibios abehdiempo que estos vertebrados
han estado expuestos a ellos. Asi, las hipotesse dl incluirian aquellos factores que
han estado actuando al menos durante los ultimé@s dfibs (especies exoéticas,
alteracion y destruccion del habitat y sobreexpiotg mientras que las hipotesis clase
Il comprenderian aquellos factores para los qust@xin conocimiento pobre de sus
efectos y los cuales estan afectando a los anfid@ede épocas mas recientes (cambio
climaticos, enfermedades emergentes y sustanciasogs). Ademas, el efecto de la
interaccion entre varios agentes estresantes Iperedo recientemente un gran interés
entre los investigadores dado que sus efectovesliti sinérgicos pueden exacerbar la
vulnerabilidad de los anfibios a la extincion. mbargo, a pesar de la informacién

disponible sobre los impactos de los factores mtites mencionados, su conocimiento
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esta lejos de ser exhaustivo, por lo que son negssaas estudios para completar la
base de datos existente sobre sus efectos.

Aunque las sustancias quimicas son una de las scguB®ipales que se han
argumentado para explicar el declive de las poi@s de anfibios, la mayor parte de
los estudios relacionados con el impacto de esintaminantes estudian el efecto de
metales pesados, pesticidas, bifenilos policloradoshidrocarburos aromaticos
policiclicos. Sin embargo, otros tipos de contamies, como sales descongelantes o
sustancias derivadas de la degradacion de prodiztoacéuticos, pueden producir un
impacto negativo sobre caracteres relacionadosstestado fisico de los individuos.
Entre este ultimo grupo de contaminantes, esta mtameéo el interés por establecer
adecuadamente los efectos de fertilizantes y atomspuestos nitrogenados, ya que
estos compuestos estan distribuidos por todo etlmen habitats naturales y se espera
que su presencia se incremente en el futuro. Adeda@® que se ha descrito que la
contaminacion nitrogenada produce tanto efectadeletcomo subletales sobre los
anfibios, seria de gran interés mejorar la compdende los efectos reales que la
exposicion a compuestos nitrogenados puede proddoimo consecuencia, se esta
incrementando la cantidad de estudios dedicadostablecer estos efectos. Sin
embargo, hasta la fecha existen dos defectos pales en el analisis de la
contaminacion nitrogenada como amenaza para ldsi@afen primer lugar, la mayor
parte de los estudios se han realizado en conéigida laboratorio. Aunque éste es un
punto de partida esencial, es necesario realiza eséudios para establecer si los
resultados obtenidos en el laboratorio se obtieteanbién en condiciones mas
naturales. En segundo lugar, faltan datos sobpotencial respuesta adaptiva de las
poblaciones de anfibios a los contaminantes nitrades y sélo se han descrito unas

pocas evidencias sobre la variacion inter e irgeeifica en relacion a la tolerancia a
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compuestos nitrogenados. Asi, este hecho sefakecksidad de realizar mas estudios
para determinar adecuadamente el impacto real denkaminacion nitrogenada en los
anfibios.

En este contexto, se estudid en la presente Tesidol@l el impacto de
compuestos nitrogenados sobre la rana cordiphylax perezi (Seoane, 1885), con
los siguientes objetivos: 1) Se expusieron larvaseyamorficos d®. perezi a cloruro
amonico (NHCI), nitrito sédico (NaNQ) y nitrato sédico (NaNg) para determinar: a)
los limites de tolerancia larvaria y la seleccior dhabitat de individuos
postmetamorficos en condiciones de laboratorioJabyupervivencia larvaria y los
efectos subletales en diferentes condiciones arpetales, y, c) la supervivencia
larvaria y los efectos subletales cuando los coimiames se presentaron tanto aislados
como combinados en diferentes condiciones expetate=n 2) Estudiar la existencia de
divergencias interpoblacionales en la supervivelarnearia y en los efectos subletales
de la contaminacion nitrogenada, y la posible eiolu de adaptacion local. 3)
Proporcionar una vision general de los efectosadeohtaminacion sobre los anfibios
durante sus estadios acuaticos y metamorficos mtedia realizacion de un meta-
analisis.

Para examinar los limites de la tolerancia de fee@s estudiada, se estudiaron los
efectos de la exposicion aguda a compuestos nitanlps sobre la supervivencia
larvaria en el laboratorio durante 72 h (en el cdsmitrito y nitrato) o 96 h (para
amonio). Para analizar el efecto de la contamimanitrogenada, se expusieron larvas
durante 21 dias a concentraciones subletales dei@nmitrito y nitrato y a algunas de
sus combinaciones en el laboratorio, y a conceotras subletales de amonio, aislado o
combinado con nitrito y nitrato, en mesocosmos.M@gg en un experimento de campo,

se expusieron larvas enjauladas durante 21 diasogosa naturales que muestran
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diferentes niveles de contaminacion nitrogenadaa Rados estos experimentos, las
variables de respuesta estudiadas incluyeron supacia, masa final, crecimiento,
rasgos morfolégicos o parametros etoldgicos (ilenero de veces que las larvas se
detectaron inactivas o sobre el fondo de los ceunl@res experimentales, consumo de
alimento y habilidad de huida). Finalmente, se éranen condiciones de laboratorio
durante 14 dias la hipdtesis que sugiere que Isepog&a en la columna de agua de
amonio, tanto aislado como combinado con nitritaityato, afectaria el uso de los
habitats acuaticos por los metamorficos.

Se exploro la existencia de divergencias interpadfeles en la tolerancia a la
contaminacion nitrogenada subletal en el laboratorediante la comparacion de la
supervivencia y la respuesta larvaria de dos parlas que habitan habitats
contaminados con dos poblaciones localizadas eneateb menos contaminados.
Adicionalmente, se examind la hipotesis de la atagn local tanto en mesocosmos
como en corrales localizados en el campo mediaateohnsideracion de larvas
procedentes de una poblacion contaminada y deadsasienos contaminadas.

Los resultados obtenidos para la exposicion agadarbnio, nitrito y nitrato en el
laboratorio mostraron que la mortalidad larvarianantd con el incremento de las
concentraciones y del tiempo de exposicion a éstes. Asi, el impacto negativo de la
contaminacion nitrogenada aguda corresponde aestioe€rénico, en lugar de a la
exposicion inicial. Los valores correspondientda aoncentracion letal media (k§
obtenidos para amonio, nitrito y nitrato disminwyrercon el tiempo. Para amonio, se
estimaron concentraciones letales inferiores actasentraciones registradas en el
campo tras un periodo de de 96 h, lo que sugieeel@contaminacién por amonio

puede ser una amenaza para las poblacionespeeezi.

XVi



Resumen general

En relacion al analisis del efecto de la contamaraaitrogenada subletal, la
exposicion a altas concentraciones de amoniofairnitrato, aislados o combinados,
durante 21 dias incrementd significativamente lartaidad larvaria y redujo el
consumo de alimento en condiciones de laborat@iostiendo evidencias de la
significativa reduccion de la masa larvaria a aftascentraciones de amonio y nitrito.
Ademas, se redujo el nimero de veces que las laevdstectaron inactivas o sobre el
fondo de los contenedores experimentales debidoaaexposicion a bajas
concentraciones de amonio (s6lo en el caso dedetividad) o nitrato, o por la
combinacion de baja concentracion de nitrito carata y amonio.

El andlisis de la seleccion de habitat de indivedoeetamaorficos reveld que, al ser
expuestos en condiciones de laboratorio a amorniaado aislado o combinado con
nitrito y nitrato, la presencia de iones nitrogesgaén la columna de agua no implico la
evitacion del medio acuatico, aunque se detectdé wer@acion inter-individual
significativa.

Adicionalmente a los experimentos realizados erdicmmes de laboratorio, se
exploraron los efectos de la contaminacién nitraganen condiciones mas naturales.
Asi, la exposicion a concentraciones subletaleardenio, aislado o combinado con
nitrito y nitrato, no afectd a la supervivenciavimia tras un periodo de 21 dias en
mesocosmos instalados al aire libre, aunque reslgjoificativamente la altura del
cuerpo y de la cola, la masa final y el crecimie®io embargo, se encontré un patrén
diferente para los corrales de campo. Se incremantdortalidad larvaria cuando las
larvas de la especie estudiada se expusieron dufdnidias a arroyos permanentes
naturales que contienen un grado elevado de coma@mn nitrogenada, aunque las
larvas supervivientes mostraron valores superipaga los rasgos morfolégicos, masa

final y crecimiento que aquellos renacuajos exmseatarroyos menos contaminados.

XVil



Resumen general

Los tratamientos o las localidades de campo ndafatni a la distancia nadada ni a la
velocidad natatoria. Sin embargo, la influencialake rasgos morfolégicos sobre la
habilidad natatoria varié en gran medida entre gmbhes de origen y tratamientos. Se
detectd una relacion positiva entre el crecimignta velocidad natatoria en el caso de
la exposicion a alta concentracion de amonio adimaaislado y a habitats
contaminados.

La exposicion a la combinacion de concentracionbtetales de amonio, nitrito o
nitrato fue mas dafina que el efecto de estos iaoemndo de modo aislado tanto en
experimentos de laboratorio como de mesocosmosnddudos experimentos se
realizaron en el laboratorio, este efecto negaswa@justdo a un efecto sinérgico en el
caso de la supervivencia larvaria, masa final ysuormo de alimento, mientras que fue
aditivo para variables etoldgicas (i.e. nUmero el@eg que los renacuajos se encontraron
inactivos o en el fondo de las unidades experinesjta

Respecto al analisis de la variabilidad interpdblzal de la tolerancia a la
contaminacion nitrogenada, se detectaron respuadteastratamientos especificas de la
poblacion de origen tanto en los experimentos Her&orio como de campo, lo que
sugiere la existencia de adaptacion local a amgsecbntaminados, ya que las larvas
procedentes de poblaciones que habitan ambientesealte contaminados mostraron
mayor supervivencia larvaria a los tratamientosgerecidos con alta concentracion de
nitrogeno que aquéllas procedentes de poblacionesogupan localidades menos
contaminadas. Sin embargo, cuando las larvas sesiexpn a localidades naturales, no
se detect6 divergencia poblacional en la toleramcia contaminacion.

El impacto global de los contaminantes quimicosestdis anfibios como grupo se
exploré mediante meta-analisis. Esta técnica edteaipermite analizar datos obtenidos

en estudios independientes. A diferencias de s tradicionales basados en
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meétodosvote-counting, las técnicas meta-analiticas muestran un alterpestadistico y
proporcionan un modo fiable de determinar la magniglobal del impacto de los
contaminantes sobre los anfibios, asi como de canpes efectos entre categorias de
grupos definidos priori. Para realizar meta-analisis, se realizé una pd#uevision
de las publicaciones relacionadas con el impactdodecontaminantes sobre los
anfibios. Ademas, varios autores proporcionarontéenaente algunas de sus bases de
datos inéditas. Se analizaron los estudios obtenydse seleccionaron aquéllos que
cumplieron los siguientes criterios: se usaron entraciones ecologicamente
relevantes para la localidad; se presentaron \&loredios y de desviacion estandar
tanto para un grupo control como para uno expetiaheaisi como el nimero de casos
utilizados para calcular estos estadisticos; sdizanal efecto de un unico tipo de
contaminante y se presentaron datos para la supaoia, tiempo hasta la eclosion,
tiempo hasta la metamorfosis, longitud total, madasa de malformacién. Ademas,
para establecer el efecto y la magnitud de laaot@dn entre contaminantes y otros
factores bidticos y abidticos sobre la superviverde los anfibios, se seleccionaron
estudios que cumplieron los requisitos anterioregig mostraron un disefio factorial.
Para establecer el tamafio del efecto de los condameis, de cada publicacion o base de
datos inédita seleccionada para su inclusién eme&-analisis se obtuvieron los valores
medios y de desviacibn estandar para tanto un gegurol como un grupo
experimental, asi como el nUmero de casos utilzg@doa calcular estos estadisticos.
Los resultados obtenidos evidenciaron que la cantsidn es una importante amenaza
para los anfibios, al afectar negativamente la rsiy@ncia, talla y desarrollo. Sin
embargo, los contaminantes quimicos no afectarahtiémpo hasta la eclosion y ni al
tiempo hasta la metamorfosis. A pesar del impaeteeal observado para la mayor

parte de las variables estudiadas, ha sido deteataal gran variacion en relacion a las
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condiciones experimentales, estadio de desarrblini@o del experimento y tipo de
contaminante. Se detectaron diferencias signifiaatentre familias de anfibios para el
tiempo hasta la eclosion, siendo el impacto deidaminacion quimica mayor para las
salamandras ambistomatidas. En este caso, sedl&teexistencia de autocorrelacion
filogenética significativa. Ademas, la exposicibonua rango amplio de agentes
estresantes bioticos y abioticos afectd mas sewsri@ma la supervivencia que la
exposicion exclusivamente a contaminantes, no ierdd evidencias sobre una
interaccion significativa entre diferentes tiposagentes estresantes.

En conclusion, los resultados obtenidos apoyanipatésis que describe a la
contaminacion quimica como una de las principahesrazas para los anfibios. Tanto
los estudios experimentales llevados a cabo sobrefegeto de la contaminacion
nitrogenada sobr®. perezi y la revision meta-analitica evidencian que la sxpon
tanto a concentraciones letales como subletalesod@aminantes pueden afectar a la
supervivencia larvaria y a otras variables suldstalAunque es dificil inferir la
respuesta de una poblacién a partir de los efestibee los individuos, estos efectos
indican que el impacto negativo de la contaminacifimgenada puede jugar un papel
importante en el declive de las poblaciones debmsi Sin embargo, la adaptacion
local a ambientes contaminados es una alternailaextincion y, como consecuencia,
la contaminacion quimica en general y, mas espaaqifnte, los compuestos
nitrogenados pueden ser un importante factor gnduzeza la evolucion de los anfibios,
como sugieren los resultados obtenidos. Adicionatejelos diferentes resultados
obtenidos para los diferentes experimentos reazash condiciones de laboratorio,
mesocosmos o corrales, y la conclusion derivadardgh-analisis, revelaron la gran
importancia de las condiciones experimentales t@bkscer el impacto de un agente

estresante sobre los anfibios.
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ESTRUCTURA DE LA PRESENTE TESISDOCTORAL

La finalidad de la presente Tesis Doctoral fue danph informacion existente sobre los
efectos que los compuestos nitrogenados producéssenfibios, y profundizar en el
conocimiento del impacto que los contaminantes tpaisntienen, de modo global,
sobre este grupo de vertebrados.

Esta Tesis Doctoral se ha estructurado en cuatnadgs bloques, los cuales
agrupan tanto los capitulos relacionados con Idgecadentes existentes sobre la
tematica planteada por la Tesis, como con los tes obtenidos y las principales
conclusiones extraidas de los mismos. Cada unoslelbques mencionados incluye
uno o varios capitulos, los cuales, exceptuandanitweductorios y el referente a las
conclusiones generales, se han organizado atemdi@nids secciones habituales en
cualquier publicacion cientifica (Introduccion, Maal y Métodos, Resultados,
Discusion y Referencias). De este modo, a pesaindgitable inconveniente de la
repeticion de informacion en capitulos relacionadasla uno de ellos es relativamente
independiente de los restantes, facilitando la ecengidn e interpretacion de los
resultados presentados.

A continuacion se detallan los capitulos compreoglieh cada uno de los bloques

gue componen la presente Tesis Doctoral.

Bloque |.- Este bloque describe los conocimientos existeatdse el impacto de
diferentes factores de amenaza sobre los anfibess@a global, estatal (i.e. Espaia) y
regional (i.e. Region de Murcia), las principalesacteristicas de las poblaciones de

anfibios en Espafia y en la Region de Murcia, Igetnios planteados en el presente
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Estructura de la Tesis

trabajo y la descripcion del area de estudio, desfeecie estudiada y de la metodologia
empleada en la presente Tesis Doctoral. Incluysitpsentes capitulos:

Capitulo lIntroduccién y Objetivogmanuscrito inédito).

Capitulo 2.Area de estudio, descripcién de la especie estadiaginopsis

metodoldgicgmanuscrito inédito).

Blogue Il .- Este bloque presenta los resultados obtenidogwasar el impacto letal y
subletal de cloruro amonico, nitrito sodico y nibrasddico, de manera aislada o
combinada, en ejemplares larvarios y juvenile®d®phylax pereziSeoane, 1885) en
condiciones de laboratorio. Incluye los siguiersitulos:
Capitulo 3. Estimating mean letal concentrations of three meoous
compounds for the Iberian water frogelophylax perez{Seoane, 1885),
larvae (manuscrito publicado bajo la forma: Egea-Serr@dnpTejedo, M.
& Torralva, M. 2009. Estimating mean lethal concations of three
nitrogenous compounds for the Iberian waterfréglophylax perezi
(Seoane, 1885), larvae. Revista Espafiola de Héogé&o23: en prensa).
Capitulo 4. Populational divergence in the impact of three aggnous
compounds and their combination on larvae of tlog Pelophylax perezi
(Seoane, 1885)jmanuscrito publicado bajo la forma: Egea-Serraho,
Tejedo, M.; Torralva, M. 2009. Populational divargein the impact of
three nitrogenous compounds and their combinatiofavae of the frog
Pelophylax pereZiSeoane, 1885). Chemosphéefé; 869-877).
Capitulo 5.Examining the impact of three nitrogenous compouants their
combination on inactivity level and habitat uselarfvae of Pelophylax

perezi(Seoane, 188%manuscrito inédito).
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Capitulo 6. Analysis of the avoidance of nitrogen fertilizers the water
column by juvenile Iberian water fro§elophylax pereziSeoane, 1885),
in laboratory conditions(manuscrito publicado bajo la forma: Egea-
Serrano, A.; Tejedo, M. & Torralva, M. 2008. Analysf the avoidance
of nitrogen fertilizers in the water column by june Iberian water frog,
Pelophylax perez{Seoane, 1885), in laboratory conditiomailletin of

Environmental Contamination and Toxicology, 80: 1IB3).

Bloque I11.- Este bloque presenta los resultados obtenidogwasar el impacto letal
y subletal de cloruro amonico (aislado o combinegio nitrito sodico y nitrato sédico)
en larvas d®. perezien condiciones de mesocosmos. Del mismo modockeyen los
resultados obtenidos tras la exposicion de lared. gherezia localidades naturales que
muestran un grado diferente de contaminacién porpcestos nitrogenados. Incluye
los siguientes capitulos:
Capitulo 7.Effects of nitrogenous pollution on survival, masjggy and
growth of larvae of the Iberian waterfrogelophylax perez{Seoane,
1885): a hierarchical approach to natural condit®n (manuscrito
inédito).
Capitulo 8. Analysis of the effects of nitrogenous pollution smimming
performance of larvae oPelophylax perezi(Seoane, 1885) through

assays representative of natural conditiofmsanuscrito inédito).

Bloque V.- Este bloque incluye un Unico capitulo donde sdiznde modo global,

mediante revision bibliografica y meta-andlisidakedatos obtenidos, el impacto letal y

subletal que la contaminacién quimica ejerce shasranfibios.
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Capitulo 9.Are amphibians actually threatened by chemicals@eta-analytic

review(manuscrito inédito).

Blogue V .- Este bloque presenta las principales conclusiexiaidas de los resultados
presentados en los capitulos anteriores. Constaurdelinico capitulo y de su
correspondiente traduccion espafiola.

Capitulo 10 (version inglesa&yonclusiongmanuscrito inédito).

Capitulo 10 (version espafiol@onclusionegmanuscrito inédito).
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CAPITULO 1

INTRODUCCION Y OBJETIVOS

INTRODUCCION

Aproximaciones conservadoras a la pérdida globabiddiversidad estiman tasas de
extincion, incluyendo especies probablemente egjnt02-1024 veces mayores a las
esperadas en condiciones naturales (Badtieal, 2004), si bien otros estudios han
estimado tasas 1000-11000 veces superiores (PinBroéks, 1997). El incremento en
varios 6rdenes de magnitud de las tasas de exiinegpecto a condiciones naturales ha
hecho que el objetivo de minimizar la pérdida glatebiodiversidad, con los menores
costes posibles para el desarrollo de la humangisdyuno de los principales problemas
a afrontar en el siglo XXI (Wilson, 1994; Leakey ERewin, 1997). Entre los
vertebrados, los anfibios representan el grupo amdsnazado (Baillieet al, 2004),
existiendo evidencias de la regresion de sus pobles en diferentes regiones del
mundo (e.g. Corn & Flogeman, 1984; Pounds & Crub®94; Drost & Fellers, 1996;
Lauranceet al,, 1996; Lips, 1998; Galan, 1999; Bosehal, 2001; Martinez-Solanet

al., 2003a; Galan, 2008; Rovitcet al, 2009). No obstante, dado que las regiones
Neotropical, Afrotropical e Indomalaya representameas con alta diversidad de
anfibios para las que el nimero de estudios putiiEas reducido (Brito, 2008), es
probable que el nimero de poblaciones y especiemla®ente reconocidas como

amenazadas esté infravalorado.
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A pesar del elevado grado de vulnerabilidad desgréira numerosas especies de
anfibios, esta informacién debe ser interpretada cautela, ya que las fluctuaciones
demograficas naturales pueden ser la causa derldsricias poblacionales observadas
(Pechmannet al, 1991; Tejedo, 2003). Asi, estudios realizadosamhgr series
temporales cortas, o que adolecen de una bajaefieizuo intensidad de muestreo,
pueden afectar severamente a la precision de kdtados obtenidos (Alford &
Richards, 1999). Adicionalmente, numerosas pobfesode anfibios se comportan
como metapoblaciones, lo que implica la existerd®aflujo migratorio entre las
diferentes poblaciones que las conforman (AlforRi&hards, 1999; Jolgt al, 2001).

De este modo, eventos de extincién y colonizacuiripn ser comunes, con lo que la
constatacion del declive de una poblacion localripotbrmar parte de la dinamica

metapoblacional natural, no correspondiendo potalto a un auténtico riesgo de

extincion. Todas estas consideraciones han llevadia distincion entre tamafo

poblacional y nimero de poblaciones, siendo neicesdr reconocimiento de una

tendencia regresiva en el nimero de poblaciones pader identificar un auténtico

riesgo de extincion (Green, 1997). Houlahan al. (2000) resolvieron el debate

planteado sobre la existencia de una auténticaimismn de las poblaciones de

anfibios mediante el andlisis cuantitativo de datmsespondientes a 936 poblaciones
de todo el mundo y a series temporales de hasaé@l Este estudio pone en evidencia
la existencia de una regresion generalizada degegf®m de vertebrados durante las
ultimas décadas con una notable variabilidad gdicgrst temporal.

Los anfibios muestran una piel desnhuda y permepiddos puede hacer altamente
vulnerables a procesos de contaminacién. Ademasxpéotacion de habitats tanto
terrestres como acuaticos por la mayor parte deslascies para completar su ciclo vital

las hace particularmente susceptibles a la altamade cualquiera de estos medios.
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Ambas consideraciones han sido utilizadas para&mstastla hipdtesis de una especial
vulnerabilidad de los anfibios respecto a otrogpgsuzooldgicos frente a los cambios
globales (Soccianti, 2001), los cuales se han dlessmmo factores responsables de su
declive. No obstante, aunque agentes de ambitalglobmo el cambio climatico o la

radiacion ultravioleta (UV), han sido reconocidosno importantes amenazas para los
anfibios, es muy destacable el efecto negativo ymdd por la desmesurada

explotacion de los recursos naturales por partendelbre a una escala mas limitada
geograficamente. Dicha explotacion afecta negatvdaena las poblaciones de anfibios
a través de diversas practicas que, a pesar defeti®s locales, estdn ampliamente
distribuidas por todo el mundo. A continuacion ssatliben de manera sucinta algunos
de los principales factores, tanto globales conualé&s, reconocidos como amenazas
para los anfibios (Alford & Richards, 1999; Blaust& Kiesecker, 2002; Gardner,

2001; Collins & Storfer, 2003; Semlitsch, 2003; Bee & Griffiths, 2005).

Cambios globales: Cambio climéatico y radiaciéon UV

La emisién a la atmoésfera de grandes cantidadegaskes invernadero ha sido citada
como causante del cambio climatico que esta sudivieel planeta, caracterizado

principalmente por el incremento de las temperatyrael cambio del régimen de

precipitaciones (IPCC, 2001). Dado que la tempesayy humedad ambiental son

algunos de los factores desencadenantes de laluggion de los anfibios (e.g. Carey

& Alexander, 2003), el citado aumento de las termmoeas plantea la hipotesis de si los
anfibios presentaran una tendencia a reproducimss.aAsi, aunque existen especies
para las que esta tendencia no se ha detectadas{@laet al, 2001a), otras si que la

presentan (Gibbs & Breisch, 2001). En este Ultiagoc a pesar de que la modificacion

de la fenologia reproductiva podria afectar a fgestivencia de embriones y larvas, sus
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consecuencias a largo plazo son dificiles de pre¢féibas & Breisch, 2001; Carey &
Alexander, 2003). Adicionalmente, el aumento de tasnperaturas, unido a
irregularidades climaticas como prolongacion de pEviodos de sequia, puede
incrementar las tasas de desecacion de los cugepagua, reduciendo su profundidad y
exponiendo embriones y larvas de las diferentesecesp a agentes ambientales
estresantes, como la radiacion ultravioleta (Kieseet al, 2001; Blaustein &
Kiesecker, 2002). En este sentido, se ha relacmlaadulnerabilidad de las especies de
anfibios de Europa al cambio climatico con la dispiidad de agua, cuyos efectos se
verian agravados por la limitada capacidad de digpede estas especies (Ara@éjo
al., 2006).

La emision de compuestos quimicos industriales e@apmente CFCs) a la
atmosfera esta implicada en los procesos resp@ssdbl adelgazamiento de la capa de
ozono estratosférica (Solomon, 1999). Este adefgi@réo implica una insuficiente
capacidad de filtracion de la radiacion ultravialeton el consiguiente incremento de su
transmision hasta la superficie de la tierra (Madio et al, 1998). Aunque se han
identificado diferentes efectos adversos de laaadin ultravioleta sobre el tegumento,
ADN, fotosintesis o sistema inmune, la exposicida eadiacion de longitudes de onda
mas corta (radiaciéon UV-B [RUV-B\= 280-315 nm) es la que ocasiona consecuencias
mas severas (Madroniait al, 1998). Asi, se ha descrito un impacto negativdade
RUV-B sobre los organismos, tanto en ecosistemesstees como acuaticos (Caldwell
et al,1998; Hadderet al, 1998; Bancroftet al. 2007). Por lo que respecta a los
anfibios, la exposicion a RUV-B produce efectostdatetales como subletales,
afectando al crecimiento, desarrollo, fisiologiaatamia y comportamiento de los
individuos (Blausteinet al, 2001b). Asi, aunque existen variaciones inter- e

intraespecificas en relacién a la sensibilidadta #so de radiacion (Lizana & Pedraza,
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1998; Broomhallet al, 2000; Belden & Blaustein, 2002), el hecho de deananera
global la exposicion a la RUV-B reduzca la supemisia de los anfibios,
independientemente del taxon o del estadio de mdisaBancroftet al, 2008), hace de
éste uno de los principales factores implicadosleoambio global responsable del

declive de los anfibios (Blaustein & Kiesecker, 20Blausteiret al., 2003a, b).

Destruccion y alteracion del habitat

La destruccion del habitat ha sido descrita comg@riacipal causa de extincion de
especies (e.g. Tilmaet al, 1994; Pimm & Raven, 2000). Entre los efectos peatbs
por la destruccion, y consecuente fragmentacidrhagtat se encuentran: 1) reduccion
inmediata del tamafio poblacional en relacion atdidad de habitat perdido (Andrén,
1994); 2) menores tasas migratorias como conseicuelet mayor aislamiento entre
manchas de habitats adecuados (Rukke, 2000; Dafd,; 2/irgos, 2001); 3) menor
densidad poblacional debido a la disminucion desdperficie de habitat adecuado
(Verboomet al, 1991); 4) fluctuaciones en el niumero de nacim®mnt muertes, asi
como de individuos emigrantes e inmigrantes (Fal20§1, 2002), lo que disminuye la
estabilidad demografica de las poblaciones (Ladyir@&lenmayer, 1995; Lindenmayer
& Lacy, 1995); 5) interrupcidn de los factoresdas y bidticos e incremento del efecto
borde (Fagaret al, 1999), lo que puede hacer que la distribucionladeespecies
afectadas se restrinja a las zonas mas naturaletasdéireas afectadas por la
fragmentacion (i.e. nucleos de las manchas de dtaimalterado) (Saundemst al,
1991); y, 6) cambios en la biologia, comportamieatinteracciones entre especies
(Fischer & Lindenmayer, 2007). Todos estos facta@sducen a que las poblaciones

supervivientes en las manchas de habitat inalteestén amenazadas por procesos
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demograficos, ambientales y genéticos estocastpas pueden comprometer su
viabilidad (Gilpin & Soulé, 1986; Lande, 1988).

Por lo que respecta a los anfibios, la tolerand¢eaadteracion del habitat varia entre
especies (Ficetola & De Bernardi, 2004). Por otrdep la incidencia sobre las mismas
de la alteracion del habitat varia geograficamesdtgndo afectadas principalmente las
zonas del planeta con mayor rigueza especificar@gones subtropical y tropical)
debido al crecimiento de la poblacion humana (@aka al, 2007). Sin embargo, su
escasa capacidad de dispersion (Sinsch, 199@)orms las migraciones orientadas a la
reproduccion realizadas por muchas especies (FRopal, 2000), hacen que la
destruccidn y alteracion del habitat sea uno delogipales factores de amenaza que
las poblaciones de de anfibios estén afrontand@buéente (Dodd & Smith, 2003).

La proliferacion de explotaciones agricolas, laigiiltura intensiva y el desarrollo
urbanistico representan una de las principalesasagsponsables de la destruccion y
alteracion del habitat. Esta transformacion enukss del suelo implica la eliminacion
directa de la vegetacion natural, la homogeneirmaciél terreno, y, a menudo, la
desecacion de humedales y sobreexplotacion deeewsiifBaraza, 2003; Martinez &
Esteve, 2003). Paraddjicamente, en areas agridaha sobreexplotacion tiene como
consecuencia la creacion de nuevos cuerpos de(agudalsas de riego), aunque su
tipologia y gestién los hace inadecuados para giamero de especies (Scoccianti,
2001). Como consecuencia, la disponibilidad degiefiy de cuerpos de agua es
reducida (o corresponden a tipologias subdptinixskeste modo, aunque son varias las
especies que pueden completar su ciclo vital evreog agricolas y urbanos (e.g. Beja
& Alcazar, 2003; Vinces, 1993; Rilest al, 2005; Rubbo & Kisecker, 2005; Husté
al., 2006; Lane & Burgin, 2008), la escasa dispordbili de refugio y de habitats

reproductores conduce a una reducida diversidam (per Lane & Burgin, 2008).
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Ademas, el uso de productos fitosanitarios tiemaaceonsecuencia la contaminacion
de habitats tanto terrestres como acuaticos, borygndo asi a agudizar el impacto
negativo de las explotaciones agricolas sobrerifisias (ver abajo).

El incremento de la superficie destinada a la afitica o al desarrollo urbano
implica la proliferacion de las infraestructuraanas que comunican estas areas entre si
y que permiten la circulacion dentro de ellas. Righmoliferacion contribuye en gran
medida a la fragmentacion del habitat (Scoccia2®)1). Por otra parte, diversas
especies de anfibios pueden encontrarse en lasteras como consecuencia de los
desplazamientos realizados durante su actividadiadigpor la realizacion de
migraciones reproductoras, la seleccion de lasetmas como rutas migratorias, su
utilizacidon como lugar de encuentro durante lascépaeproductoras (especialmente si
existen cuerpos de agua cercanos) O por sus adstcts microclimaticas (e.g.
temperatura). Asi, dada la escasa capacidad dememto de muchas especies, unido a
su incapacidad para reconocer el peligro a tiempogye un mecanismo de defensa
consiste en permanecer inmovil, las carreteragseptan la muerte por atropello de un
gran numero de ejemplares (Scoccianti, 2001; Do@&h#th, 2003; Santast al, 2007;
Sillero, 2008; Langeet al, 2009). Asi, pueden resultar severamente afecfadtses
como distribucion de las especies, densidad y zmuespecifica, abundancia de
individuos,sex - ratioy flujo genético (Puky, 2005; Eidenbretlal, 2008).

Por otra parte, los incendios, voluntarios o acdiales, modifican las
caracteristicas fisicas y quimicas de las capaserfitiples del suelo y eliminan la
vegetacion, lo que puede incrementar la tasa deoerdel suelo y la tasa de desecacion
y colmatacion de los cuerpos de agua (Soccianf)120Como consecuencia, los
incendios tienen una notable capacidad para alétdaébitat (Corret al, 2003). Este

hecho, unido a los efectos directos (i.e. muertesj@enplares) e indirectos (menor
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disponibilidad de alimento, refugio o habitat rearctor) sobre los anfibios, hace de los
incendios un importante factor de amenaza para esdebrados (Scoccianti, 2001;

Cornet al 2003; Pilliodet al, 2003).

Especies exadticas

Una especie exotica es aquélla que se encuenteadaesu area de distribucion natural,
histérica o actual, como consecuencia de su inb@dn directa o indirecta por parte
del hombre (IUCN, 2000). Adicionalmente, si actt@mo agente de cambio del
ecosistema natural o seminatural donde se ha esi@dt| o amenaza la diversidad
bioldgica nativa, se define como especie invasar@n, 2000).

La introduccion de especies invasoras ha sido idesomo el primer o segundo
impacto antropico mas importante que amenaza eclosistemas de agua dulce (Lodge
et al, 2000). La introduccion, voluntaria o accidentld,una especie invasora implica:
1) alteraciones etoldgicas, del flujo genético y ldetasa de reproduccion de los
individuos pertenecientes a especies nativas; 2sepcia de fenomenos de
competencia, depredacion e hibridacion; 3) modifaade la abundancia, distribucion
y estructura de las poblaciones, lo que puede rmaméar la tasa de extincion; 4)
alteracion de la estructura y composicion de laswodades y reduccion de la
diversidad bioldgica; y, 5) cambios del medio fs{GEIB, 2006). La severidad de los
efectos anteriores, asi como la presencia pernm@aredmhenos a escala ecoldgica, de las
especies invasoras ha conducido a la masiva horeageron bibtica de la superficie
de la Tierra resultante de la destruccion de lastdéras biogeograficas que han
mantenido diferenciadas la flora y fauna caradiesis de las diferentes regiones del

planeta (Kiesecker, 2003).
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Por lo que a los anfibios respecta, la introducciérespecies exoticas o invasoras
ha conducido al declive de numerosas poblacione® amnsecuencia del incremento
de la mortalidad, presencia de alteraciones etddgie.g. disminucion actividad,
incremento del uso del refugio) o disminucion @ehafio (ver revision Kats & Ferrer,
2003). Las especies exoticas o invasoras capaceemedar o competir sobre las
especies de anfibios nativas incluye una gran dadiede taxa que comprende tanto
invertebrados (e.g?rocambarus clarkiiGirard, 1852) (Gamradt & Kats, 1996; Galan,
1997; Gamradet al, 1997; Cruzt al, 2006), como vertebrados: peces (&gmbusia
affinis (Baird & Girard, 1853),Lepomis gibbosugLinnaeus, 1758)Micropterus
dolomieuiLacepéde, 1802)ncorhynchus mykig§Valbaum, 1792)Carassius auratus
(Linnaeus, 1758)) (Kiesecker & Blaustein, 1998; &al1997; Goodsell & Kats, 1999;
Adams, 2000; Martinez-Solaret al, 2003b), reptiles (e.gNatrix maura(Linnaeus,
1758)) (Mooreet al, 2004), anfibios (e.dRhinella marinaLinnaeus, 1758),ithobates
catesbeianugShaw, 1802)Pelophylax pereziSeoane, 1885)) (Kiesecker & Blaustein,
1998; Lawleret al, 1999; Mooreet al, 2004; Greenleest al, 2007). En este ultimo
caso, su presencia representa adicionalmente enaalgcasos la posibilidad de que
tengan lugar procesos de hibridacion (Hetzal, 1994; Arano & Llorente, 1995;
Crochetet al, 1995; Paganet al, 2001), los cuales implican una importante amenaza
para las especies parentales nativas como conségitn la contaminacion genética
qgue implican (Arancet al, 1995). Ademas, los individuos hibridos puedersgméar
altas tasas de fertilizacién y de viabilidad devdary embriones, e incluso mayor
fecundidad y velocidad de crecimiento que las espeggarentales (e.g. Hott al,
1994) lo que puede conducir al desplazamiento ynteaé desaparicion de sus

poblaciones.
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Por otra parte, el declive de las poblaciones dibiasa como consecuencia de la
introduccion de especies exdticas no soOlo es #iiéowa especies animales, si no
también a especies vegetales. Asi, la modificad@rhabitat como consecuencia de la
plantacion de eucaliptos puede tener importantesemencias sobre las poblaciones

de anfibios nativas (Malkmus, 2004, pero ver Vent893).

Enfermedades emergentes

Enfermedades descritas recientemente, que apamtegoblaciones donde estaban
ausentes o0 que incrementan su virulencia, incidewcidistribucion geografica se
definen como enfermedades emergentes (Dastzak, 2003). La asociacion entre la
tasa de morbidez y mortalidad detectada en poleasicsilvestres de anuros de
Centroamérica y Australia y la incidencia de caml@pidérmicos causados por hongos
patogenos permitio identificar por primera vez édacion entre la regresion de las
poblaciones de anfibios y la presencia de enferded@&mergentes (Berget al,
1998). A pesar de que dicha relacion se detecfinatmente en areas geograficas
concretas, la incidencia actual de las enfermedadexgentes sobre los anfibios es
global (AmphibiaWeb, 2009).

Aunque las enfermedades desarrollan un papel immperten la dinAmica de
poblaciones de animales y plantas (Anderson & Magg), es insdlito el gran niumero
de ecosistemas donde han sido detectadas las edfsies emergentes en todo el
mundo, asi como el gran nimero de especies afsct@@eyet al, 2003). La
virulencia de un agente patégeno depende tantagdedndiciones medioambientales
como de la dindmica poblacional a escala localapwdtlacional o regional (Colliret
al., 2003). Asi, actualmente se estudian dos hipopes explicar la incidencia de las

enfermedades emergentes en los anfibios. En piingar, la dispersion de agentes
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patdgenos en nuevas areas puede hacer que éstiesn afenuevos huéspedes altamente
susceptibles a la infecciomdvel pathogen hypothesislPH) (Alford, 2001). Una
segunda hipotesieidemic pathogen hypothdsdefiende que los agentes patdogenos
siempre han estado en el medio ambiente de Idsiemfijue son afectados, no habiendo
sido detectados hasta tiempos recientes o tenidnga un incremento de su
patogeneicidad como consecuencia de cambios meblieatales (ver revision
Rachowiczet al, 2005). A pesar de la existencia de evidenciasdgfienden la NPH
(e.g. Lipset al, 2006), aun no se puede concluir que la descnpd® enfermedades
emergentes corresponde a la presencia de nuevaesgatdgenos, siendo necesaria la
realizacion de mas estudios genéticos para confignka variacion alélica de dichos
agentes en areas donde se consideran exoéticos mgr raela detectada en las
poblaciones fuente (ver revision Rachowatal., 2005).

Entre los organismos responsables de las enfermedadergentes en anfibios
destacan hongo8étracochytriumsp, Saprolegniasp), trematodos parasitoRiberoia
sp) y virus (ranavirus) (ver revision en Daszetk al, 2003). La infeccion por
Batracochytriumsp se ha reconocido como el ejemplo mas notori@ delacion entre
un agente patogeno y el declive de anfibios, sieBdprolegniasp otro organismo
candidato como causa del declive de poblacionesste grupo de vertebrados (ver
revision en Daszakt al, 2003).Batracochytriumsp afecta a larvas y, especialmente, a
ejemplares que estan completando la metamorfobidala que este hongo degrada las
células queratinizadas. Asi, la hiperqueratosiperplasticidad derivada de esta accion,
junto a la produccion de una toxina que difundeteavés de la piel hasta la sangre y/o
otras alteraciones (e.g. alteracion de la tomadesi y agua a través de la piel ventral),
podrian explicar los severos efectos de la infecpidr Batracochytriumsp (Careyet

al., 2003). Adicionalmente, los efectos directos poidios por este hongo pueden
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debilitar a los organismos afectados, lo que losdpuhacer mas susceptibles a
infecciones por bacterias cord@romonas hydrophil¢Careyet al, 2003), la cual ha
sido asociada con mortalidades masivas de larvasg{Mzet al, 1995) En el caso de
Saprolegniasp, la mortalidad tanto de embriones como de larvasjeyngares
metamorficos se incrementa como consecuencia dmfégcion por este agente
patogeno (Caregt al, 2003; Fernandez-Benéiterzal, 2008). La causa de la muerte ha
sido atribuida a fallo organico debido a la ne@@sjuda de tejidos hematopoyéticos y
linfoides, higado, rifiones, musculo y tracto diyes{Careyet al, 2003). Por otra
parte, aunque las infecciones Riberoiasp y por ranavirus incrementan la tasa de
malformaciones en ejemplares metamorficos y la alided, respectivamente, en las
poblaciones, hasta el momento no se ha descrasatiacion con el declive de anfibios
(ver revision en Daszadt al, 2003). No obstante, ello no implica que no puedaer
afectos adversos sobre sus poblaciones, siendsargcgor ello tomar las medidas
preventivas oportunas para limitar su dispersion.

Aunque la dispersion de las enfermedades emergputste ser debida a causas
naturales (e.g. otros animales), el hombre esuaacenas probable (Careyal, 2003).
Actividades como el transporte de agua, barro maleis de zooldgicos, la acuicultura,
la utilizacion de anfibios como cebo, el comeragahfibios, la liberacion voluntaria o
inadvertida de mascotas o de animales utilizadda erperimentacion o como agentes
de biocontrol pueden expandir los agentes patogersponsables de las enfermedades

(Careyet al., 2003;Collins et al, 2003; Daszakt al., 2003; Picco & Collins, 2008).

Sobreexplotacion y muerte intencionada

Los anfibios forman parte de la gastronomia derdage culturas. A escala global, el

namero de especies utilizadas para el consumo hufrariuidas algunas amenazadas)
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asciende a 212 en el caso del consumo de subsisteniel mercado local (i.e. aquél
que incluye el trueque por otros bienes, pero n@tda para obtener ganancias), siendo
66 y 20 las especies comercializadas a escalasa@obal/nacional (i.e. venta para
obtener ganancias sin cruzar fronteras internal@ep& internacional (i.e. venta para
obtener ganancias cruzando una o mas fronteramacienales), respectivamente
(Carpenteet al, 2007). Aungue algunas especies de salamandrasdmincluidas en

la cultura culinaria de algunas regiones (Fitzgkra®89), las ancas de rana representan
la forma mayoritaria de consumo de anfibios, siemilzadas particularmente especies
de tamafio medio o grande (Jensen & Camp, 2003 stendltimo caso, el volumen de
ejemplares capturados y exportados asciende a rdéesoneladas (ver revision
Warkentinet al, 2009). La seleccion de tallas, asi como la eficgel momento de la
coleccion de los ejemplares, puede afectar negatinte a la capacidad de
recuperacion de las poblaciones (Jennetgsd, 1999), lo que, unido a la gran cantidad
de ejemplares capturados, conduciria al decliveasi@oblaciones locales, tal y como
ocurrio a las poblaciones deelophylax kl. esculentu@.innaeus, 1758) en Europa
(Carpenteet al, 2007).

Por otra parte, los anfibios han sido utilizadosaplevar a cabo actividades
educativas e investigadoras (Jensen & Camp, 2@N8).ha llevado a la aparicion de
empresas comerciales especializadas proveedoestatevertebrados. Sin embargo, la
mayor parte de ellas captura los individuos a corakzar en poblaciones silvestres, lo
gue, al menos a escala local, puede tener un efeg@tivo a pesar de que se defina su
captura como “sostenible”. Aunque el aumento de pasocupaciones éticas (y
consiguientes restricciones legales) en relaciola aealizacion de disecciones ha
disminuido su practica en los programas académiogsanfibios evidentemente se

siguen empleando en investigacion. Los objetivatiqudares de cada estudio pueden
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exigir que el material biologico utilizado proceda poblaciones silvestres, lo que

puede producir efectos negativos, especialmentel @aso de especies con areas de
distribucion pequefias o con poblaciones aisladasgoefnas (Jensen & Camp, 2003).
Sin embargo, el impacto de la coleccion cientidcalas poblaciones de anfibios es

actualmente desconocido (Jensen & Camp, 2003).

La farmacopea tradicional de diversas culturasthiaado a los anfibios por sus
propiedades medicinales o afrodisiacas (Jensen RpCa003). Adicionalmente, la
medicina occidental ha utilizado los anfibios deddeha mas reciente para la
realizacion de pruebas de embarazo (Hansen, 196@jrg la busqueda de nuevos
medicamentos (Chivian & Bernstein, 2008a). Aunduepacto del uso de los anfibios
con fines medicinales no se conoce, la obtenciéejelaplares de la naturaleza (como
en el caso de la medicina china) y la investigagtononsiguiente produccion de
productos ampliamente comercializados podria tamergran impacto sobre las
poblaciones silvestres (Jensen & Camp, 2003).

La brillante coloracion de los anfibios, y en ete@ale algunas especies su rareza,
ha hecho que se haya incrementado el interés porgago de vertebrados entre los
aficionados a la terriofilia, lo que ha fomentadsuavez su comercio. Por ejemplo, en
Florida (Estados Unidos) durante el periodo 19982189e han comercializado 1050
salamandras y 41500 anuros, llegando a alcanzsas &nuales de hasta 54000 hilidos
en otras partes de los Estados Unidos (Louisiadapsen & Camp, 2003). Esta
importante presion sugiere que sus efectos negasiobre las poblaciones silvestres de
anfibios pueden ser importantes, al menos a ekgaho regional.

Aunque su préctica no esta excesivamente extendidasten actividades
adicionales a las anteriormente mencionadas quicanga captura de ejemplares. Asi,

el uso de diversas especies de anfibios como caef@ogesca (Meroneét al, 1997;
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Picco & Collins, 2008) o para la elaboracion devemirs y, en el caso de especies con
pieles gruesas, su utilizacion en la industriatpede(Soccianti, 2001; Jensen & Camp,
2003) puede producir un impacto local sobre lailidddl de poblaciones silvestres,
aungue insignificante en comparacion con los ustexiarmente citados.

Por ultimo, la persecucion directa por parte dehbieie como consecuencia de una
aversion secular a los anfibios conduce a la muwkrtejemplares que, salvo ocasiones
puntuales, tiene un caracter anecdaotico ya quesdstsimbres cripticas y nocturnas de

la mayor parte de las especies las hace dificiengetectables.

Acidificacion y contaminacion quimica
Gran numero de actividades humanas tiene como cossea el vertido, voluntario o
no, de una amplia gama de sustancias quimicasagdgicmedio (e.g. metales pesados,
fertilizantes, pesticidas) que pueden tener efdoimaes o ser transportadas a través de
la atmosfera largas distancias (Blaustein & KiesecR002; Fernandez & Grimalt,
2003). Como consecuencia, la contaminacion se serittecomo uno de los factores
gue amenazan mas severamente a la biodiversidaal &Chivian & Bernstein, 2008b).
Por lo que respecta a los anfibios, la contamimapar diversas sustancias ha sido
relacionada con el declive de diversas poblaci@regliferentes territorios (Berger,
1989; Davidsoret al, 2001; Sparlinget al, 2001; Fellerset al, 2004; Hameeet al,
2004), a pesar de que los datos existentes podoizer suficientes para determinar su
impacto sobre las poblaciones a largo plazo (Bisth®p2; Hall & Henry, 1992). Ello
ha llevado a su reconocimiento como una de lasasapstenciales del declive de las
poblaciones de anfibios (Alford & Richards, 1999aWtein & Kiesecker, 2002). No
obstante, su papel en la crisis que las poblacideeanfibios estan sufriendo podria

estar subestimado, dado que actualmente la mayote pde los estudios
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ecotoxicoldgicos se han realizado con especies gesnpresentes en paises localizados
en las regiones paleartica y neartica, a pesarugeeq los paises de las regiones
indomalaya, afrotropical y neotropical son los guesentan mayor niumero de especies
en regresion (Schiesaat al, 2007).

Los procesos biogeoquimicos condicionan que h&bianto terrestres como
acuaticos puedan estar expuestos a pH acidos deranaatural (Rowe & Freda, 2000).
Sin embargo, vertidos mineros y la emision de &ide nitrégeno y azufre a la
atmosfera en areas industriales y urbanas comoecoescia de la quema de
combustibles fosiles incrementan la acidez del méaito por el vertido de residuos
acidos como por el depésito atmosferico (i.e. Hudcida) (Rowe & Freda, 2000;
Scoccianti, 2001). A pesar de que algunas espquiesien explotar ambientes
naturalmente acidos para completar su ciclo biotbde.g. Rasaneet al., 2003), la
expansion de entornos acidos como consecuenciatoedades antropicas ha sido
reconocida como una causa potencial del decliveanfigios (Scoccianti, 2001;
Blausteinet al, 2003b). Estudios experimentales han demostradolajexposicion a
pH bajo conduce al incremento de la mortalidad afe fases tanto acuaticas como
terrestres del ciclo de vida de los anfibios (&gsaneret al., 2003; D"Amenet al,
2007). Adicionalmente, se ha asociado experimewtatenla acidez a efectos subletales
entre los que se encuentran pérdida de sodio @ypaceleracion o retraso del
desarrollo embrionario, disminucién del tamafo ydificaciones etolégicas (e.qg.
evitacion de medios acidos, disminucion de la efecde proteccion de la freza) (Freda
& Dunson, 1984; Bradforet al, 1992; Freda & Taylor, 1992; Rasanetal, 2003;
D’Amen et al, 2007; Ortiz-Santaliestrat al, 2007). Las severas consecuencias que
estos efectos pueden tener sobre la viabilidadsliedividuos expuestos a pH bajo y la

capacidad de las fases terrestres del ciclo de deddos anfibios para seleccionar
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habitats adecuados podrian contribuir a explicatelzadencia de algunas poblaciones
de anfibios. Sin embargo, son varios los estudi@sogiestionan esta vinculacion (Rowe
& Freda, 2000; Scoccianti, 2001), a pesar de quieaseslacionado el declive de una

poblacion deAmbystoma tigrinun{Green, 1825) en las Montafias Rocosas (Estados
Unidos) con episodios de acidificacion (Harte & tiwdn, 1989). Asi, son necesarias
nuevas evidencias para establecer el auténticd gapa acidificacion en el declive de

los anfibios (Rowe & Freda, 2000).

Junto al impacto de la acidificacion, los compugsfoimicos cuyos efectos sobre
los anfibios han sido mas ampliamente estudiadetahel momento corresponden a
metales pesados, pesticidas y contaminantes oogaf8parlinget al, 2000).

Los metales pesados representan el grupo quimiao efecto sobre los anfibios
ha sido mas ampliamente estudiado, probablemente consecuencia de su impacto
ecologico y del bajo coste de su analisis (LindeiGéillitsch, 2000). Los metales
pesados engloban aquellos elementos metalicos esos @tomicos superiores a 40 y
una distribucion electronica similar en su capeemxt (Linder & Grillitsch, 2000).
Aunque su presencia puede ser consecuencia dedererde rocas y de erupciones
volcanicas, las actividades agricolas, mineras ausimiales son las principales
responsables de la presencia de estos metalesfezantks ecosistemas de todo el
mundo (Linder & Grillitsch, 2000). Su biodisponidi&d estd condicionada por
numerosos factores tales como el contenido de warbmanico de los sedimentos, el
tipo de arcilla que los constituye, su capacidadntercambio cationico, el potencial
redox y el pH (Knezovitclet al, 1987). Asi, en ciertas condiciones los anfibineden
estar expuestos a los metales pesados a travésmgimo de alimento y el intercambio
gaseoso cutaneo o pulmonar (Linder & GrillitschD@0Unrineet al, 2004). Como

consecuencia de esta exposicion, se han desaienientos en las tasas de mortalidad
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y de malformacion, tasas de crecimiento y desarnolferiores y menor aptitud de
huida frente a depredadores (e.g. Unebal, 2004; Fortet al, 2006; Sparlinget al,
2006; Garcia-Muno=zt al, 2008; Marquest al, 2008). Adicionalmente, el caracter
liposoluble de los metales pesados puede conduciu eioacumulacion en los
individuos expuestos (e.g. Tejedo & Reques, 200#eikt al, 2005), lo que puede
convertir a las especies tolerantes a la contamdmaen una amenaza para Sus
depredadores (Sparling & Lowe, 1996).

Los pesticidas incluyen un gran niumero de compsaegtidmicos disefiados para
matar formas de vida especificas (e.g. insectasydsy plantas) (Scoccianti, 2001). Su
utilizacion agricola y domeéstica representa impues fuentes de estas sustancias
(Scoccianti, 2001; Boone & Bridges, 2003). Hastéolaalizacion de las restricciones
para el uso de pesticidas organoclorados (e.g. DdDTlps afios 1970s y 1980s, esta
familia de pesticidas se us6 ampliamente (Boonei&@des, 2003) Sus nocivos efectos,
unido a su alta persistencia en el medio y su atagidm en las reservas lipidicas de los
organismos, hizo que los pesticidas organoclorddesan sustituidos por una gran
diversidad de compuestos de nueva generacion caormersistencia e impacto en el
medio. Sin embargo, ello no implica que estos nsigasticidas sean inocuos para la
vida silvestre, ya que su toxicidad sobre los aodillha sido reconocida (ver revision
Cowman & Mazanti, 2000). En cualquier caso, la skxpon a las diferentes familias de
pesticidas produce una gran diversidad de efedbie dos anfibios, entre los que se
encuentra el incremento de la mortalidad, reducciénlas tasas de crecimiento y
desarrollo, mayor incidencia de malformacionegrattiones fisiologicas y disminucion
de los niveles de actividad, capacidad locomototasa reproductora (e.g. Bridges,
1997; Bridges & Semlitsch, 2000; Allran & Karas@@01; Widder & Bidwell, 2008).

Como consecuencia del impacto negativo que estasosftiene sobre la viabilidad de

20



Introduccién

los individuos afectados y, eventualmente, las gqmbhes, la contaminacién por
pesticidas ha sido descrita como responsable dé¢aldades masivas de anfibios
(Davidsonet al, 2001; Sparlinget al, 2001; Fellerset al, 2004). Adicionalmente,
como en el caso de los metales pesados, su biokmidmu(e.g. Fellergt al,2004;
Fagottiet al, 2005; Hoferet al, 2005) puede afectar negativamente a los depreesdo
de las especies tolerantes.

Otro grupo de contaminantes ampliamente considsradm estudios
ecotoxicolégicos son los contaminantes organicashd3 contaminantes engloban
sustancias como bifenilos policlorados (PCBs), idiax, furanos o hidrocarburos
aromaticos policiclicos (PAHs) (Sparling, 2000).n§ue muchos de estos compuestos
actualmente no se utilizan en paises industriabigasiu uso industrial en paises menos
desarrollados y la emisibn de PAHs como consecaeateiprocesos industriales y de
las emisiones de vehiculos de motor convierterrasepcia en ubicua (Sparling, 2000).
Los contaminantes organicos se caracterizan pogrampersistencia en el medio y en
los tejidos (con lo que se pueden incorporar faamilta a la cadena tréfica), asi como
por poder ser transportados a través de la atnadkfegas distancias (Sparling, 2000).
Como en los casos anteriores, la exposicion dealdtios a esta categoria de
contaminantes produce una gran variedad de efegtes comprenden tanto el
incremento de las tasas de mortalidad de los idds expuestos como disrupcion
endocrina, alteraciones fisiol6gicas, reduccion s tasas de desarrollo vy
malformaciones (Sparling, 2000; Margeisal, 2006).

Por otra parte, a pesar de la dominancia en lagliest ecotoxicolégicos de los
grupos de contaminantes anteriormente mencionatias, compuestos pueden afectar
negativamente a los individuos expuestos. Asi, asédantificado, mediante estudios

experimentales, el impacto negativo que sustanc@so sales descongelantes o
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residuos de medicamentos presentes en los vertid@nos pueden tener sobre la
supervivencia, actividad, crecimiento y desarra embriones y larvas de anfibios
(Fraker & Smith, 2004, 2005; Dougherty & Smith, B0®Banzo & Hecnar, 2006;
Petterson & Berg, 2007; Karraket al, 2008). Sin embargo, entre los contaminantes
cuyo efecto sobre los anfibios esta despertandudezés de los cientificos destacan los
fertilizantes y otros compuestos nitrogenados, daiercreciente el numero de
publicaciones destinadas a establecer su efecto r@gdsion Marco & Ortiz-
Santaliestra, en prensa).

Las practicas agricolas han sido reconocidas canprihcipal fuente de agentes
contaminantes, especialmente de pesticidas vy ifarites (Scoccianti, 2001). Sin
embargo, otros factores (vertidos de aguas resigduptocedentes de ciudades y
explotaciones ganaderas, quema de combustiblekesosi incendios) representan
importantes fuentes adicionales de compuestosgeitiados (Vitouselet al, 1997;
Ritter & Bergstrim, 2001; Pillioet al, 2003). A pesar de la escala local a la que todas
las actividades anteriormente citadas ejercen faasos, la gran extension del planeta
donde son llevadas a cabo hace que el impacto ogpuastos nitrogenados esté
ampliamente extendido (Carpentral., 1998), y que se espere su incremento en el
futuro (Tilmanet al, 2001; Gallowayet al, 2003). Por lo que respecta a los anfibios, se
han realizado estudios experimentales que han aakp@fectos tanto letales como
subletales a la exposicién a diferentes compuestiagyenados. Junto al incremento de
la mortalidad de los individuos expuestos, se lestrto alteraciones del crecimiento y
desarrollo, alteraciones de las tasas ventilatoiiasremento de la incidencia de
malformaciones y cambios etologicos (e.g. evitacidm medios contaminados,
reduccion de la tasa de actividad, disminuciéradada de consumo de alimento) tras la

exposicién a nitrdgeno reactivo (ver revision Maf&drtiz-Santaliestra, en prensa).
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Asi, el impacto de estos efectos deletéreos puedleilnuir a explicar el declive de las
poblaciones de anfibios asociado a los compuestiag@nados (Berger, 1989; Hamer
et al, 2004).

Finalmente, hay que destacar que los efectos tiescpara las diferentes
categorias de contaminantes citadas corresponedfattas directos. Sin embargo, estas
sustancias pueden producir efectos indirectos dobranfibios, los cuales redundan en
su impacto. Por ejemplo, la adicion de nitrOgenmrganico a ecosistemas
dulceacuicolas conduce a su eutrofizacion. Comcsemuencia, las caracteristicas
fisicoquimicas de la columna de agua cambian (edyuccion de la disponibilidad de
luz y de oxigeno disuelto, formacion de compuegtdmicos toxicos) y se incrementa
la produccién y biomasa del fitoplancton, lo qusndnuye la riqueza especifica
botanica y zoologica del ecosistema (ver revisiam@rgo & Alonso, 2006). Ademas,
la estimulacién del crecimiento algal por la inavgxion de formas de nitrogeno
reactivo al sistema puede conducir a la formacetaga productores de toxinas intra- y
extracelulares (ver revision Camargo & Alonso, 20@bdgunas de las cuales pueden
afectar negativamente al crecimiento y desarral@lgunas especies de anfibios (e.qg.
Oberemmet al, 1999). Por otra parte, la presencia de contartesagn el ecosistema
puede modificar las relaciones troficas mediantalieracion de la disponibilidad de
alimento y la vulnerabilidad frente a depredadoresturales resistentes a la
contaminacion. Asi, las evidencias disponibles edacion a los anfibios indican que
éstos estan afectados negativamente por este d@featecto de la contaminacién (ver
revision Rouseet al, 1999), aunque en algunos casos se han obsenfadimse

beneficiosos sobre el crecimiento (e.g. Boehal.,2007).
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Combinacién de factores

Los anfibios estan expuestos en sus ambientesateda la combinacion de diferentes
factores de amenaza. Asi, estos factores estregaundelen ejercer sus efectos a traves
de complejas interacciones (Blaustein & KieseclZ802), las cuales pueden tener
consecuencias aditivas o sinérgicas (BerenbaunmQ)19&\si, factores de amenaza
globales como el calentamiento de la superficiesére pueden incrementar la tasa de
desecacion de los cuerpos de agua donde se disaswolbriones y larvas de muchas
especies, lo que los expone a la RUV-B aumentandailgerabilidad a las infecciones
(Kieseckeret al, 2001; Blaustein & Kiesecker, 2002) y a contamiean(Hatch &
Blaustein, 2000; Baud & Beck, 2005; Macktsal., 2007). Adicionalmente, la accion
conjunta de factores que actian a escala localeperdcerbar sus efectos sobre los
anfibios. De este modo, la combinacion de contam@sacon factores tanto abioticos
(e.g. pH, otros contaminantes, luz) como bidticesg.( peces, hongos) puede
incrementar la vulnerabilidad de los anfibios respea los efectos de estos factores de
manera aislada (e.g. Fernandez & L"Haridon, 19@n&hsicet al, 2006; Booneet al,
2007; Ortiz-Santaliestra, 2008).

Los aspectos anteriormente mencionados ponen ddieemque la vinculacion
del declive de los anfibios a factores aislados esezsivamente simplista (Gardner,
2001; Blaustein & Kiesecker, 2002; Beebee & Giiffit 2005). Asi, el estudio del
efecto de las interacciones entre factores biét{eog. agentes patdgenos, especies
introducidas) y abidticos que actian a escala gl@bg. cambio climéaticos, RUV-B),
regional (e.g. contaminacion, acidificacion) y lbo¢a.g. alteracion del héabitat) es
esencial para establecer con mayor precision lasasade la decadencia de este grupo

de vertebrados (Gardner, 2001; Blaustein & Kiese@@02; Storfer, 2003).
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Las poblaciones de anfibios espafiolas: descripcigrfactores de amenaza

Como consecuencia de la realizacion de inventaaognales y regionales de especies
de anfibios (e.g. Pleguezueletsal, 2002; Diaz-Paniagust al, 2005, Garcia & Lizana,
2007; Fernandez, 2008), estudios genéticos y nugitds (e.g. Sanchez-Herrdkal.,
2000) y cambios nomenclaturales y taxondmicos (bloet al, 2005; Carreteret al,
2009), actualmente en Espafa se ha reconocidadizresia de 35 especies de anfibios
(11 especies de urodelos; 24 especies de anurasg(€roet al, 2009).

La alta riqueza especifica presente en Espafia peedkebida tanto al papel que la
Peninsula Ibérica jugd como refugio durante los\®seglaciales cuaternarios, como a
la existencia de paleoendemismos mas antiguos &gagReal, 1997). Casi un tercio
de las especies presentes en Espafia son endenpsmasulares (Vargas & Real,
1997). Se ha descrito la existencia en Espafia d&ocuorotipos, uno de los cuales
comprende especies ampliamente distribuidas parltoguperficie peninsular, mientras
que los tres restantes incluyen especies de distdib septentrional. Esta segregacion
sefala la existencia de una frontera norte-sur peésieable en direccion sur-norte
debido a que la mayor irregularidad pluviométricaspnte en la zona sur es un factor
limitante para la supervivencia de las especiesesgnales. Adicionalmente, la
distribucion de urodelos y anuros a escala de gsandencas ibéricas esta condicionada
por parametros ambientales distintos. Asi, la s de inundaciones determina la
distribucion de urodelos y la disponibilidad de rgi@ ambiental la de anuros (Vargas
& Real, 1997).

En Espafa, la mayor parte de especies de anfilmasesrihipsas, estando
presentes desde el nivel del mar hasta 2000 m.s.@pmximadamente (Pleguezuelos
& Villafranca, 1997). Sin embargo, hay cinco espsajue se distribuyen hasta cotas

inferiores a los 1200 m.s.n.nDiécoglossus pictu@tth, 1837) Chioglossa lusitanica
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Bocage, 1864Alytes cisternasiBosca, 1879Hyla meridionalisBoettger, 1874 yRana
dalmatinaBonaparte, 1840) y tres montanas que estan ausenigs| del marAlytes
dickhilleni Arntzen & Garcia-Paris, 199%Calotriton asper(Dugés, 1852) yRana
pyrenaicaSerra-Cobo, 1993) (Pleguezuelos & Villafranca,7)92a riqueza especifica
esta correlacionada negativamente con la altiwsheatando ligeramente el numero de
especies desde el nivel del mar hasta los 600 .m.syndisminuyendo ligeramente
hasta los 2200 m.s.n.m. y de manera mas pronuneiapartir de cotas mas altas
(Pleguezuelos & Villafranca, 1997).

El gran nimero de especies de anfibios presentEspmara hace que la diversidad
en relacion a sus caracteristicas biolégicas yogamis sea elevada (ver revision
Garcia-Parigt al, 2004). Asi, existen especies que, una vez calelai metamorfosis,
son terrestres, mientras que otras muestran hastastamente acuaticos (ver revision
Garcia-Pari®t al, 2004). En cualquier caso, todas ellas neceseamablitats acuaticos
para completar su desarrollo larvario (ver revisi@arcia-Pariset al, 2004). La
precipitacion ha sido descrita como uno de losofast desencadenantes de la
reproducciéon de buen numero de especies (Diazgremial986). Asi, numerosas
especies se reproducen fundamentalmente en primaaenque otras lo hacen mas
tardiamente, a finales de primavera o comienzoseataho (ver revision Garcia-Paeis
al., 2004). La duracion del desarrollo larvario es masiable en funcion de la especie y
poblacion (ver revision Garcia-Padgsal, 2004), estando asimismo condicionado por
caracteristicas del habitat como el hidroperiodg. (Richter-Boixet al, 2006). El
periodo de actividad anual varia en funcion desfeeeie. La mayor parte de las especies
son nocturnas, aunque algunas de ellas, cBmperezi pueden presentar actividad
tanto diurna como nocturna. La dieta de los indig&l adultos esta4 constituida

principalmente por invertebrados tanto en el casartuiros como de urodelos, aunque
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en algunos casos se ha confirmado el consumo tentertebrados como de carrofia
para especies conf perezi(ver revision Egea-Serrano, 2009). Las larvas deelos
son depredadoras, mientras que la dieta de lagslae anuros estad constituida
fundamentalmente por algas. En Espafa, la longagvidia las especies presentes
muestra una gran variabilidad, estando comprendadre 5 y 30 afos,
aproximadamente (ver revision Garcia-Patial, 2004). Junto a estudios relacionados
con la reproduccién, habitat o actividad de laseeiss presentes en Esparfia, se han
publicado estudios que revelan la capacidad dataden de los individuos adultos de
Lissotriton helveticus(Razoumowsky, 1789) segun sefiales acuUsticas deciespe
simpatricas 0 segun el campo magneético terredtigu@ que en el caso déesotriton
alpestris(Laurenti, 1768)). Asimismo, existen evidenciasredh capacidad que tienen
larvas deP. perezipara orientarse segun el campo magnético terrggtaea reconocer
la presencia de depredadores, asi como sobrell@nofa que las caracteristicas del
microhabitat, la talla y la existencia de grupaseg sobre el comportamiento de huida
de los adultos de esta ultima especie de anur@@ERasillaet al, 2005, 2008; Martin
et al, 2005, 2006; Gonzalet al, 2006, 2007, 2009; Diego-Rasilla & Luengo, 2007;
Diego-Rasilla & Phillips, 2007).

La mayor parte de las especies de anfibios presamteEspafia se encuentran
expuestas a un grado de vulnerabilidad a la egtinelevado (Pleguezuelat al,
2002a), habiéndose constatado el declive de divgrshlaciones (Galan, 1999, 2008;
Boschet al, 2001; Martinez-Solanet al, 2003a). Como consecuencia, se han revisado
y descrito los principales factores que amenazknherpetofauna en general y a los
anfibios en particular en Espafia (Bosch & Ayll6A97; Pleguezuelost al, 2002b).
Dichos factores incluyen aspectos como la altemagid destruccion del habitat,

contaminacion, incendios, desarrollo de infraestmas viarias, introduccion de
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especies exoticas y presencia de enfermedadesantesgla mayor parte de los cuales
han sido relacionados con el declive de las poti&s de anfibios a escala global (e.g.
Beebee & Griffiths, 2005).

Previamente se han sefialado los efectos adversok glestruccion y alteracion
del habitat ejercen sobre los anfibios. En Espafigsar de haberse reconocido que la
modificacion del habitat y los incendios son unadas principales amenazas a las que
estan expuestos los anfibios (Bosh & Ayllon, 19B¥guezuelost al, 2002b), el
namero de publicaciones que analizan su efecto s escaso. Sin embargo, Galan
(1997) describié que, a pesar de la restauracidrhéeitat en areas cubiertas por
materiales desechados en actividades mineras,iespgmmn requerimiento ecoldgicos
especificos comoC. lusitanica desaparecieron. Ademas, Montcei al. (2007)
mostraron que el nUmero de especies presentepagiaisnente, que se reproducen en
un cuerpo de agua dado se ve afectado negativampentes incendios. Del mismo
modo, la muerte de numerosos ejemplares de divesgeecies de anuros y urodelos
atropellados (Carretero & Rosell, 2000; Santébvsal, 2007; Sillero, 2008) pone de
manifiesto el impacto negativo del incremento dedasidad del trafico.

Son diversos los estudios que evidencian los efeadwersos que la introduccion
de especies exoticas (eRy. clarkii, G. holbrooki, C. auratysha tenido sobre diversas
poblaciones espafiolas de anfibios (Galan, 1997bz &tral, 2006; Bermejo-Garcia,
2007). Adicionalmente, la capacidad de hibridacédtre especies nativas y exoéticas
(Hotz et al, 1994; Arano & llorente, 1995; Crochet al, 1995) plantea la posibilidad
de contaminacion genética (Aramd al, 1995), pudiendo ser los hibridos mejores
competidores que las especies parentales (etotd, 1994), con lo que llegarian a

desplazarlas.
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La presencia de hongos patdgenos y bacterias basatiada con la regresion de
poblaciones d8ufo calamita(Laurenti, 1768) Alytes obstetricanf_aurenti, 1768) en
las sierras de Guadarrama y Gredos (Marguet, 1995; Bosctet al, 2001; Martinez-
Solanoet al, 2003a; Fernandez-Benéitetzal, 2008;). La relaciéon entre mortalidades
masivas de anfibios y hongos pone de manifiestoegtes organismos son importantes
factores de amenaza, los cuales pueden estar comfeodo gravemente a las
poblaciones de diversas especies.

La contaminacion de los habitats naturales es wntosl principales factores de
amenaza a los que se estan enfrentando los anéibpagioles (Bosch & Ayllon, 1997,
Pleguezuelogt al, 2002b). Las actividades urbanas, agricolas, tnidies y mineras,
actividades son las principales responsables derdaencia de metales pesados,
pesticidas y fertilizantes en habitats naturales,camo de la acidificacion del mismo
(Linder & Grillitsch, 2000; Rowe & Freda, 2000, $c@nti, 2001). Se han realizado
estudios con poblaciones espafolas de diversasiesjggie han puesto de manifiesto el
impacto negativo que la exposicion a estos compsesisi como a entornos acidos,
produce sobre los individuos afectados al modifisarsupervivencia, crecimiento,
desarrollo, comportamiento e incluso al ser bioadados (e.g. Montoret al, 1982;
Alvarezet al, 1995; Tejedo & Reques, 2003; Orizal, 2004 Ortiz-Santaliestrat al,
2007; Garcia-Mufiozet al, 2008). Sin embargo, el impacto de los diferentes
contaminantes no siempre es idéntico, ya que sedetectado tanto diferencias
ontogénicas como inter- e intraespecificas pareespecies de anfibios presentes en
Espafa (Ortiz-Santaliested al, 2006; Shinret al., 2008).

Por otra parte, aunque los factores de amenazatdsessean los que representan
una amenaza mas relevante para los anfibios (egpd® & Griffiths, 2005), existen

otros cuyo efecto adverso puede ser de relevafsiase ha descrito que agentes que
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ejercen su impacto a escala mundial, como la resiadJV-B, incrementan
significativamente la mortalidad en el caso deplalslaciones d&ufo bufo(Linnaeus,
1758) yP. perezipresentes en Espafa (Lizana & Pedraza, 1998; Metcéd, 2007).

El estudio del efecto que la interaccion entre tageastresantes produce sobre los
anfibios reviste una gran relevancia, dado quephcto de dicha interaccion puede ser
consecuencia de las complejas interacciones argreiversos factores de amenaza que
actian conjuntamente (Blaustein & Kiesecker, 2008%i, la combinacion de
compuestos nitrogenados y otros agentes estrej@xesadiacion UV-B, salinidad,
hipoxia, alta temperatura) produce un efecto mésreajue el impacto de estos factores
por separado en el caso de especies ddama temporarid.innaeus, 17588. bufoo P.
perezi (Maciaset al, 2007; Ortiz-Santaliestra, 2008). Sin embargojnfarmacion
existente sobre el impacto que la combinacion deffes estresantes produce sobre las

especies de anfibios presentes en Espafia sigui® srery escasa.

Las poblaciones de anfibios en la Regién de Murciadescripcion y factores de
amenaza

En la Regidon de Murcia se ha descrito la presaheiacho especies de anuros y una de
urodelo (Egea-Serrarei al, 2005a, b; Escoriza, 2005; Torrakial, 2005), si bien las
especiesH. meridionalisy Pleurodeles waltMichahelles, 1830 han sido citadas en
publicaciones mas antiguas (Hernandeze®dl, 1993).

La Regidn de Murcia representa el limite de distribn oriental de las especi&s
dickhilleni y Salamandra salamandrélLinnaeus, 1758), y occidental en el caso de
Alytes obstetricangEntre todas las especies preseriieyufq B. calamita Pelodytes
punctatus(Daudin, 1802) yP. perezison las que muestran una distribucién regional

méas amplia (Egea-Serrapbal, 2005a, b; Torralvat al, 2005). Sin embargo, excepto
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P. perezi cuya area de distribucién ocupa practicamenta lduperficie regional, la
distribucién de estas especies esta fragmentadm{§grran@t al, 2005a, b; Torralva
et al, 2005). Como consecuencia, se han identificadocL@8riculas U.T.M. 5 x 5 km
distribuidas por toda la superficie regional (Fig. cuya conservacion deberia ser
prioritaria debido a su elevada riqueza especifieala singularidad bioldgica de las

especies presentes (Egea-Seretral, 2006c¢).
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Fig. 1. Distribucién de las &reas prioritarias de conseévapara los anfibios en la

Region de Murcia (modificado de Egea-Serrahal, 2006c).
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El andlisis de la distribucion altitudinal a nivelyional de las especies de anfibios
permitidé identificar cuatro grupos de especies.o&Esgrupos diferencian especies
estenohipsas de altitud medi Ebstetricanpy alta §. salamandrg A. dickhillen),
especies se distribuyen a altitudes medias-aBasofoy P. punctatus y especies
eurihipsas o0 que estan presentes fundamentalmertticud media Pelobates cultripes
(Cuvier, 1829)B. calamitay P. perezi (Egea-Serranet al, 2005c).

Los estudios relacionados con la biologia y ecalolgi las poblaciones de anfibios
presentes en la Region de Murcia son muy escaadsfdrmacion existente indica que
cuerpos de agua correspondientes a las mas vatipdbsgias son utilizados como
habitats reproductores, aunque son las balsasede tbos ambientes utilizados con
mayor frecuencia, debido probablemente a que emasu&reas de la Region de Murcia
representan los Unicos cuerpos de agua dispon{igsa-Serrancet al, 2005a;
Torralva et al, 2005). Sin embargo, ambientes naturales, conay@sr o tipologias
utilizadas en las practicas agropecuarias tradaesn(e.g. bebederos, albercas) son
seleccionados positivamente por algunas de lasiespestudiadas (Egea-Serratal,
2005d; Egea-Serraret al, 2006a, b). En el caso & salamandrg A. dickhillenise
ha confirmado la seleccion positiva de localidagleisadas en topografias montafiosas
0 a altitudes superiores a 1250 m.s.n.m. (EgeaS®mret al, 2006a, b). Bajas
concentraciones de sulfato en la columna de agua pyesencia de una cobertura de
vegetacion de ribera media o alta son seleccionaaosiivamente po®. salamandry
P. perezirespectivamentea escala de microhabitat (Egea-Serranal, 2005d; Egea-
Serrancet al, 2006a).

El periodo reproductor d&. salamandrgA. dickhilleniy P. perezien la Region de
Murcia es prolongadoS( salamandraoctubre-marzoA. dickhilleni febrero-julio,

octubre;P. perezi abril-julio), mientras que la reproduccion Bebufq B. calamitay P.
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punctatusse ha confirmado durante periodos de tiempo mextensos (marzo-abiril)
(Egea-Serranet al, 2005e). La densidad larvaria relativa en el cs8. salamandra
A. dickhilleniy P. perezies superior en cuerpos de agua naturales o semnalestu
(Egea-Serranet al, 2005e).

Las especies de anfibios mas vulnerables a lacsétiren la Region de Murcia son
A. dickhilleni, A. obstetricany S. salamandra(Egea-Serranceet al, 2006c). Sin
embargo, la aplicacion de los criterios UICN a hixegional (UICN, 2001, 2003)
evidencia que las mayor parte de las especiesp&xee perezi, H. meridionaliy P.
waltl, se consideran vulnerables (Egea-Seretrad, 2007). Existen evidencias sobre el
impacto que la exposicion a compuestos nitrogenpotmiice sobre larvas &e perezi
(Egea-Serraneet al, 2008, 2009a, b). Sin embargo, no se ha estudiadmanera
pormenorizada el impacto que otros factores de am@epuede tener sobre los anfibios
a escala regional. No obstante, el andlisis deasaiple los factores de amenaza a los
gue estan expuestos los cuerpos de agua presengeRegion de Murcia evidencia que
la modificacion del medio acuatico y la presence wrtidos son las principales
amenazas a las que estan expuestos los anfibiastewsu reproduccion y desarrollo

embrionario y larvario (Egea-Serraebal, 2005a; Torralvat al, 2005).

JUSTIFICACION DEL ESTUDIO Y OBJETIVOS

El nidmero de estudios destinados a estableceeetoefle la contaminacion sobre los
anfibios es aun escaso, especialmente en relactmsagrupos faunisticos (Sparliag
al., 2000). No obstante, la informacion disponiblethasl momento ha permitido
identificar diferentes tipos de sustancias, in@giccompuestos nitrogenados, como

factores de amenaza para los anfibios (Spadingl., 2000; revision Marco & Ortiz-
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Santaliestra, en prensa). Sin embargo, el impaetesias sustancias determinado a
partir de dicha informacion podria estar desvirtugad que la mayor parte de los
estudios ecotoxicoldgicos sobre anfibios consid&atcion de una sustancia toxica de
manera aislada (Storfer, 2003), lo cual no cornedp@ un escenario natural (Blaustein
& Kiesecker, 2002). Adicionalmente, la mayor paléelos estudios se han realizado en
condiciones de laboratorio (Boone & James, 200Ghqke los resultados obtenidos en
estas condiciones representan un punto de pantipariante para el establecimiento de
los efectos de una sustancia, es necesario determindichos efectos ocurren en
ecosistemas naturales (Boone & Bridges, 2003; B&dames, 2005). Estos aspectos,
junto a las evidencias disponibles sobre la extsderde variabilidad inter e
intraespecifica e incluso intrapoblacional en rélaa la tolerancia a contaminantes
como pesticidas (Bridges & Semlitsch, 2000; Wid&eBidwell, 2008) o compuestos
nitrogenados (Marcet al., 1999; Johanssoet al, 2001; de Wijet al, 2003), ponen
de manifiesto la necesidad de realizar nuevas fligaesones que completen la base de
datos mundial ya existente y que permitan estabtaeprecision el auténtico impacto
de la contaminacion sobre los anfibios a escaladmuiiSmithet al, 2005). En este
contexto, la presente Tesis Doctoral amplia larmBicion existente sobre los efectos de
los compuestos nitrogenados en los anfibios a drdeéuna aproximacion gradual a las
condiciones naturales y profundiza en el impac®Iqa contaminantes quimicos tienen
sobre sus poblaciones.

Como fuente de nitrégeno reactivo fueron seleccloados compuestos cloruro
amonico (NHCI), nitrito sédico (NaN® y nitrato sédico (NaNg) debido a que: 1)
tanto el cloruro amoénico como, especialmente, @latai sédico son compuestos
utilizados como fertilizantes agricolas, lo que éhagie sean importantes fuentes de

nitrégeno reactivo, ya que la adicion de fertiliteena los campos agricolas es una de las
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principales fuentes de incorporacion de nitrégenmedio; 2) son fuente de distintos

iones nitrogenados implicados en el ciclo globdl dgdgeno y que difieren en sus

efectos toxicos; y, 3) las transformaciones quimida estos compuestos liberan
diferentes especies de nitrdgeno reactivo por adpapero no de manera conjunta, lo
que los hace adecuados para estudiar el efectaa dmrhbinacion de diferentes

concentraciones de las diferentes formas de nitkmg8e propuso la exposicion a los
compuestos anteriores en laboratorio y mesocosftbisionalmente, los experimentos

realizados fueron completados con la exposiciéocalidades naturales, en la que se
analizé el efecto de los compuestos nitrogenadoscardiciones completamente

silvestres, y con una revision bibliografica ermglee se evaluo el efecto global de los
compuestos nitrogenados y otros contaminantes qonein los anfibios.

Asi, los objetivos concretos de la presente Tesd@al fueron:

- Analizar el efecto del cloruro amonico, nitrito sy nitrato sédico de
modo aislado sobre la supervivencia, masa y compoento (i.e. uso del
habitat y actividad) de los estadios de desarrfaltearios deP. perezien
laboratorio.

- Establecer el efecto que la combinacion de difesembncentraciones de
amaonico, nitrito sédico y nitrato soédico ejercersola supervivencia, masa y
comportamiento (i.e. uso del habitat y actividad) lkbs estadios de
desarrollo larvarios de. perezien laboratorio.

- Realizar una aproximacion al impacto de los comiosesitrogenados en el
uso del hébitat que hacen los ejemplares metaroérfite P. perezien
laboratorio.

- Establecer el efecto que la presencia de nitrogeactivo en la columna de

agua tiene sobre la supervivencia, morfologia gigriento de larvas dB.
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perezien condiciones con un elevado grado de naturatitediante ensayos
realizados en mesocosmos y en localidades naturales

- Estudiar el efecto que la presencia de nitrégenctin® en la columna de
agua tiene sobre la aptitud de huida frente a potéiico depredador de
larvas deP. perezien condiciones con un elevado grado de naturalidad
mediante ensayos realizados en mesocosmos y diddales naturales.

- Evaluar la variabilidad inter-poblacional d@ perezien relacion a la
tolerancia a compuestos nitrogenados.

- Contrastar mediante el empleo de técnicas metdtianalel efecto, a escala
global, de diversos compuestos quimicos en difeseprametros de la

estrategia de vida de los anfibios.
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CAPITULO 2

AREA DE ESTUDIO, DESCRIPCION DE LA ESPECIE

ESTUDIADA Y SINOPSIS METODOLOGICA

AREA DE ESTUDIO

Se seleccion6 como area de estudio la Region deiMpara el desarrollo de los
objetivos planteados en la presente Tesis Doct&stk territorio comprende 11.317
km? del sureste de la Peninsula Ibérica. Su ubicaeidrel limite oriental de las
Cordilleras Béticas determina que esté atravesamoupa serie de alineaciones
montafiosas en sentido SO-NE que incluyen cotasista B.027 m.s.n.m. No obstante,
la mayor parte de la superficie regional se loeadialtitudes medias-bajas, ya que casi
el 25% del territorio se ubica a altitudes infez®a 200 m.s.n.m. y el 45% entre 200 y
600 m.s.n.m., superando Unicamente el 32% de lerfscip regional los 600 m.s.n.m.
(Sanchezt al, 2002).

La orografia regional condiciona el clima del adeaestudio. Asi, en el NO las
altas cotas presentes impiden el desplazamientmsdeasas humedas atlanticas, con lo
que el volumen de las precipitaciones desciendeedes sierras noroccidentales (>600
mm anuales) hasta el mar (183 mm anuales). Por pairee, las masas nubosas
procedentes del Mar Mediterraneo ascienden rapidgna contactar con la orografia
regional, lo que produce intensas lluvias torrdesigrincipalmente durante otofio y
primavera. Este régimen irregular de precipitacsonéas elevadas temperaturas (media

anual: 16°C-19°C), insolacion y evapotranspiraeigmonen a la Region de Murcia a un
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clima mediterrdneo semiarido, caracterizado paamaplio periodo de sequia en verano
(Sanchezt al, 2002).

El 92% de la Region (11 104 Kjresta comprendido en la cuenca hidrogréfica del
Rio Segura (Sanchet al, 2002; Baraza, 2003), una de las mas aridas Berlinsula
Ibérica (Vidal-Abarcaet al, 1987) y, probablemente, de Europa (Geiger, 19/&3.
localidades seleccionadas para la coleccion dekémahtbioldégico necesario para la
realizacion del presente trabajo y para la realirade los ensayos llevados a cabo en el
campo se ubican en todos los casos en la supedcia cuenca comprendida en la
Region de Murcia (Fig. 1). Junto al Rio Segura, do®s cursos de agua de caudal
permanente 0 semipermanente presentes en la caencas rios Moratalla, Argos,
Quipar, Mula y Guadalentin, afluentes todos elklsRio Segura por la margen derecha
(Baraza, 2003). Adicionalmente, la red hidrografidel area de estudio esta
caracterizada por la presencia de ramblas, cues@gyda definidos por la variabilidad
de la presencia de agua, tanto espacial como tainpamte (Baraza, 2003). Al margen
de los mencionados sistemas de drenaje, la supedie la Region incluye 82
humedales naturales correspondientes a difereptdsdias que incluyen desde fuentes
y manantiales hasta lagunas costeras (Ballest®é)28in embargo, en comparacion
con el numero de humedales naturales, los de oraggficial son mucho mas
numerosos. Asi, fruto de la modificacién de la nedural de drenaje, en el area de
estudio estan presentes 14 embalses junto a, alsn2@00 balsas en el conjunto de
areas regables para su aprovechamiento agricoleg®a 2003). Estos cuerpos de
agua representan el Unico habitat acuatico disfmmib gran parte de la Regién de
Murcia. Como consecuencia, su frecuencia de utitlmacomo habitat reproductor por
parte de los anfibios es elevada para la mayoe plrtlas especies presentes en el area

de estudio, a pesar de que la utilizacion agridel&stas masas de agua expone a los
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anfibios a factores de amenaza tan diversos comprdaencia de vertidos o la

modificacion del medio acuatico (Egea-Serrahal, 2005a).

'\.{V /

Fig. 1. Situacién en la cuenca del Rio Segura de las pobkes dePelophylax perezi
muestreadas en el presente estudg) ( ) y deotadidades seleccionadas para el
desarrollo de la experimentacion en localidadesraks (A ). Resaltado en verde se
indica el contorno de la Regién de Murcia. Los @pales cursos de agua de la cuenca
se representan en azul. C2*: poblacion considergala la experimentacion en
localidades naturales; C2**: poblacion considergo@a la experimentacion en

laboratorio y localidad seleccionada para la exgi@sien localidades naturales.
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Las actividades agricolas en el area de estudreseptan un incremento casi del
300% de la superficie destinada a los cultivoseg@dio en el siglo XX (Baraza, 2003).
Esta expansion ha supuesto la alteracion de nuoseezDsistemas, la desaparicion de
numerosos habitats, tanto terrestres como acuateaegresion de las explotaciones
agricolas tradicionales y la pérdida de heterogkgeien los agrosistemas (Baraza,
2003). Por otra parte, la ocupacion de parte tmiali el desarrollo de los principales
nacleos urbanos y la ocupacién de las mejoresasiede regadio ha permitido una
importante expansion urbana y suburbana (Baraf®)2Hstas transformaciones en los
usos del suelo han supuesto un impacto negative $olalidad de los cuerpos de agua
tanto l6ticos como lénticos presentes en el areestelio, los cuales reciben vertidos
depurados deficientemente y la escorrentia de dagpos agricolas (Baraza, 2003) y
muestran una tendencia a la eutrofizacion (Balle2@93). Como consecuencia, el area
de estudio representa un territorio Optimo pararddroel estudio del impacto de las
actividades antropicas en general, y de la contion en particular, sobre la vida
silvestre.

La Regidn de Murcia se extiende, desde un punteisia biogeografico, por la
Region Mediterranea (Sanchet al, 2002). Actualmente, la vegetacion natural esta
dominada por matorrales y pastizales. Las masasobas estan formadas
principalmente por pinares, los cuales se restnirgel5% de la superficie regional
debido a los incendios forestales y a las condésariiméticas aridas (Sanchetzal,
2002). La extension de la superficie ocupada poraseales estad en recesion y la
presencia de sabinares y de especies caducifslizstémonial (Sanchex al, 2002).

Por lo que respecta a la fauna, la Regién de Mursta caracterizada por un
elevado numero de especies de invertebrados, &atrtipodos como no artrépodos,

destacables por su importancia conservacionisteatBa 2003). Asimismo, entre los
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vertebrados, la gran heterogeneidad ambientalipmado una gran riqueza especifica,
destacando taxa exclusivamente ibéricos, medi®oganoccidentales o presentes
también el norte de Africa (e.gestudo graecainnaeus, 1758Squalius pyrenaicus
(Gunther, 1868)Capra pyrenaicaSchinz, 1838) (Baraza, 2003). En relacion a los
anfibios, la Regién de Murcia presenta una notpblaeza, debido probablemente a la
lejania respecto a los principales centros de espén en la Peninsula y a la aridez del
entorno (Mateo, 2002). No obstante, la Region dechu junto al resto del sureste
peninsular ha sido descrita como uno de los telwgomas importantes en la Region
Mediterranea debido a la riqueza y/o grado de erui@ad de las especies de anfibios
presentes (Borkin, 1999). El nimero de especiexctigtas asciende a nueve, si bien la
presencia deHyla meridionalisBoettger, 1874 y déleurodeles waltlMichahelles,
1830ha sido descrita con anterioridad (HernandezeGdl, 1993; Egea-Serrargt al,
2005a, b). La mayor parte de ellas, excepuwfo calamita (Laurenti, 1768) y
Pelophylax perez{Seoane, 1885), son mediana o altamente vulnerdel@slo a sus
caracteristicas biologicas y ecoldgicas (Egea-Bertaal, 2006), por lo que han sido
asignadas a categorias de amenaza elevadas (Bgaae®eal, 2007).No obstante, la
menor vulnerabilidad descrita pdBacalamitay P. pereziy su amplia distribucion en la
Region de Murcia no implica que no estén amenazaaste territorio ya que, aunque
no existen datos sobre las tendencias demografleasus poblaciones, si se ha
constatado una significativa disminucién del areaidtribucion regional en los ultimos
afos, al menos en el caso Be calamita (Egea-Serrancet al, 2007). Asi, las
poblaciones de estas dos especies de anuros pedrimafectadas, dada su capacidad
para ocupar ambientes sometidos a una importaesgprantropica, por la degradaciéon
del hébitat, introduccion de especies exoéticas ntazninacion del habitat, todos los

cuales se han reconocido como importantes factigesegresion de poblaciones de

69



Capitulo 2

anfibios en todo el mundo (Alford & Richards, 19%austein & Kiesecker, 2002;

Gardner, 2001; Collins & Storfer, 2003; Semlits2003; Beebee & Griffiths, 2005).

DESCRIPCION DE LA ESPECIE ESTUDIADA

Reino: Animalia Linnaeus, 1758
Phylum: Chordata Bateson, 1885
Clase: Amphibia Linnaeus, 1758
Orden: Anura Rafinesque, 1815
Familia: Ranidae Rafinesque, 1814
GéneroPelophylaxFitzinger, 1843

EspeciePelophylax pereziSeoane, 1885)

Entre las especies de anfibios presentes en eldareatudio, se ha seleccionado como
especie modelo para la realizacion del presenbajo®. perezicomo consecuencia de
la facilidad para la localizacion de poblacionesblés y la coleccion de frezas debido a
que: 1) la especie habita preferentemente cuemagula permanentes (Richter-Beix
al., 2007); 2) el inicio de su época reproductora rsta erelacionado con las
precipitaciones (Diaz-Paniagua, 1992); y, 3) estipliamente distribuida por la
Peninsula Ibérica (Llorentet al, 2002), incluido el area de estudio (Egea-Seretno
al., 2005a, b). En relacién a esta Ultima caractedsse ha descrito que especies de
anfibios muy abundantes o ampliamente distribupplasden no ser modelos éptimos
debido a una hipotética tolerancia a la contamdma¢Marco, 2002), a pesar de ser
ampliamente usadas en estudios ecotoxicologicpsceEdmente en el hemisferio norte)

(Schiesariet al, 2007). No obstante, ha sido reconocida la ndadsdel estudio de
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especies comunes por su importancia en el funciemaonde los ecosistemas (Gaston
& Fuller, 2007). Aunque la decadencia de estas cgspesea proporcionalmente
reducida, puede implicar una importante pérdidalgiendancia y/o biomasa, lo que,
dada la relevancia de los anfibios en la cadenficardBlausteinet al, 1994),
repercutiria negativamente en los ecosistemas.déstideracion, unida a la necesidad
ética de evitar la pérdida de biodiversidad, jicstita profundizacién en el estudio del
impacto que la contaminacion produce sobre espdeiasfibios comunes.

P. perezise distribuye ampliamente por la Peninsula Ibéyieh sur de Francia,
correspondiendo las discontinuidades observadagel peninsular a una prospeccion
deficiente en lugar de a una auténtica ausencia dspecie (Llorentet al, 2002). Ha
sido introducida en las Islas Baleares, Islas Gana¥ladeira e Islas Azores (Malkmus,
1997; Cortiet al, 1999; Llorenteet al, 2002). Presenta un tamafio maximo de 85 mm
en machos y 110 mm en hembras (Salvador & Gargia;2001). Esta caracterizada
por presentar timpano patente, pupila horizontdlegpe glandular dorsolateral
moderadamente desarrollado y conspicuos tubérsulmsrticulares en los dedos de las
cuatro extremidades (Garcia-Paefs al, 2004). Las extremidades posteriores estan
unidas por membranas interdigitales ampliamentardedkadas (Garcia-Parist al,
2004). Tanto la piel ventral como la dorsal soadjgpresentando una coloracién blanca
0 jaspeada de negro en el primer caso y usualnventie con manchas negras en el
segundo (Garcia-Paret al, 2004) (Lamina 1). Las larvas presentan la mogialo
generalista de las especies adaptadas a vivir ancash (Duellman & Trueb, 1994), lo
que las incluiria entre las especies adaptadagraevi el fondo de los cuerpos de agua
(Diaz-Paniagua, 1985). Los estadios de desarratiaidio presentan un cuerpo algo
deprimido que exhibe el espiraculo en el costadaiézdo y el ano en el derecho, en

posicién posterior (Garcia-Pams al, 2004). La cola es larga, con una cresta caudal
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mas desarrollada dorsal que ventralmente que taremmngulo agudo (Garcia-Paeis
al., 2004). Normalmente los estadios larvarios de dpeeie estudiada alcanzan
longitudes de hasta 6 cm, aunque se han descdigdnos de 9 cm (Llorentet al,
1995). Respecto a los denticulos corneos labiséeban descrito 19 morfotipos orales,
si bien el mas comun es el que presenta la prifilarauperior completa y la segunda
dividida por un amplio espacio, la primera inferdbvidida por un amplio espacio, la
segunda completa y la tercera completa pero coideefiteet al, 1995). La coloracion
dorsal de las larvas son verdes con manchas oscoi@astras que ventralmente son
blancas con reflejos metalicos o nacarados (Lleretrdl, 1995) (Lamina 1).

El periodo de actividad de. perezise extiende durante la mayor parte del afio,
aungue reduce su actividad en invierno (Malkmug71%olloet al, 1998). Especie
estrictamente acuatica, rara vez se separa masnuel& agua (Lizanat al, 1989)
aungue presenta cierta capacidad de dispersiotiepa firme (Malkmus, 1987; Diaz-
Paniagua & Rivas, 1987). Ocupa gran diversidad d@atdt acuaticos, tanto loticos
como lénticos de origen natural y artificial (egea-Serran@t al, 2005c). Aunque
puede estar presente tanto en cuerpos de aguansst®s.como temporales, no se trata
de una especie caracteristica de ambientes terapofRichter-Boixet al, 2007).
Altitudinalmente ocupa cuerpos de agua situadodedeknivel del mar (Egea-Serrano
et al, 2005d) hasta los 2.380 m.s.n.m. (Fernandez-Ceareenal, 2000), si bien habita
preferentemente localidades ubicadas a altitud an@d@gea-Serran@t al, 2005d;
Garcia & Lizana, 2007). El caracter eminentemenftibia de la especie estudiada tras
la finalizacion de la metamorfosis hace que useeazlio acuatico como refugio frente a
depredadores (Martirt al, 2005), entre los que se encuentran reptiles, gves
mamiferos (Ret al, 1994; Santost al, 2000; Clavercet al, 2005), como fuente de

alimento, a pesar de alimentarse fundamentalmenteresas terrestres (Hodsr al,
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1990) y como habitat reproductor (Egea-Serranal, 2005c). Por lo que respecta a
este Ultimo aspectd?. pereziutiliza una gran diversidad de cuerpos de agudg tan
naturales como artificiales (Egea-Serratoal, 2005c), seleccionando positivamente
ambientes permanentes (Richter-Bebxal, 2007), excepto bebederos y balsas de riego
(Egea-Serranet al, 2005c), con abundante vegetacion de ribera (Bgeanoet al,
2005¢).

El periodo reproductor de la especie estudiadard#oten relacion a las restantes
especies de anfibios presentes en la Peninsuledb@alvador & Carrascal, 1990;
Diaz-Paniagua, 1992; Egea-Serraret al, 2005e), estando correlacionado
positivamente con la temperatura ambiental (RieBtex et al, 2006) y siendo
independiente de las precipitaciones (Diaz-Paniguaagua, 1992). Se ha detectado
la presencia de frezas en la Peninsula Ibéricaedakdl hasta julio, si bien existen
evidencias de que la especie puede reproducirsa &gasto/ septiembre (Egea-Serrano
et al., 2005e). Durante este periodo, es depositado orerimedio de 2.309 huevos
(Hotz et al, 1994), pudiendo algunas hembras desovar dos edes durante la época
reproductora (Hotzt al, 1994). Tras un desarrollo embrionario de 5-8 dizarcia-
Paris, 2000), las larvas completan usualmente tamwefosis al cabo de dos meses, si
bien la duracién del desarrollo larvario es vaeal{Diaz-Paniagua, 1986). Los
ejemplares metamoérficos emergen en verano y otedto(et al, 1998; Egea-Serrano
et al, 2005e), aunque las larvas hibernantes puedenletampu desarrollo durante la
primavera siguiente (Alvaregt al, 1991; Richter-Boixet al, 2006). Los ejemplares
metamorficos alcanzan la madurez sexual usualntemente el primer o segundo afio
de vida (Docampo & Milagrosa-Vega, 1991; Estelearal, 1996), presentando una
longevidad méxima de 5 afios en el caso de los reacte 6 en el caso de las hembras

(Paténet al, 1991).
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Lamina 1. Diferentes estadios de desarrollo Blelophylax pereziA: Embriones; B:

Larva; C: adulto.
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Al igual que muchas otras especies de anfilfogereziesta amenazada por la
destruccion del habitat (Malkmus, 2004; Galan, )9BOpresencia de especies exoticas
(Aranoet al, 1995; Galan, 1997; Martinez-Solaabal, 2003) y, en menor medida, la
captura directa de ejemplares (Galan, 1999). Asnmjda contaminacion del habitat
representa un importante factor de amenaza, ydagerposicion a pesticidas, vertidos
mineros, radiacion ultravioleta o compuestos nér@glos, asi como a la interaccion de
algunos de estos contaminantes, afecta signifenraiiwnte a la supervivencia, desarrollo,
comportamiento de la especie e incrementa la ctramedn de metales pesados y
pesticidas en sus tejidos (Riebal, 1987; Honrubiaet al, 1993; Alvarezet al, 1995;

Tejedo & Reques, 2003; Pastiral, 2004; Macia®t al, 2007; Shinret al, 2008).

Pelophylax perezi en la Region de Murcia

La distribucion deP. perezise extiende por casi toda la superficie regiongeé=
Serrancet al, 2005a, b; Torralvat al, 2005). Altitudinalmente se encuentra de forma
casi continua desde el nivel del mar hasta casD X¥6G.n.m. (Egea-Serrarei al,
2005d).

Su presencia y reproduccion ha sido constatada®riferentes tipologias de
cuerpos de agua presentes en la Region de Murgea{Eerrancet al, 2005a, c;
Torralvaet al, 2005). Aunque en la superficie regional las st riego representan
los ambientes utilizados mas frecuentemente pespeacie (Egea-Serraebal, 2005a;
Torralva et al, 2005), ésta muestra una marcada seleccién ogiicia bebederos,
charcas y arroyos (Egea-Serragtoal, 2005c). A escala de microhabitat, selecciona
cuerpos de agua con una cobertura de vegetacidibela moderada o alta (Egea-

Serrancet al, 2005c).
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El periodo reproductor de algunas poblacioneB.deerezien la Region de Murcia
es dilatado, extendiéndose desde abril hasta [@gea-Serrancet al, 2005e). La
emergencia de los ejemplares metamorficos tierer ldgsde julio hasta octubre (Egea-
Serranoet al, 2005e). Las charcas y bebederos destacan poensidad larvaria
relativa de la especie estudiada (Egea-Semaab, 2005e€).

P. perezies una de las especies menos vulnerables a laiértide entre las
presentes en la Regién de Murcia (Egea-Seretab, 2006), hecho que concuerda con
la evaluacion obtenida tras la aplicacion de lagros UICN a nivel regional (Egea-
Serranoet al, 2007). Sin embargo, esta escasa vulnerabilidadumere decir que la
especie no esté amenazada, ya que el analisispliescde los factores de amenaza a
los que estan expuestos los cuerpos de agua mesanta Region de Murcia evidencio
qgue la modificacion del medio acuatico y la presenie vertidos son las principales
amenazas a las que esta expusfzerezia escala regional (Egea-Serraat@l, 2005a;
Torralvaet al, 2005). No obstante, informacion detallada sobefexto que diferentes
agentes estresantes puede tener sobre esta espe@k area de estudio es casi

inexistente (pero ver Egea-Serragial, 2008, 2009a, b).

SINOPSIS METODOLOGICA

La metodologia empleada en los diferentes estudamizados se describe con detalle
en cada uno de los capitulos correspondientesrirargo, con la finalidad de facilitar
la comprension de la presente Tesis Doctoral erosjunto, se describen brevemente a
continuacion los diferentes aspectos metodologicmmtemplados durante su
realizacién. Los nimeros arabigos destacados eitanegfialan los capitulos donde las

diferentes metodologias descritas en el texto ttnaplicadas.
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Coleccion e incubacion de embrionesSe colectaron cinco masas de huevo$de
perezien una 8, 6), tres {, 8) o cuatro 4, 5) poblaciones silvestres localizadas en el
area de estudio (ver figura 1 en capit@dp Los huevos fueron trasladados al
laboratorio, donde se incubaron en acuarios ddatrcon 12 | de agua de grifo
desclorada. Los diferentes experimentos se iniciarta vez las larvas alcanzaron los

estadios de desarrollo de Gosner23}(5, 7, 8) 0 46 @) (Gosner, 1960).

Disefio experimental.-Los experimentos fueron llevados a cabo en comukgs de
laboratorio 8, 4, 5, 6), mesocosmos7( 8) o en localidades naturales expuestas a
diferentes grados de contaminacion (ver figura tagitulo2) (7, 8). En el caso de los
experimentos realizados en laboratorio o mesocosim®sdividuos experimentales se
expusieron a 46( 7, 8), 11 @, 5) o 14 @) tratamientos que incluyeron tanto un unico
compuesto nitrogenado (NI, NaNG, NaNG;) como la combinacion de varios de
ellos. Las larvas se dispusieron en grupos d& ® de manera aislad4, (5, 7, 8) en
contenedores plasticos de 14| b, 7, § o 1,5 | de capacidad/,(8). Los individuos
juveniles fueron asimismo expuestos de forma iddi® a los tratamientos
correspondientes en recipientes plasticos de 1 dag@cidad &). Las larvas fueron
alimentadasad libitum con pienso para perros en el caso de los estuetizados en
laboratorio 8, 4, 5), mientras que en los mesocosmos o corrales)(solo se les
proporciond alimento (pienso para perros) una Uvézaal inicio del experimento. Los
ejemplares juveniles fueron alimentadad libitum con moscas de la frut®)( La
duracién de los experimentos fue de8B 4 3), 14 @) o 21 dias4, 5, 7, 8). En el caso

de los estudios en laborator® 4, 5, 6), las unidades experimentales fueron dispuestas

al azar en las diferentes baldas de una estantaiémtras que en los estudios de
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mesocosmos y campd@, (8) las larvas procedentes de diferentes poblacideesxigen
(individualizadas en los correspondientes recip®ntse agruparon en diferentes
mesocosmos Y corrales, respectivamente, segunsanadiplit-plot, el cual asume que
las diferentes categorias de un factor dado (eaganbiento o localidad) no estan
replicadas en todas las categorias de un segumtlr f@.g. mesocosmo o corral)
(Quinn & Keough, 2002).

Por otra parte, mediante técnicas meta-analitieagva&lué el impacto de la
contaminacion quimica sobre los anfibios como gr(@o Para ello se realizé una
extensa busqueda bibliografica, obteniéndose ata tratamiento considerado en las
publicaciones seleccionadas los valores correspoteli a media, desviacion tipica

(SD) y numero de casos (n).

Variables estudiadas.- Las variables estudiadas fueron: superviven8a4( 7),
consumo de alimental(, masa al final del experimentd, (7), nUmero de censos que
los individuos experimentales se detectaron inasti), niumero de censos que los
individuos experimentales se detectaron sobreneldale los contenedorés),(nimero
de veces que los animales se detectaron en contactoel medio acuatico6),
crecimiento ), morfologia (i.e. longitud del cuerpo y de laazdltura del cuerpo, de la
porcién muscular de la cola y de la cola incluyetal@resta, anchura del cuerpo y
anchura de la base de la cold) {elocidad de natacion y distancia recorrigla (

En el caso del meta-analis®),(se estudio la influencia de la contaminaciérresob
los anfibios como grupo atendiendo a las variabdegiervivencia, tiempo hasta la

eclosion y metamorfosis, longitud, masa, tasa déomaaciones.

78



Metodologia

Andlisis estadisticos.-Se analizaron los datos obtenidos mediante ANCOYG)s
ANCOVAs de medidas repetida6){ ANOVAs de medidas repetida8)(y Modelos
Lineares Generales (GLMW,(5, 7, 8) para establecer la existencia de diferencias
significativas entre los valores medios de lasaldeis estudiadas para cada tratamiento
experimental. Cuando la variable dependiente fueadieraleza binaria, el analisis de la
existencia de diferencias entre los valores megm® cada tratamiento se realizo
mediante Modelos Lineares Generalizados (GLZ) pdedos binarios 4, 7).
Adicionalmente, se emplearon Analisis de RegreBitbit para el establecimiento de
los valores LG (concentracion letal media) correspondientes aatifes compuestos
nitrogenados 3) y mediante Analisis de Regresion Lineal Multigle determind la
influencia de la morfologia o crecimiento larvasmbre la aptitud de huida de las larvas
de la especie estudiadd@).(Se consideraron como factores las siguientesblas:
ambiente 4, 5), poblacion 4, 5, 7, 8), tratamiento o localidad de destir®) 4, 5, 6, 7,

8), y las respectivas interacciones.

El impacto global de la contaminacion quimica sdbge anfibios se determiné
mediante el calculo del estadisticode Hedge, el cual proporciona una medida de la
magnitud del efecto del tratamiento consideradoca&sa estudio (Rosenbery al,
2000). Calculado el estadisticd para cada estudio incluido en la matriz de datos a
analizar mediante meta-analisis, se estableciomglacto global medio mediante
Modelos de Efectos Aleatorios y se analiz6 la erisia de diferencias significativas
entre las categorias de grupos definidoriori (familia, estadio de desarrollo,
condiciones experimentales, tipo de contaminantediamte Modelos de Efectos

Mixtos (9).
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CAPITULO 3

ESTIMATING MEAN LETHAL CONCENTRATIONS OF
THREE NITROGENOUS COMPOUNDS FOR THE
IBERIAN WATERFROG, PELOPHYLAX PEREZI

(SEOANE, 1885), LARVAE

Abstract: The sensitivity ofPelophylax peredarvae from a natural population located
in the Segura River basin (southeastern Spaifjreetnitrogenous compounds (MH,
NaNQO, and NaNQ@) was analysed. Larval mortality was significanthcreased by
raising concentrations and exposure time to thes@pounds. The L& values
decreased as time went on for all the nitrogenouspounds. L& values obtained for
NO, and NQ ions are in all cases higher than the peak coratéis found in the
environment but this is not the case for lkbn, for which LG values obtained are
lower than the concentrations found in the fieldisTmay threaten populations Bf
perezj species highly sensitive to IiHpollution, which could be exposed to lethal
concentrations of the N ion and, therefore, be potentially suffering aliuecas a
consequence of eutrophication.

Key words: Lethal concentrations, nitrogenous compouiddophylax pereztadpoles
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INTRODUCTION

Habitat destruction and degradation have been itbesicas one of the major threats
faced by amphibians at present (Stuertal, 2004). Such degradation may be a
consequence of habitat fragmentation, the alteratimd suppression of natural
ecosystem processes, introduction of exotic speaieb the presence of pollutants
(Dodd & Smith, 2003). Among the latter, fertilizekghich have been used intensively
in last decades, are considered to have a potant@dct on amphibian populations
because they concentrate in waterbodies locatédnvagricultural areas (Berger, 1987,
1989; Hameeet al, 2004, but see Massat al, 2007). Some experimental approaches
have revealed their negative effect on amphibiawiwal and life history traits (e.g.
Ortiz et al, 2004). However, the effects that contaminatiory have on amphibian
species are not well known, and so it becomes d@emaf conservation priority to
determine the level of potential tolerance to fiedrs that amphibian species may
withstand by conducting standardized toxicologiexiperiments (Marco & Ortiz-
Santaliestra, in press).

LCso (mean lethal concentration) assays are the mosimom tests used to
determine the sensitivity of a species to a pafiu(@ridges & Semlitsch, 2001). These
assays consist of determining, by using differemcentrations of a chemical, the
concentration at which 50% of a test populationsdids a consequence, naturally
occurring concentrations of such chemical in theirenment that equal or exceed the
LCso value may lead to population extinction. Additibpa and although the
concentrations necessary to induce direct mortafitgy be higher than actual
concentrations in the environment (Boone & Briddg#X)3), LG values can be used to

establish sublethal levels of a pollutant and talgtheir effects (Bridges, 1999).
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Lethal concentrations fd?elophylax perezi

With regard to fertilizers, L& assays have been performed for different
nitrogenous compounds in several species of angisbfsee review Marco & Ortiz-
Santaliestra, in press). One of the major conchssiaf these studies is the great inter-
and intraspecific variation described in relationttie LG value of nitrite and nitrate
(Hecnar, 1995; Marcet al, 1999; Shinret al, 2008). This highlights the importance of
determining the actual sensitivity to nitrogenoaompounds of a broad range of species
to determine their potential impact on amphibiapyations and communities.

The aim of this study was to analyze the sensjtitatnitrogenous pollutants of a
larval population ofPelophylax perezby determining the L& values for ammonium,
nitrite and nitrate compounds. This spedgean European waterfrog whose distribution
ranges through the Iberian Peninsula and southemmce (Llorente & Arano, 1997). It
mainly inhabits permanent waterbodies (Diaz-Pariagli990), especially those
showing high riparian vegetation cover (Egea-Serranal, 2005). Because these
permanent waterbodies may hold high concentratogdnsitrogenous compounds as a
result of farming practices and urban sewage (drtheomain nitrogen sources in the
environment, e.g. Ritter & Bergstrom, 2001), aquatages oP. perezimay potentially
be threatened by nitrogen pollution, as the resstiiswed by Maciagt al. (2007)
suggest concerning nitrite. This hypothesis comttadthe tolerance to pollution
mentioned for this species in previous publicatifidsrenteet al, 2002). So, a great
effort needs to be made to accurately assess thal @ensitivity of larvae oP. perezi

to nitrogenous compounds.
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MATERIAL AND METHODS

We sampled five different egg masses obtained feomaturalP. perezipopulation
located in the Segura River basin (southeasternnSpaT.M. 30SWH, 1197.92
m.a.s.l.), not exposed to eutrophication (e.g. 98dl NG/l unpublished data). The
samples belonging to the five clutches were podtedncrease the probability of
analysing a representative sample of the geneti@atian within the population.
Embryos were reared in the laboratory in 12 | glgsaria, at roughly 25°C, in aerated
dechlorinated tap water. When they reached Goseetlopbmental stage 25 (Gosner,
1960) (total length: 10.79 mm % 0.18 mm, n= 23Bgytwere transferred to clear, food-
quality, 1 | plastic beakers containing 0.5 | o$ttsolution. Ammonium, nitrite and
nitrate solutions were prepared from MNH, NaNG and NaNQ@, respectively.
Treatments consisted of the following nominal imsiag concentrations: 0, 15, 30, 60,
120 mg NHCI/I; 0, 500, 1000, 5000, 10 000, 20 000 mg NaM@®, 2000, 5000, 10
000, 20 000 mg NaN4). Each beaker, containing six haphazardly chdaerae, was
randomly assigned to one of the previous treatmdfash treatment was replicated
three times in the case of NWEI and twice for NaN@and NaNQ due to a shortage of
tadpoles.

The experiment consisted of static renewal tedtp(®n, 1975). Water treatments
were renewed daily and dead animals were remowed the experimental units to
avoid oxygen depletion. Beakers were loosely cldseavoid water evaporization and
ammonium volatization. Tadpoles were fed with dided) chow, of which a food pellet
(250-350 mg) was added each day. Tadpoles werevaoseach 12 h over a 96 h
period for mortality in the case of NAI treatments. As regards Nah@nd NaNQ,

the observation period was limited to 72 h.
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To assess the effect of the concentrations ustdsrstudy (independent variables)
on larval mortality (dependent variable: numberdafad tadpoles in each beaker),
repeated measures ANOVAs were performed separdialy each nitrogenous
compound. Probit analysis was used to determing f&® NH;", NO,” and NQ' ions
during 24-h, 48-h, 72-h and 96-h exposure. Dataeweansformed logarithmically.
Statistical analyses were performed using SPS@tistical package v. 11.0 and a

significant level of 5% was selected.

RESULTS

Table 1 shows the number of tadpoles that died esnaequence of exposure to the
different treatments. No mortality was recorded tfoe control treatment. For all three
nitrogenous compounds, both increasing concentratand exposure times increased
larval mortality (p < 0.0001, Table 1). Neverthalefor NH,CI no larval mortality was
recorded for concentrations lower than 60 mg,@llH. The significant concentration x
time interactions (p < 0.001, Table 1) revealedt tthe effects produced by the
concentrations used for the three nitrogenous comg® differed between observation
times. So, the highest concentrations producedidjigest larval mortality earlier than
the remaining treatments.

The results of the probit analyses are shown ineTabLGs values decreased at
each observation period for all the nitrogenous mpowmmds. Figure 1 shows dose-
response curves for larvae Bf pereziexposed to Nif, NO, and NQ' ions. In the
case of NH" and NQ,, the concentration needed to kill 100% of the darexposed

decreased with time. However, in the case of, Nfbe concentration needed to Kkill
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100% after 48 hours of exposure was lower thandhaerved after 24 and 72 hours of

exposure.

Table 1. Accumulated number of ded&klophylax pereziadpoles occurring at 24, 48,
72 and 96 hours after exposure. Summary statistiagpeated measures ANOVAs for

the effects of the three nitrogenous compoundgdesh larval mortality over time are

shown.
Nitrogenous compound Concentratiom Time
(mg/l)
24h 48h 72h 96h
NH4CI 0 18 0 0O O O
Concentration: 1= 491.727, p < 0.0001 15 18 0 0 0 O
Time F; 3= 34.099, p < 0.0001 30 18 0 0O O O
Concentration x Time: 60 18 0 0 2 12
F2.357 22.603, p < 0.0001 120 189 16 18 18
NaNO, 0 12 0 0 0 -
Concentration: &= 58.565, p < 0.0001 500 12 0 0 2 -
Time: k1= 85.015, p < 0.0001 1000 12 1 1 3 -
Concentration x Time: 5000 12 10 10 12 -
Flo17=29.741, p < 0.0001 10 000 122 12 12 -
20 000 12 12 12 12 -
NaNO; 0 12 0 0 0 -
Concentration: = 46.872, p < 0.0001 2000 12 0 1 1 -
Time: k15 25,864, p < 0.0001 5000 12 0 1 11 -
Concentration x Time: 10 000 12 1 11 12 -
Fs1= 9.761, p < 0.001 20 000 1212 12 12 -
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Fig. 1. Dose-response curves for mortalityRélophylax peredarvae exposed to Nf

NO, and NQ'. The LGy value for each time interval is graphically remmed by the

dotted line in each plot.
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DISCUSSION

The results obtained indicate that perezitadpoles were negatively affected by the
exposure to nitrogenous compounds. Nevertheless| @3, values obtained suggest
that larvae of the studied species show some degjréelerance to the nitrogenous
compounds tested. The kfLvalues obtained for NDand NQ' ions are in all cases
higher than the peak concentrations naturally aowyiin localities in the Segura River
basin where breeding populations of the studiedispéhave been detected (e.g. 74.35
mg NG/l and 332.74 mg N@/I, Suarez, perscom.). This suggests that the present
results are not suitable for determining the effettexposure to these nitrogenous
compounds orP. pereziin natural settings. Thus, examining the possgublethal
effects of NQ and NQ ions on the studied species would be more ecatigic
relevant, since sublethal levels of fertilizers édeen shown to affect parameters such
as time to hatching (de Wijat al, 2003; Meredith & Whiteman, 2008; Shien al,
2008), abnormality rates (Krishnamurtétyal, 2008; Shinret al, 2008), activity levels
(Hecnar, 1995; Xu & Oldham, 1997; Shieh al, 2008), feeding (Baker & Waights,
1994; Hecnar, 1995; Xu & Oldham, 1997) or habits¢ {Huey & Beitinger, 1980;
Marco & Blaustein, 1999), which may indirectly aftéarval size (de Wijeet al, 2003,
Shinnet al, 2008, but see Meredith & Whiteman, 2008) or leathrval mortality (de
Wijer et al, 2003; Shinnet al, 2008, but see Meredith & Whiteman, 2008).
Nevertheless, as regards the fllbn, the LGy values obtained for each observation
period corresponded to lower concentrations thasetound in the field in the study
area (e.g. 154.6 mg NHI, Suarez, pers. com.), which suggests tRatperezi
populations may be naturally exposed to lethal eotrations of the NI ion and,

therefore, be potentially suffering a decline @sasequence of eutrophication.
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Our LG5 estimates confirm the prediction that the riskdging from a pollutant
increases both as the concentration of the toxieased (Watt & Jarvis, 1997; Shiet
al., 2008) and with longer exposure times as it hasnbgreviously described for
different amphibian species (Marai al, 1999; Schuytema & Nebeker, 1999a, b;
Sparling & Harvey, 2006; Shiret al, 2008). This fact evidences that mortality was not
restricted to initial exposure to the different cheals, but was due to a chronic effect
of continuous exposure.

Significant interspecific variation concerning anipan larvae tolerance to
fertilizers has been described (e.g. Hecnar, 1884&to et al, 1999). However, most
experiments differed greatly in the tested condgigsee Table 3) that largely affect
tadpole responses. For instance, larval sensititotynitrogenous pollutants varies
greatly with exposure time (Marcet al, 1999; Schuytema & Nebeker, 1999a, b;
Sparling & Harvey, 2006), developmental stage @®antaliestraet al, 2006),
chemical compound employed (Schuytema & Nebeke®949b) and experimental
venue (Egea-Serranet al, chapters 7 and 9 in the present thesis). Thexrefany
reliable comparison between species has to beamimd such differences in
experimental settings. Despite these drawbacks ave affirm that for N@ ion, P.
perezican be considered less tolerant tb@mopus laeviand Pseudacris regillabut
more resistant than other ranids suchiRasa clamitan®r R. pipiens Interestingly,P.
pereziis generally less tolerant to NH but exhibits high resistance to increased
concentrations of N® (Table 3). Inter- and intraspecific physiologicatudies
concerning the effectiveness of detoxification patirs for nitrogenous ions are needed

to explain this disparity.
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Table 3. LCsp values of different chemical forms of ammoniumtrité and nitrate
reported in the literature for larval amphibiangfé&ences (in brackets): 1. Marebal.
(1999); 2: Hecnar (1995); 3: Xu & Oldham (1997);Sthuytema & Nebeker (1999a);
5: Sparling & Harvey (2006); 6: Shiret al. (2008); 7: Present data. *Developmental

stages sensgosner (1960).

Species Gosner Stage*/Age Days of exposiNigrogen source LCso
Ambystoma gracile  Newly hatched 4 NaN©O 6.24 mg N@/I (1)
Newly hatched 7 NaN©O 5.06 mg NG/l (1)
Newly hatched 15 NaNO 3.32 mg NG@/I (1)
Newly hatched 15 KN© 103.6 mg N@/I (1)
Bufo americanus 25 4 NHNO; 60.2-174 mg N¢YI (2)
Bufo boreas Newly hatched 4 NaN©O >23.0 mg N@/I (1)
Newly hatched 7 NaN©O 17.7 mg NG@/I (1)
Newly hatched 15 NaNO 5.75 mg N@/I (1)
Bufo bufo 32-35 4 NHNO; 1704 mg NG/l (3)
32-35 7 NHNO, 1837 mg N@/I (3)
Bufo calamita 25 15 NaNQ@ >24.64 mg N@/I (6)
Hyla meridionalis 25 5 NaNQ 383.59 mg N@/I (6)
25 7 NaNQ 143.20 mg N@/I (6)
25 10 NaNG 65.7<LGs<104.0 mg NG/ (6)
25 15 NaNQ >49.29 mg NG/l (6)
Hyla regilla Newly hatched 4 NaN©O 18.07 mg N@/I (1)
Newly hatched 7 NaNO 11.8 mg NG@/I (1)
Newly hatched 15 NaNO 4.04 mg N@/I (1)
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Table 3 (continued).LCso values of different chemical forms of ammoniuntyité and
nitrate reported in the literature for larval anphns. References (in brackets): 1:
Marco et al. (1999); 2: Hecnar (1995); 3: Xu & Oldham (1999); Schuytema &
Nebeker (1999a); 5: Sparling & Harvey (2006); 6insfet al. (2008); 7: Present data.

*Developmental stage sen@osner (1960).

Species Gosner Stage*/Age Days of exposure Nitregerce LGo
Pelophylax perezi 14-18 15 NaN@ 16.4<LG<49.3 mg NQ/I (6)
25 6 NaNQ 419.24 mg N@/I (6)
25 7 NaNQ 151.16 mg N@/I (6)
25 10 NaNQ <16.43 mg N@/I (6)
18-19 10 NaN@ 48.0 mg NG/ (6)
18-19 12 NaNQ 7.15 mg N@/I (6)
18-19 16 NaN@ <1.64 mg N@/I (6)
25 4 NHCI 19.27 mg NH' (7)
25 3 NaNQ 914.59 mg N@/I (7)
25 3 NaNQ 2381.53 mg N@/l (7)
Pseudacris regilla 26-27 4 NHSO, 148.24 mg NH'/I (4)
26-27 10 NHSO, 115.33 mg NH/I (4)
26-27 4 NHNO; 599.6 mg NG/l (4)
26-27 10 NHNO; 244.5 mg NG/l (4)
26-27 4 NaN@ 7749.1 mg N@/I (4)
26-27 10 NaN@ 1178.9 mg N@/I (4)
Pseudacris 25 4 NHNO; 75.3 mg N@/l (2)
triseriata
Rana aurora Newly hatched 4 NaN©O 18.37 mg N@/I (1)
Newly hatched 7 NaNO 13.14 mg N@/I (1)
Newly hatched 15 NaNO 3.91 mg NQ/I (1)
Rana clamitans 25 4 NHNO; 143.5 mg N@/I (2)
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Table 3 (continued).LCso values of different chemical forms of ammoniuntyité and
nitrate reported in the literature for larval anphns. References (in brackets): 1:
Marco et al. (1999); 2: Hecnar (1995); 3: Xu & Oldham (1999); Schuytema &
Nebeker (1999a); 5: Sparling & Harvey (2006); 6insfet al. (2008); 7: Present data.

*Developmental stage sen@osner (1960).

Species Gosner Stage*/AgeDays of exposure  Nitrogen source LCs
Rana pipiens 25 4 NHNO3 100.1 mg N@/I (2)
25 4 NHHCO, 37.1 mg NH'/I (5)
25 7 NHHCO; 15.6 mg NH'/I (5)
25 4 NH4CIO4 57.9 mg NHI (5)
25 7 NH4CIO4 29.9 mg NHI (5)
Rana pretiosa Newly hatched 4 NaN 22.4 mg NG/l (1)
Newly hatched 7 NaNO 4.27 mg N@/I (1)
Newly hatched 15 NaNO 1.87 mg N@/I (1)
Newly hatched 15 KN® 72.85 mg N@/I (1)
Xenopus laevis 26-27 4 NHSO 173.57 mg N/l (4)
26-27 4 NHCI 163.93 mg N/ (4)
26-27 10 NHSQ, 58.5 mg NH'/I (4)
26-27 10 NHCI 82.19 mg NH/I (4)
26-27 4 NHNO; 446 mg NG/l (4)
26-27 10 NHNO; 243,3 mg N@/I (4)
26-27 4 NaN@ 7332.8 mg NG/l (4)
26-27 10 NaN@ 5474.6 mg NG/l (4)

Finally, the results presented in this study mustcbnsidered preliminary for
establishing the effects of nitrogenous compounas o perezinatural populations.
Previous studies show the existence of both ingé@fp differences (Shinret al,
2008), and even local genetic adaptation (Johanssah, 2001; Egea-Serranet al,
2009) to different chemical water stressors. Initmt ontogenetic differences in
sensitivity to fertilizers have been described mphibians (Ortiz-Santaliestrat al,
2006) and the lethal effects of the exposure toogénous compounds detected in

laboratory experiments may be significantly higliean in more natural conditions
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(Egea-Serranet al, chapters 4 and 7 in the present thesis). Furtherrpollutant
exposure could produce sublethal effects on amahilairvae (Baker & Waigths, 1994;
Hatch & Blaustein, 2000; Johanssenal, 2001; de Wijeret al, 2003; Ortizet al,
2004; Krishnamurthyet al, 2008; Meredith & Whiteman, 2008; Shimt al, 2008;
Egea-Serrancet al, 2009) that could have important implications oopylation
viability (Smith, 1987; Semlitscht al, 1988). These aspects point to the importance of
developing future studies to establish the acteabiivity of different developmental

stages and populations Bf perezio nitrogen compounds.
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CAPITULO 4

POPULATIONAL DIVERGENCE IN THE IMPACT OF
THREE NITROGENOUS COMPOUNDS AND THEIR
COMBINATION ON LARVAE OF THE FROG

PELOPHYLAX PEREZI (SEOANE, 1885)

Abstract: Pollution by nitrogenous compounds is a putativessful factor that may be
causally linked to the decline of amphibians. Oreywo understand the potentially
detrimental consequences of eutrophication on domahipopulations is to investigate
variation among populations differing in exposwenitrogen, this variation potentially
indicating evolutionary potential to cope with tkisessor. We have examined the effect
of nitrogenous compounds (NH NO,; NOs, both alone and in combination) on
fitness-related larval traits in four populatiorfsRelophylax pereanaturally exposed to
different degrees of eutrophication. The resulticate that both survival and larval
final size decrease at higher concentrations o$e¢hmmpounds, either singly or in
combination. Additionally, the nitrogenous composimgere more lethal and larval food
consumption and final mass were significantly redlevhen they were exposed to
combinations of compounds. Populations inhabitingghlly polluted aquatic
environments tolerated higher levels of nitrogencosmpounds and showed higher
survival rates and larger final size than the papoihs of less polluted environments,
suggesting the potential to adapt to increasedgetmous contamination in this species.

Key words: Populational divergence, nitrogenous compoundspggnous mixtures,
amphibians
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INTRODUCTION

An important consequence of human activities isgrefound alteration of the global
nitrogen cycle, which in many areas increases lo¢havailability and mobility of
nitrogen. Fertilizers, animal wastes and atmosplaposition are the main sources of
nitrogenous compounds to the environment worldwidieouseket al, 1997; Ritter &
Bergstrom, 2001; Hollan@t al, 2005; Marco & Ortiz-Santaliestra, in press). As a
consequence, pollution by nitrogenous compoundwigespread (Carpentest al,
1998) and is expected to increase in the futurem@n et al, 2001; Gallowayet al.,
2003). Thus, assessing the impact nitrogenous tppilon wildlife should be of major
concern.

Although amphibian populations may show long-temtural, cyclic demographic
fluctuations (Pechmanat al, 1991; Tejedo, 2003), their worldwide decline lhagn
demonstrated (Houlahaat al, 2000; Stuaret al, 2004). Anthropogenic factors such as
overexploitation, habitat loss, climatic change atidease have been argued as
important causes of amphibian population decling. (Btuartet al, 2004; Beebee &
Griffiths, 2005). Among these factors, chemicallgmbn has been reported a major
threat to amphibians (e.g. Beebee & Griffiths, 20@Hd there is abundant evidence
that these vertebrates are susceptible to the éffacts of nitrogenous compounds (e.g.
Ortiz et al, 2004; Camarget al, 2005; Marco & Ortiz-Santaliestra, in press).

Previous studies reported that nitrogenous composndh as ammonium (N,
nitrite (NO,) and nitrate (N@) caused both lethal and sublethal effects on larva
amphibians (e.g. Xu & Oldham, 1997; Mareb al, 1999; De Wijeret al, 2003;
Burgettet al, 2007; Griffis-Kyle, 2007). Nitrate is the dominaiorm of nitrogen in
water bodies with aerobic conditions (Camargoal, 2005), where it is usually

accompanied by other stress factors, includingratiteogen forms (e.g. Vidal-Abarca
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et al, 2000). Previous studies show that nitrogenouspoamds in combination with
other environmental factors such as UV-B radiatorpesticides (Hatch & Blaustein,
2000; Booneet al, 2005; Maciast al, 2007) affect amphibian embryos and larvae
more severely than when they act alone. Despite giflgat relevance that such
interactions may have on amphibian decline, to datstudy on the mixture effects of
multiple nitrogenous compounds has been carried butthe present study, we
hypothesized that increasing the number of nitrogencompounds would negatively
affect tadpole survival and performance.

Interspecific variation in nitrogen tolerance apge® be important in amphibian
larvae (Marcoet al.1999; Marco & Ortiz-Santaliestra, in press). Néveless,
information of intraspecific differences among plapions in the sensitivity to nitrate
compounds is almost totally lacking (but see Hecd&@05; Johanssoat al, 2001;
Hatch & Blaustein, 2003; Shiret al, 2008). Such information is likely to shed light o
the evolutionary potential of nitrogen toleranced amould be therefore crucial for
predicting the impact of these compounds on amghibommunities.

In this study we examine the effect of eutrophmaton larvae ofPelophylax
perezi.This species of waterfrog is widespread throughbat Iberian Peninsula and
Southern France (Llorente & Arano, 1997) and mainhabits permanent water bodies
(Diaz-Paniagua, 1990). As a consequence of farmpiragtices (one of the most
important nitrogen sources in nature (e.g. RittadB&gstrom, 2001), these habitats may
hold high concentrations of different nitrogen fetnfor instance, in southeastern
Iberian Peninsula, concentrations as high as 15d.&H, /I; 74.4 mg NQ/I; 333 mg
NOs/l have been recorded (Ballester, 2003; Suaresopat communication). Because
P. pereziuses water bodies as shelter from predators (Meirtal, 2006), for foraging

(Docampo & Vega, 1990) and as breeding habitat§ERrancet al., 2005), nitrogen
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pollution may cause a threat to this species throug its life cycle. The wide
distribution and abundance &% perezieven in highly eutrophic agricultural habitats
(Llorente et al, 2002) means that there may be populations exposed terididf
nitrogen concentration, which may cause interpdparal variation in tolerance to
eutrophication, as has been shown in other spézigsJohanssaet al, 2001).

The aims of the present study were 1) to deterrtiueeeffects of exposure to
different concentrations of Ni&l, NaNQ, and NaNQ, and some of their combinations,
on mortality, food consumption and final mass ofvée of P. perezi and, 2) to
investigate the divergence in populations exposetifterent levels of nitrate pollution
that may arise from genetic adaptation in the &viee to differing levels in nitrogen

toxicity.

MATERIAL AND METHODS

Studied populations

Four populations oP. perezilocated in the Segura River basin (SE Iberian Peia)
(Fig. 1) were selected for the study. This basioossidered as one of the most arid of
the Iberian Peninsula (Vidal-Abarea al, 1987), and is undergoing an accelerated
eutrophication (Ballester, 2003) due to intensigecltural development in the area
during the last decades (Pérez & Lemeunier, 200Bg selected populations were
naturally exposed to different levels of nitrogewllytion. Two of these populations,
considered control populations (C), were exposetbwo nutrient concentrations: Rio
Chicamo (C1, hereafter) (38°12°N, 001°03"W; 170.8.%x1l.), a permanent headwater
stream with less than 5.1 mg N-B(Vidal-Abarcaet al, 2000); Rambla Tejera (C2,

hereafter) (38°11°N, 002°07°W; 1197.9 m.a.s.|.pemipermanent headwater stream
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with less than 2.1 mg N{ (A. Egea-Serrano, unpublished data). The enwremt of
these populations corresponds to bush on marls ¢€fig a mixture of bush and pine
trees on limestone lithology (C2). As a contrasth® above populations, two polluted
populations (P) were selected: Rambla del Garru¢B@t57°N, 001°04°W; 346.0
m.a.s.l.) (herafter P1), a semipermanent headveateam which has been exposed to
nitrate concentrations as high as 162.1 mg N@r 22 years (Ballester, 2003) due to
intensive farming activities and subsequent run4offits basin, and Campus of
Espinardo (38°01°N, 001°10°'W; 96.3 m.a.s.l.) (P&ehfter), a small artificial pool
located at the Espinardo Campus of the UniversityMarcia. Although no data
concerning nutrient concentration levels are ab#lafor this population, episodic
blooms of filamentous algae occurring at leastlfdryears (unpublished data) suggest
substantial levels of eutrophication. The naturalimnment of P1 corresponds to pine
trees on heterogeneous carbonated materials atlthoagt of the stream course has
been largely modified and is dominated by intensivestock farming. The P2
population environment corresponds to a suburbardskzape. The geographical

separation between populations ranged from 1295 12 km.
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Fig. 1. Location of the studied populations in the SegureeRbasin. Main water
courses in the basin are represented. Control ptpns: C1 (Rio Chicamo) and C2
(Rambla Tejera); polluted populations: P1 (Ramldh@arruchal) and P2 (Campus of

Espinardo, University of Murcia).
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Experimental design and response variables

Five different egg masses &f. pereziwere collected from each of the studied
populations during April 4-7th 2006. The developma¢rstage of embryos collected
ranged from stage 15 to 20 (Gosner, 1960), withdiflerences among populations
(Chi-square, P > 0.05). In all cases, embryos wrenesported before hatching to the
laboratory, where they were reared in 12 | glassagg containing dechlorinated tap
water (pH = 8.39; conductivity = 986S cm’; 0.002 mg NG/I; 4.69 mg NQ/).
Embryos from the same population of origin were lpdoand reared in the same
aquarium. Fully randomly selected larvae at Gossiage 25 were individually
transferred to 1 L plastic beakers containing 50@fnthe treatment solutions shown in
Table 1. Each beaker was fully randomly assignedn® out of eight shelves in the
laboratory. For the four studied populations theaosure started at the same time.
Larvae were reared individually during the expenitmé sample of 13-15 experimental
beakers were randomly chosen for each treatmemne@asure water pH, temperature
(°C), conductivity ¢S cm?) and salinity (g [}). Measurements were taken just after
applying treatments for first time. Ammonium, ritei and nitrate concentrations were
prepared using NiCI, NaNG and NaNQ@, respectively, and dechlorinated tap water.
For each ion, two concentrations (low or high, €alh) were selected to assess and
magnify any subtle effect that may not have beeaatied at lower concentration. These
concentrations are ecologically relevant, sincey theere representative of peak
concentrations naturally occurring in the field thre Segura River basin (e.g. point
sample: 154.6 mg NHAI; 744 mg NQ/I; 333 mg NQ/I, Suéarez, personal
communication). Since a major objective of the pnestudy was to assess the impact
of the treatments on sublethal parameters (foodswoption and final mass), the

concentrations selected for ammonium and nitriteewewer than those cited for the
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field because preliminary tests showed that higloeicentrations produced high larval
mortality after short-term exposure (Egea-Serranal, 2009). Larvae were fed every

three days with dry dog chow pellets (250-350 mg).

Table 1. Nitrogen treatments used in this study.

Treatment Concentration
1 0
o'la 1.35 mg NH'/I
g2a 13.5 mg NH'/I
4a 6.67 mg NQ/!
5723 66.7 mg NQ/I
6 1a 36.47 mg NG/I
7722 364.7 mg N@/I
g'lb: 1b; 2 1.35 mg NH'/I + 364.7 mg N@/I + 6.67 mg NG/
gF1b; 12b; 2b 1.35 mg NH'/l + 364.7 mg N@/I + 66.7 mg NQ/|

1020 105 2D 13.5 mg NH'/l + 364.7 mg N@/l + 6.67 mg NQ//|
1720 "20; *2b 13.5 mg NH'/I + 364.7 mg N@/I + 66.7 mg NQ//I

*Treatments selected for the analysis of the sépaeffect of ammonium: 1: low
concentration; 2: high concentration; a: ammonisoiated; b: ammonium combined
with other nitrogenous compounds.

** Treatments selected for the analysis of the smpaeffect of nitrite: 1. low

concentration; 2: high concentration; a: nitritelaged; b: nitrite combined with other
nitrogenous compounds.

*** Treatments selected for the analysis of the asape effect of nitrate: 1: low
concentration; 2: high concentration; a: nitratdased; b: nitrate combined with other

nitrogenous compounds.
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Larvae were exposed to the chemicals for 21 cotisecdays in a laboratory at a
roughly constant temperature (25°C) and with indighiting of 12:12h dark:light cycle.
Water was renewed and the treatments restored éweryays. The position of the
beakers on the shelves was fully randomly re-assigfter each renewal. For C1 and
C2 populations, each treatment was replicated sewees (i.e. seven larvae per
treatment), whereas for P1 and P2 populations wdita replicates (i.e. five larvae per
treatment) due to the limited number of larvae.vhhmortality at the end of the
experiment was recorded and surviving larvae wesghred with an electronic balance
(x0.0001 g) after being blotted dry. Additionallt, days 7, 14 and 21, an estimate of
larval food consumption was taken using the metlogpo proposed by Riset al.
(1997). Thus, a preweighed dried dog chow pell&0{250 mg) was placed in each
beaker with no other food source available. Aftérh2 the uneaten food was removed,
dried again for 24 h at 50 °C and weighed. To obri@ any bias in the estimates due
to the loss of food by its handling or physicautin in water a correction factor was
calculated. To do so, a pilot study was performéti &0 dried dog chow pellets (250-
350 mg). Each one was weighed, left in water withawae for 24 h and weighed
again after being dried for 24h h at 50 °C. Fing&dimass of the chow pellets (y) was
regressed against their initial dried mass bef@md submerged (x), obtaining the
following regression equation: y = -0.0082+0.8728% = 0.988, P = 0.0001, N=50).
The initial dried mass of each chow pellet (x) wasoduced in this regression model to
determine its final dried mass after removing thesldue to handling or dilution (y).
The difference between this mass and the finaddmeass weighed after chow pellets
were in the experimental beakers with the larvawiged the amount of food eaten by

each larva.

119



Capitulo 4

Analysis of data

The physicochemical characteristics of the watepémdent variables) were analysed
separately using one-way ANOVAs with treatment astdr. Larval mortality was
analysed by Generalized Linear Models (GLZ) foraboyn data fitting a binomial
distribution of the data with a Logit Link functidio yield maximum-likelihood ratio
estimates, using environment of origin (non-poliiit@volving C1 and C2 populations,
vs polluted, involving P1 and P2 populations), dapan (nested within environment),
treatment and their interaction as factors. Bec#&slsg analyses do not allow random
factors, the mentioned factors were all considexedixed factors. Since individuals
were pooled and then fully randomly assigned tatinents, the random factor family
could not be included in the analysis. Food condionpmeasured as the mean value of
the absolute amount of food eaten by each surviing for the three estimates taken,
and final larval mass were analysed separatelydne@l Linear Models (GLM), using
the fixed factors treatment and environment ofiarignd the random factor population
(nested within environment), as well as their iatdions, as independent factors. We
used post hoc HDS Tukey tests for pair-wise conspas for the treatment factor in the
case of the response variables food consumptiortaaval final mass. Additionally, the
effect of compound concentration and mixture onrdeponse variables was analysed
in more detail for each nitrogenous compound seépigraising GLZ (in the case of
larval mortality) and GLM (for food consumption afidal mass). To do so, treatments
containing the compound of interest were selectetlassigned to the proper category
of the factors concentration (low or high) and mret (single or combined with the rest
of compounds, regardless their concentration) @ab). Environment of origin,
concentration, mixture and their different interaics were included as fixed factors. To

analyze for the effect of population of origin,ghieandom factor was also included in
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the analyses, nested within environment (in theecat larval mortality it was
considered as a fixed factor, as mentioned aboS&nificance levels were not
corrected for multiple comparisons because commasisamong different pollutants
were based on a priori hypotheses.

All variables were log-transformed (log(x + 1)) ept mortality. GLZ for binary
data were performed using STATISTICA 6.0 statistigackage (Statsoft, Inc. 2001).
The rest of the analyses were performed with SR835.0 statistical package. In all
cases a significant level of 5% was selected asdrigive statisticals were expressed

as mean =1 SE.

RESULTS

Water physicochemical characteristics

Water pH and temperature ranged from 6.85 to 81d fmom 20.0 to 24.8 °C,
respectively. Nitrogen treatments did not affeatsth parameters (P > 0.10 in both
cases). Water conductivity {§z49= 390; P = 0.0001) and salinityigh49= 524.33; P =
0.0001) differed across treatments, being sigmfigagreater at high concentrations of

ammonium, nitrite and nitrate, whether isolated¢anbined (Table 2).
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Table 2. Physicochemical characteristics (mean + 1 SE)hef water used in the
nitrogen treatments. Lower case letters indicatendgenous groups in pairwise

comparisons (HDS Tukey’'s tesiz 5%). Only variables significantly affected by

treatments are shown.

Treatment Conductivity (S cni’)

Salinity (gr I')

1 (n=15) 1265.73+4.85a 0.41%0.007a
2 (n=15) 1274.80+4.79a 0.41+0.007a

3 (n=15) 1345.80+4.93b 0.500b

4 (n=15) 1288.33+7.54a,b 0.42+0.011a

5 (n=15) 1394.13+9.82b 0.500b

6 (n=14) 1321.21+5.85a,b 0.48+0.011b

7 (n=15) 1799.93+43.58¢ 0.78+0.011c

8 (n=15) 1883.07+10.95¢ 0.80+0c

9 (n=13) 1994.15+10.16d.f 0.88+0.012d,e
10 (n=13) 1966.08+8.93e,f 0.84+0.014c,e
11 (n=15) 2076.0011.08d 0.90+0d

Effects on mortality

Larval mortality was significantly affected by mgen treatment and environment of
origin (Table 3). Treatments involving high congatibns of ammonium, both isolated
and combined with other nitrogenous compoundst(treats 3, 10 and 11), increased
larval mortality in relation to the rest of treatme (Fig. 2). This severe effect of high
concentration of ammonium compared with lower cotetion was also observed
when the effects of this compound were analysedraggly (Table 4). In addition, the
separate analysis on the treatments with nitritewsld that exposure to nitrite in

combination with ammonium and nitrate significanthcreased larval mortality as
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compared to exposure to nitrite only (Table 4, Ry. Larvae from non-polluted
populations showed higher mortality than pollutee® (Fig. 2), as revealed both by the
analysis of all treatments (Table 3) and by thdysea performed for each nitrogenous
compound separately (Table 4). The significant mmwment x treatment interaction
(Table 3) revealed that the pattern of divergemcéaival mortality between different
environments of origin differed across treatmeRtsluted populations had lower larval
mortalities than reference populations only forhhigvels of ammonium, whether
isolated or in combination (Fig. 2, treatments 8, dnd 11, Table 4, significant
environment X concentration interaction) suggestidgferential sensitivity to
ammonium between source environments, possiblycatidig local adaptation to this
toxicant. This environment-specific response alssa when the effect of ammonium
was analysed separately, which also revealed ltleaexposure to the combination of
nitrogenous compounds aggravated the effects tdtesb ammonium to some degree,

as suggested by the significant concentration xurexinteraction (Table 4).
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Table 3. Summary statistics for the GLZ and GLM analyses martality, food
consumption and final mass of larvaeRofpereziin the laboratory. Significant values

are shown in bold.

Variable Source of variation df X? P

Mortality Environment 1 15,481 0.0001
Population(Environment) 2 3,223 0.200
Treatment 10 65,667 0.0001
Environment x Treatment 10 23,068 0.011
Population(Environment) x Treatment 20 21,887 0.34
Source of variation df df F P

numerator denominator

Food Environment 1 1.991 12.319 0.073

consumption
Population(Environment) 2 16.866 0.573 0.575
Treatment 10 17.987 121.553 0.0001
Environment x Treatment 10 18.058 5.949 0.001
Population(Environment) x Treatmeni.7 166 3.048 0.0001

Final weight  Environment 1 2.000 1.829 0.309
Population(Environment) 2 24.454 13.020 0.0001
Treatment 10 20.382 1.721 0.144
Environment x Treatment 10 20.453 0.881 0.565
Population(Environment) x Treatment 19 169 1.445 11D
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concentration for the different ions used in thesent study. Treatment codes are shown in brafegsTable 1 for details).
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Effects on averaged food consumption

The amount of food consumed by larvae was sigmfigaaffected by nitrogen
treatment (Table 3). Exposure to nitrogenous comgsproduced lower feeding rates
than in control larvae (planned comparisoieg= 292.024, P = 0.0001). Additionally,
larvae exposed to nitrogenous mixtures consumenifisigntly less food than those
exposed to individual pollutants (Fig. 3), as réeday the analysis of the effect of all
treatments (Table 3) and by the separate analystheoeffect of each nitrogenous
compound (Table 4). Food consumption responseserddf among the studied
populations (significant environment x treatmenteiaction, P < 0.001, Table 3).
Polluted populations ate more food than non-pailygepulations in the treatments with
higher levels of nitrite (Fig. 3, treatments 5 ahtl), whereas the amount of food
consumed was lower than in the case of non-pollgiggulations for the treatment
involving low concentration of ammonium (Fig. 3edtment 2). When separate
analyses were performed for each nitrogenous contholarvae from polluted
populations ate more food than non-polluted popardat when they were exposed to
ammonium in combination with nitrite and nitrateaple 4, Fig. 3, treatments 8-11) and
when they were exposed to high levels of nitritak€ 4, Fig. 3, treatments 5, 9 and
11). Moreover, significant concentration x mixtunéeractions were observed for the
separate analysis for ammonium and nitrite (Taplesdggesting that the combination
of nitrogenous compounds severely reduced the ahafdood consumed by larvae as

compared to the exposure to ammonium and nitriteeal
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Effects on final mass

Final larval mass was unaffected by treatment, renment of origin, or their
interaction. Only population (nested within envinment) significantly affected final
mass (Table 3). Larvae from P1 reached a greaer(fshal mass, mean = 1SE: 0.350 +
0.023 g, N = 53) than larvae from the other popaoiet (final mass, mean + 1SE: C1:
0.178 £ 0.017 g, N = 55; C2: 0.191 + 0.013 g, N/A B2: 0.211 £ 0.019 g, N = 47)
(Table 3). This pattern was also observed whenetfect of ammonium, nitrite and
nitrate was analysed separately (Table 4). Thegarate analyses, however, revealed
that the treatments with high concentrations of amom and nitrite led to lower final
mass in the tadpoles than lower concentrationshe$d toxicants (Table 4, Fig. 4).
Moreover, this decrease in mass at high conceottrati nitrite was more pronounced
when nitrite was combined with other nitrogen forfhable 4, Fig. 4, treatments 9 and

11).
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DISCUSSION

The results obtained indicated three basic cormhssi (1) Exposure oP. perezi
tadpoles to nitrogenous treatments strongly redutadal survival and food
consumption and caused a slight decrease in fimahll mass. (2) Exposure to pollutant
combinations produced more severe effects in cgldt nitrogenous compounds acting
isolately for the response variables larval mastadind food uptake. (3) A noticeable
degree of interpopulational variation was detected larval mortality and food
consumption; larvae from polluted sites being ntoterant than those from low nitrate
stress environments.

Previous studies have reported that exposure tolbigls of ammonium (Jofre &
Karasov, 1999; Schuytema & Nebeker, 1999a), ni(Narcoet al, 1999; Griffis-Kyle,
2005, 2007; Maciast al, 2007; Shinnet al, 2008) and nitrate (Baker & Waights,
1993, 1994; Schuytema & Nebeker, 1999a,b; Smeithal, 2005) increase larval
amphibian mortality. The present study indicatest thhigh concentrations of
ammonium, whether isolated or combined with oth#grogen compounds, caused
significant mortality. Moreover, when the effects @ach compound were analysed
separately, a significant increase of larval mastakas detected when nitrite acted in
combination with ammonium and nitrate as compaceist effect as a single stressor.
This apparent lack of effect of nitrate and nitntden they act as single stressors
supports previous studies on several frog spe8estli et al, 2004;Vaaleet al, 2004;
Smith, 2007). The existence of an effective detoatfon pathway may explain the
observed tolerance to nitrite and nitrate ionshas been hypothesized fbithobates
catesbeianusadpoles suffering short-term nitrite exposure (yH8eBeitinger, 1980a).

Additionally, the chlorides present in the dechiated tap water used in the experiment

131



Capitulo 4

(110 mg CVI) (or any other monovalent ion) may have competéti nitrite for ionic
uptake sites on the respiratory surface (Huey &iBger, 1980a,b), reducing its overall
uptake and, consequently, its effects. These ceraidns emphasize the importance of
performing physiological studies to identify the chanisms underlying the divergent
tolerance levels of the studied species to differdnogenous compounds.

The general reduction in food ingestion observedthe presence of high
nitrogenous concentrations also supports previdudies (Baker & Waights, 1993,
1994; Hecnar, 1995; Xu & Oldham, 1997; but see WatOldham, 1995). Since
treatments were renewed every two days, prevemtiga growth, no alternative food
source was available in the experimental beakeoseMer, the effects observed cannot
be attributed to the fact that larvae exposed tlufgal treatments were more inactive,
since larval activity level increased for thoseatmeents significantly affecting this
response variable (Egea-Serraeb al, chapter 5 in the present thesis). Thus, the
observed lower food consumption may either be deghias a disturbance response of
the symbiotic gut bacteria involved in digestiore@idar, 1995) or an alteration in the
chemosensory system of the larvae, which is esderfor food detection
(Veeranagoudaet al, 2004). However, these arguments do not explanctmtrary
trend observed in larvae exposed to high conceémtiaiof ammonium and nitrite (for
polluted populations), which increased their foptake. A possible explanation for this
enhanced ingestion may be the need to satisfy rfheeased energetic costs that
detoxification pathways would demand (Wright & Whig1996).

The exposure to nitrogenous compounds has beemstwoproduce a diversity of
responses in amphibian larvae growth in laboratonyditions. Some studies observed
no significant effect of fertilizers on final larvaize (Hecnar, 1995; Vaakt al, 2004,

Smithet al, 2005), whereas others mentioned that such expoeduced the final size
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of the larvae (e.g. Griffis-Kyle, 2007; Shiret al, 2008). Considering the separate
analyses for each compound, our results would stipipis last scenario (at least in the
case of ammonium and nitrite), although no sigaificeffects were detected when the
data for the eleven treatments included in thegmtestudy were considered jointly. As
treatments significantly affected the amount of doconsumed, we predicted that
treatments where larvae consumed greater amoumt®adfwould lead to a larger final
mass. However, this prediction was not supportedahy significant relationship
between final mass and food consumed (Pearsonlatiore r = 0.042, P = 0.546, n =
206). Larval growth may be affected by the physicochemateracteristics of water
such as pH or temperature (Alvarez & Nicieza, 20BRs et al, 2003). In our studly,
these parameters did not significantly differ aasl,a consequence, their effect on the
results recorded may be insignificant. Neverthel#ssse treatments corresponding to
high concentration of nitrate, as well as to thetores of nitrogenous compounds,
showed significantly higher water conductivity asalinity than the rest. Exposure to
these conditions may have induced osmotic streas dffected growth, such as
described in previous studies (Gémez-Mestral, 2004; Ortiz-Santaliestra, 2008) and
which may have biased the results obtained. Intiaddlithe increased energetic costs
that detoxification pathways may involve in the easf the exposure to high
concentrations of ammonium and, for P1 and P2 @diouis, nitrite (Wright & Wright,
1996) would probably have led to a lack of effectfimal mass, in spite of the increased
amount of food consumed by larvae exposed to ttieagments. Further physiological
studies are needed to identify the mechanisms nssile for the apparent lack of effect
of individual pollution treatments on final larvalass inP. perezi Nevertheless, to
fully assess the consequences of nitrogenous pollutn larval mass in the studied

species, experiments in more natural environments reeeded since nitrogenous
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compounds may have indirect effects through theratbn of primary producers and
microbial communities (Carpentet al, 1998; Fenret al, 2003), which may produce
positive effects on the mass of surviving tadp@éeg. De Wijeret al, 2003).

The exposure to cocktails of fertilizers and otlstressing factors, such as
pesticides (Booneet al, 2005), UV-B radiation (Hatch & Blaustein, 2000003;
Maciaset al, 2007) or low pH (Hatch & Blaustein, 2000) mayeatf amphibian larvae
more severely than when they are exposed to tlaeser$ acting in isolation (but see
Boone & Bridges-Britton, 2006). The response tmektail of stressors may be either
additive or synergistic (Berenbaum, 1989). In thespnt study, the exposure of larvae
to the combination of different nitrogenous compdairat different concentrations
affected larval mortality and food consumption meeverely than the exposure to
single compounds, in contrast to previous studresvhich no different effects were
recorded in relation to those produced by isoldetbrs (Ortoret al, 2006) or control
treatments (Boone & Bridges-Britton, 2006). Moregvehe separate analyses
performed for each one of the nitrogenous compoustdslied suggests that the
exposure to the combination of such compounds wbakk a synergistic effect on
mortality, food consumption and even final massvéiitheless this interpretation needs
to be considered cautiously because the greatestedf the combination of nitrogenous
compounds may be due to their higher total amof@imitcogen, rather than to a true
interaction among compounds. More research invglvyrairwise combinations of
pollutants is needed to evaluate the effects obgénous mixtures independently of the
cumulative nitrogen effects and to properly assebgther such mixtures interact
synergisticaly or additively.

The response to nitrogenous pollution differed leetv populations that were

naturally exposed to different levels of nitrogesqollution in their aquatic habitats.
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As regards larval mortality, two populations breedin polluted habitats expressed
higher tolerance to ammonium both alone and in ¢oatibn with nitrate and nitrite
than two other reference populations exposed te@dawtrient concentrations in their
environments. This result would suggest that pdmra breeding in habitats exposed
to high levels of toxicant nitrogenous compoundy imave evolved rapidly in response
to environmental nitrification in a pronounced pss of selection. This hypothetical
rapid evolution, presumably caused by the inteasmihg activities developed in the
polluted areas during the past three decades, mpatble with the idea that
environmental stress, especially stress of conteanpanthropogenic origin, such as
chemical pollution, is a strong force generatingaloadaptations and rapid evolution
(Hoffmann & Hercus, 2000; Meyer & Di Giulio, 200&arroll et al, 2007). Previous
studies revealed interpopulational variations ia tblerance to fertilizers of different
amphibian species (Hecnar, 1995; Johansgoal, 2001; Hatch & Blaustein, 2003;
Maciaset al, 2007; Shinret al, 2008), and local adaptation has also been sugjest
(e.g. Johanssoet al, 2001, inRana temporarigpopulations). In our case, the studied
populations have been exposed to different nutwencentration only during the last
few decades (Vidal-Abarcet al, 2000; Ballester, 2003). Additionally, they belotag
the same river basin and are located relativelgecto each other, which may preclude
strong demographic isolation between them. Althowgh have no information on
population genetic structure, we could hint that plattern of population divergence in
P. perezi populations in nitrogenous compounds tolerancecascordant with an
adaptive process involving natural selection. Hosvegome caution is needed because
the differences among populations do not appeasistamt with regard to their origin,
since the pattern observed for larval mortality dloet ensue in the case of food

consumption and final mass. Moreover, other faatoay mask the divergent responses.
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For instance, egg masses were collected directllyarfield, and, therefore, we can not
discount the possibility that selective mortalitydéor acclimatization process could be
responsible for the responses observed (Freda &®yrl984; Rasanest al, 2003).
Furthermore, no data exist on the heritable genstechanisms for nitrogenous
compound tolerance and so, population divergencg beathe response to other
environmentally based sources such as maternateffRasanen & Kruuk 2007). All
these considerations make it difficult to asseedrterpretation of an adaptive response

of populations to increased levels of eutrophicatio

REFERENCES

Alvarez, D. & Nicieza, G. 2002. Effects of temperat and food quality on anuran
larval growth and metamorphosis. Functiional Ecg)ddg: 640-648.

Baker, J. & Waights, V. 1993. The effect of sodinitrate on the growth and survival
of toad tadpolesBufo bufg in the laboratory. Herpetological Journal, 3: 11418.
Baker, J.M.R. & Waights, V. 1994. The effects ofratie on tadpoles of the treefrog

(Litoria caeruleg. Herpetological Journal, 4: 106-108.

Ballester, R. (dir). 2003.0s humedales de la Region de Murcia: Humedalesmblas
de la Region de MurciaDireccion General del Medio Natural, Consejeré&a d
Agricultura, Agua y Medio Ambiente, Region de M@rci

Beebee, T.J.C. & Griffiths, R.A. 2005. The amphib@ecline crisis: a watershed for
conservation biology? Biological Conservation, 12%1-285.

Berenbaum, M.C. 1989. What is synergy? Pharmacdb&ieviews, 41: 93-141.

136



Impact of nitrogenous compounds Balophylax pereZitness

Boone, M.D. & Bridges-Britton, C.M. 2006. Examiningnultiple sublethal
contaminants on the gray treefrogy(a versicolo): effects of an insecticide,
herbicide and fertilizer. Environmental Toxicologgd Chemistry, 25: 3261-3265.

Boone, M.D.; Bridges, C.M.; Fairchild, J.F. & Latl E.E. 2005. Multiple sublethal
chemicals negatively affect tadpoles of the greeag,f Rana clamitans
Environmental Toxicology and Chemistry, 24: 126742

Burgett, A.A.; Wright, C.D.; Smith, G.R., Fortune,T. & Johnson, S.L. 2007. Impact
of ammonium nitrate on wood frogR&na sylvatica tadpoles: effects on
survivorship and behavior. Herpetological Conseoveand Biology, 2: 29-34.

Camargo, J.A.; Alonso, A. & Salamanca, A. 2005rdNé toxicity to aquatic animals: a
review with new data for freshwater invertebratésemosphere, 58: 1255-1267.

Carpenter, S.; Caraco, N.F.; Correll, D.L.; HowafW.; Sharpley, A.N. & Smith,
V.H., 1998. Nonpoint pollution of surface watergwphosphorous and nitrogen.
Ecological Applications, 8: 559-568.

Carroll, S.P.; Hendry, A.P.; Reznick, D.N. & FoxV& 2007. Evolution on ecological
time-scales. Functional Ecology, 21: 387-393.

De Wijer, P.; Watt, P.J. & Oldham, R.S. 2003. Anipain decline and aquatic
pollution: effects of nitrogenous fertiliser on gwal and development of larvae of
the frogRana temporariaApplied Herpetology, 1: 3-12.

Diaz-Paniagua, C. 1990. Temporary ponds as breaitegf amphibians at a locality
in Southwestern Spain. Herpetological Journal 47-453.

Docampo, L. & Vega, M.M. 1990. Contribucién al efitu de la alimentacion de
Barbus bocagef{Steindachner, 1866phoxinus phoxinuf.innaeus, 1758) Rana

perezi(Seoane, 1885) en rios de Bizkaia. Sci. Ger. 16,3

137



Capitulo 4

Egea-Serrano, A.; Oliva-Paterna, F.J. & Torralva, 2005. Seleccion de habitat
reproductor poRana perezSeoane, 1885 en el NO de la Region de Murcia (SE
Peninsula Ibérica). Revista Espafiola de Herpewm|d§: 113-125.

Egea-Serrano, A.; Tejedo, M. & Torralva, M. 2009stilating mean lethal
concentrations of three nitrogenous compounds foe tberian waterfrog,
Pelophylax perez(Seoane, 1885), larvae. Revista Espafiola de Heopé, 23:
en prensa.

Fenn, M.E.; Baron, J.S.; Allen, E.B.; Rueth, H.MMydick, K.R.; Geiser, L.;
Bowman,W.D.; Sickman, J.O.; Meixner, T.; JohnsorWD& Neitlich, P. 2003.
Ecological effects of nitrogen deposition in thesteen United States. BioScience,
53: 404-420.

Freda, J. & Dunson, W.A. 1984. Sodium balance oplabian larvae exposed to low
environmental pH. Physiological Zoology, 57: 433344

Galloway, J.N.; Aber, J.D.; Erisman, J.W.; SeitangS.P.; Howarth, R.W.; Cowling,
E.B. & Cosby, B.J. 2003. The nitrogen cascade. @erse, 53: 341-356.

Glos, J.; Grafe, U.; Rédel, M.O. & Linsenmair, KE03. Geographic variation in pH
tolerance of two populations of the European comrfrog, Rana temporaria
Copeia, 2003: 650-656.

GOmez-Mestre, |.; Tejedo, M.; Ramayo, E. & Estega, 2004. Developmental
alterations and osmoregulatory physiology of adaanuran under osmotic stress.
Physiological and Biochemical Zoology, 77: 267-274.

Gosner, K.L. 1960. A simplified table for staginmleryos and larvae with notes on

identification. Herpetologica, 16: 183-190.

138



Impact of nitrogenous compounds Balophylax pereZitness

Griffis-Kyle, K.L. 2005. Ontogenic delays in effsciof nitrite exposure on tiger
salamandersAmbystoma tigrinum tigrinumand wood frogs Rana sylvatica
Environmental Toxicology and Chemistry, 24: 152215

Griffis-Kyle, K.L. 2007. Sublethal effects of nitiei on eastern tiger salamander
(Ambystoma tigrinum tigrinumand wood frog Rana sylvatica embryos and
larvae: implications for field populations. Aquafioxicology, 41: 119-127.

Hatch, A.C. & Blaustein, A.R., 2000. Combined effeof UV-B, nitrate and low pH
reduce the survival and activity level of larvalsCades frogsRana cascadge
Archives of Environmental Contamination and Toxa@, 39: 494-499.

Hatch, A.C. & Blaustein, A.R. 2003. Combined effeof UV-V radiation and nitrate
fertilizer on larval amphibians. Ecological Applimmns, 13: 1083-1093.

Hecnar, S.J. 1995. Acute and chronic toxicity ofnammium nitrate fertilizer to
amphibians from Southern Ontario. Environmentaliobogy and Chemistry, 14:
2131-2137.

Hoffmann, A.A. & Hercus, M.J. 2000. Environmenttaikss as an evolutionary force.
Bioscience, 50: 217-226.

Holland, E.A.; Braswell, B.H.; Sulzman, J. & Lamaej J.F. 2005. Nitrogen deposition
onto the United States and western Europe: symstlegsibservations and models.
Ecological Applications, 15: 38-57.

Houlahan, J.E.; Findlay, C.S.; Schmidt, B.R.; MeyarH. & Kuzmin, S.L. 2000.
Quantitative evidence for global amphibian popolatieclines. Nature, 404: 752-
755.

Huey, D.W. & Beitinger, T.L., 1980a. Hematologice¢sponses of larvaRana
catesbeiana to sublethal nitrite exposures. Bulletin of Enwvinoental

Contamination and Toxicology, 25: 574-577.

139



Capitulo 4

Huey, D.W. & Beitinger, T.L. 1980b. Toxicity of mite to larvae of the salamander
Ambystoma texanunBulletin of Environmental Contamination and Tam{mgy,
25: 909-912.

Jofre, M.B. & Karasov, W.H. 1999. Direct effectahmonia on three species of North
American anuran amphibians. Environmental Toxicpland Chemistry, 18:
1806-1812.

Johansson, M.; Rasénen, R. & Merila, J. 2001. Cosgaof nitrate tolerance between
different populations of the common frdgana temporariaAquatic Toxicology,
54:1-14.

Llorente, G.A. & Arano, B. 1997Rana pereziPp. 164-166jn: Pleguezuelos, J.M.
(ed.),Distribucion y Biogeografia de los anfibios y régdi en Espafia y Portugal.
Asociacion Herpetoldgica Espafola-Universidad den@da, Granada.

Llorente, G.A.; Montori, A.; Carretero, M.A. & Sa#, X. 2002Rana pereziPp. 126-
128, in: Pleguezuelos, J.M.; Marquez, R. & Lizana, M. (gd&stlas y Libro Rojo
de los Anfibios y Reptiles de Espafzreccion General de Conservacion de la
Naturaleza-Asociacion Herpetoldgica Espafiola, Madri

Macias, G.; Marco, A. & Blaustein, A.R. 2007. Comdad exposure to ambient UVB
radiation and nitrite negatively affects survivdl amphibian early life stages.
Science of the Total Environment, 385: 55-65.

Marco, A. & Ortiz-Santaliestra, M.E., in press. lagp of reactive nitrogen on
amphibians. In: Heatwole, H. (EdAmphibian Biology, Vol. 8, Conservation of
amphibians. Chapter.7

Marco, A.; Quilchano, C. & Blaustein, A.R. 1999.nS#ivity to nitrate and nitrite in
pond-breeding amphibians from the Pacific NorthwddSA. Environmental

Toxicology and Chemistry, 18: 2836-2839.

140



Impact of nitrogenous compounds Balophylax pereZitness

Martin, J.; Luque-Larena, J.J. & LOpez, P. 2006.l/lectve detection in escape
responses of temporary groups of Iberian greensfr@ghavioral Ecology, 17:
222-226.

Meyer, J.N. & Di Giulio, R.T. 2003. Heritable adagpon and fitness costs in killifish
(Fundulus heteroclitysnhabiting a polluted estuary. Ecological Appticas, 13:
490-503.

Ortiz, M.E.; Marco, A.; Saiz, M. & Lizana, M. 200#mpact of ammonium nitrate on
growth and survival of six European amphibians. hives of Environmental
Contamination and Toxicology, 47: 234-239.

Ortiz-Santaliestra, M.E. 200&fectos de la contaminacion por nitrégeno sobre la
reproduccién y el desarrollo de anfibid8h D Thesis, University of Salamanca.

Orton, F.; Carr, J.A. & Handy, R.D. 2006. Effectsmitrate and atrazine on larval
development and sexual differentiation in the Nemthleopard frodRana pipiens
Environmental Toxicology and Chemistry, 25, 65-71.

Pechmann, J.H.K.; Scott, D.E.; Semlitsch, R.D.;d@all, J.P.; Vitt, L.J. & Gibbons,
J.W. 1991. Declining amphibians populations: thebpm of separating human
impacts from natural fluctuations. Science, 2532-895.

Pérez, M.T. & Lemeunier, G. 2003. Los sistemasraagale la region murciana durante
medio milenio (1500-2000). Pp. 170-20Q;, Esteve, M.; Lloréns, M. & Martinez,
C. (eds.), Los recursos naturales de la Regiébn de Murcia. Umaligis
interdisciplinar. Universidad de Murcia, Murcia.

Rasénen, K. & Kruuk, L.E.B. 2007. Maternal effeatgl evolution at ecological time-
scales. Functioal Ecology, 21: 408-421.

Rasénen, K.; Laurila, A. & Merilg, J. 2003. Geodriaprariation in acid stress tolerance

of the moor frogRana arvalis |. Local adaptation. Evolution, 57: 352-362.

141



Capitulo 4

Rist, L.; Semlitsch, R.D.; Hotz, H. & Reyer, H.V997. Feeding behavior, food
consumption and growth efficiency of hemiclonal gradental tadpole of thRana
esculentacomplex. Functional Ecology, 11: 735-742.

Ritter, W.F. & Bergstrom, L. 2001. Nitrogen and erguality. Pp. 59-90n: Ritter,
W.F., Shirmohammadi, A. (eds.)Agricultural nonpoint source pollution:
Watershed management and hydroldggwis Publishers, Boca Raton.

Schuytema, G.S. & Nebeker, AV. 1999a. Comparagffects of ammonium and
nitrate compounds on Pacific treefrog and Africeawed frog embryos. Archives
of Environmental Contamination and Toxicology, 360-206.

Schuytema, G.S. & Nebeker, A.V. 1999b. Effectsmafreonium nitrate, sodium nitrate,
and urea on red legged frogs, Pacific treefrogsAindan clawed frogs. Bulletin
of Environmental Contamination and Toxicology, 837-364.

Shinn, C.; Marco, A. & Serrano, L. 2008. Inter- amdra-specific variation on
sensitivity of larval amphibians to nitrite. Cherpbsre, 71: 507-514.

Smith, G.R. 2007. Lack of effect of nitrate, n#titand phosphate on wood frdgafa
sylvaticg tadpoles. Applied Herpetology, 4: 287-291.

Smith, G.R.; Temple, K.G.; Vaala, D.A. & Dingfeldét.A. 2005. Effects of nitrate on
the tadpoles of two ranidRé&na catesbeianand R. clamitank Archives of
Environmental Contamination and Toxicology, 49: &&2.

Smith, G.R.; Vaala, D.A.; Dingfelder, H.A. & TemplK.G. 2004. Effects of nitrite on
bullfrog (Rana catesbeianatadpoles from central Ohio, USA. Bulletin of
Environmental Contamination and Toxicology, 72: 240D16.

Statsoft, 2001. STATISTICA (Data analysis softwagstem) Version 6. StatSoft,

Tulsa.

142



Impact of nitrogenous compounds Balophylax pereZitness

Stuart, S.N.; Chanson, J.S.; Cox, N.A.; Young, BRadriguez, A.S.L.; Fischman, D.L.
& Waller, R.M. 2004. Status and trends of amphibiaeclines and extinctions
worldwide. Science, 306: 1783-1786.

Tejedo, M. 2003. El declive de los anfibios. Laialiftad de separar las variaciones
naturales del cambio global, in: Rubio, X. (Ed. tonservacion de los Anfibios
en Europa. Munibe, 16:19-41.

Tilman, D.; Fargione, J.; Wolff, B.; D"Antonio, Jobson, A.; Howarth, R.; Schindler,
D.; Schlesinger, W.H.; Simberloff, D. & Swackhamd&», 2001. Forecasting
agriculturally driven global environmental chan§eience, 292: 281-284.

Vaala, D.A.; Smith, G.R.; Temple, K.G. & Dingfelded.A. 2004. No effect of nitrate
on gray treefrogHyla versicoloj tadpoles. Applied Herpetology, 1: 265-269.
Veeranagoudar, D.K.; Shanbhag, B.A. & Saidapur,. 2804. Mechanism of food
detection in the tadpoles of the bronze fRana temporalisActa Ethologica, 7:

37-41.

Vidal-Abarca, M.R.; Montes, R.; Ramirez-Diaz, L.Suarez, M.L. 1987. El clima de la
cuenca del Rio Segura (S.E. de Espafa): factoreslaygontrolan. Anales de
Biologia, 12: 1-28.

Vidal-Abarca, M.R.; Suarez, M.L.; Moreno, J.L.; Gém R. & Sanchez, |. 2000.
Hidroquimica de un rio de caracteristicas semiari(Rio Chicamo: Murcia).
Andlisis espacio-temporal. Limnética, 18: 57-73.

Vitousek, P.M.; Aber, J.; Howarth, R.W.; Likens,E5. Matson, P.A.; Schindlerm,
D.W.; Schlesinger, W.H. & Tilman, G.D. 1997. Humalteration of the global

nitrogen cycle: causes and consequences. Ecoldyiications, 7: 737-750.

143



Capitulo 4

Watt, P.J. & Oldham, R.S. 1995. The effect of amimannitrate on the feeding and
development of larvae of the smooth neWwtiturus vulgaris(L.), and on the
behaviour of its food source, Daphnia. FreshwateloBy, 33: 319-324.

Wright, P.M. & Wright, P.A. 1996. Nitrogen metalmti and excretion in bullfrog
(Rana catesbeianatadpoles and adults exposed to elevated envirotahe
ammonia levels. Physiological Zoology, 69: 1057-8.07

Xu, Q. & Oldham, R.S. 1997. Lethal and sublethdieadt of nitrogen fertilizer
ammonium nitrate on common toadBufo bufg tadpoles. Archives of

Environmental Contamination and Toxicology, 32: -308.

144



CAPITULO 5

EXAMINING THE IMPACT OF THREE NITROGENOUS
COMPOUNDS AND THEIR COMBINATION ON
INACTIVITY LEVEL AND HABITAT USE OF LARVAE

OF PELOPHYLAX PEREZ| (SEOANE, 1885)

Abstract: Several studies have assessed the effects of eioog compounds on
amphibian behavior. However, few have focused a@nédfiects of their combination
with other stressing factors or on the variationtlé tolerance to pollutants among
populations. We analyzed the effect of nitrogenoarspounds (N&f; NO,; NOs', both
alone and in combination) on larval behavior (inat level and habitat use) in four
populations oPelophylax pereanaturally exposed to different levels of eutropliian.
The number of censuses larvae were found inactiveoro the bottom of the
experimental beakers decreased at lower concemtsabf these compounds acting
singly or when low concentration of NOwas combined with NH and NQ.
Additionally, the combination of nitrogenous compds affected more severely the
response variables than when they acted singlyrdicgp to an additive model.
Populations inhabiting highly polluted aquatic hats marginally showed lower
inactivity level than the populations of less pt#ldi environments, which would suggest
the potential to adapt to differing levels of ngemous compounds. However, such
conclusion regarding the studied variables is woictusive since environment-specific
response was not recorded for habitat use, in gyitéhe intra-specific variation
observed for this response variable.

Key words: Populational divergence, nitrogenous compoundspggnous mixtures,
amphibians, habita use, inactivity
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INTRODUCTION

Human activities, such as farming practices orifdgsl combustion, may increase the
concentration of nitrogenous compounds in the enwirent (Vitouseket al, 1997;
Ritter & Bergstrom, 2001). As a consequence, poliutby such compounds is
widespread (Carpentet al, 1998) and is expected to increase in the futlilenén et
al., 2001; Gallowayet al., 2003). This consideration emphasizes the releyanfc
performing studies to accurately assess the effe€tqitrogenous pollutants on
amphibian populations, since such pollutants haenlsuggested as a major cause for
amphibian decline in several regions of the woBdrer, 1989; Hamesat al, 2004).

The number of studies devoted to analyse the imgfagitrogenous compounds is
growing (see revision Marco & Ortiz-Santaliestrapress). As a result, both lethal and
sublethal effects on amphibian larvae have beeorteg for ammonium, nitrite and
nitrate (e.g. Xu & Oldham, 1997; Maren al, 1999; Griffis-Kyle, 2007). Nevertheless,
the great inter- (Marcet al. 1999) and intraspecific variation (Johanssbral, 2001,
Egea-Serrancet al., 2009) described in relation to the tolerance ttrogenous
compound exposure makes of great relevance to @e¥etther studies to complete the
existing database (Smitlet al, 2005), which would allow to perform proper
management strategies to warrant the conservatitimsogroup of vertebrates.

In spite of most ecotoxicological studies deal witte effects of an isolated
pollutant (Storfer, 2003), the exposure to the cowion of different stressing factors
may exacerbate the impact of such factors actimgatisly through additive or
synergistic responses (Berenbaum, 1989). As regdardertilizers, their combination
with others stressing factors, such as pesticiBesrfeet al., 2005), UV-B radiation

(Hatch & Blaustein, 2000, 2003; Macias al, 2007) or low pH (Hatch & Blaustein,
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2000) may affect amphibian larvae more severelp thihen they are exposed to these
factors acting isolated. In the field, nitrogen@masnpounds are present in combination
with complex cocktails of other factors, includiother nitrogenous compounds (e.g.
Vidal-Abarcaet al, 2000). Nevertheless, the number of studies amgythe impact
that different combinations of nitrogenous compaundhy have on amphibian larvae is
very scarce (Egea-Serraabal, 2009).

Behavior may be defined as the physical manifestatof an organism’s
physiological response to its environment (Clogedt al, 2004). Larval developmental
stages of amphibians have been showed to reduiceatti®ity as a consequence of the
exposure to stressing factors, such as pesticilgsgges, 1997, 1999), UV-B radiation
(Hatch & Blaustein, 2000) or fertilizers (Hecna@95b; Xu & Oldham, 1997; Hatch &
Blaustein, 2000; Shinret al, 2008). This effect may represent severe adverse
consequences for individuals, since a decreasadipote activity may lead to reduced
feeding rates (i.e. reduced energy intake) (Horg®enlitsch, 1994) and competitive
ability (Dayton & Fitzgerald, 2001), affecting soowth and development (Alford &
Harris, 1988). This can make larvae vulnerabledndpdessication (Bridges, 1997) or
to predators by lenghtening larval period (Wilkeiral, 1983). Apart from activity,
pollutants such as nitrogenous compounds may dffdatat use by larvae, which may
also influence feeding rate (Warkentin, 1992) (aitsl implications, previously
described) of larvae and their risk of being consdrby a predator (Tarr & Babbitt,
2002). The impact that these considerations mayesept on long-term population
viability makes of great importance to include babeal endpoints in ecotoxicological
studies (Hatch & Blaustein, 2000), specially coesiay that they are easy to record and

that they may be more sensitive than other paras@féarneret al, 1966).
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The aims of the present study were 1) to deterriireeffects of the exposure to
different concentrations of ammonium chloride, sadlinitrite and sodium nitrate, and
to some of their combinations on inactivity and itetbuse of larvae oPelophylax
perezj and, 2) to evaluate whether there are evidentetivergence in populations
undergoing different levels in nitrogenous pollatithat may ground for genetic
adaptation in the tolerance to differing levelsitmogen toxicity.

P. pereziis a waterfrog that widespread through the IberRaminsula and
Southern France (Llorente & Arano, 1997) inhabitginty permanent water bodies
(Diaz-Paniagua, 1990). These habitats, as a coaseguf farming practices (one of
the most important nitrogen sources in the naterg. Ritter & Bergstrom, 2001), may
hold high concentrations of different nitrogen faernte.g. for southeastern Iberian
Peninsula, point simple sample: 154.6 mg4MH 74.4 mg NQ/I; 333 mg NQ1,
Suarez, personal communication). So, this specightnibe threatened by nitrogen
pollution through all its life cycle, because iegswvater bodies as shelter from predators
(Martin et al, 2006) and as foraging (Docampo & Vega, 1990) larekding habitat
(Egea-Serranceet al., 2005). Nevertheless, the wide distribution rammjeP. perezi
makes possible the existence of interpopulatioaaiation as regards its tolerance to
different levels of eutrophication, as has beerwshim other settings (Johansseinal,
2001; Egea-Serranet al, 2009). This consideration, together with the &xise of
different nitrogenous ions in the field which magt pintly, points out the relevance of
analysing the interpopulational variation and tiffeat of multiple nitrogen forms on
behavioral endpoints to accurately assess the imgplaaitrogenous pollution on a

widespread distributed amphibian species.
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MATERIAL AND METHODS

Studied populations

Five different egg masses Bf pereziwere collected from four populations located in
the Segura River Basin in the first fortnight ofrtA2006. This basin has been reported
as one of the most arid of Iberian Peninsula (i&ladrcaet al, 1987), and a trend
towards eutrophication of the water bodies located has been described (Ballester,
2003). The selected populations were naturally segao highly different levels of
nitrogen pollution. Two of these populations, cepending to the permanent headwater
stream Rio Chicamo (38°12°N, 001°03'W; 170.3 nh)aand to the semipermanent
headwater stream Rambla Tejera (38°11°N, 002°07¥97.9 m.a.s.l.) (C1 and C2
hereafter), showed low nutrient concentration ({&$s than 5.1 mg N-NgI (Vidal-
Abarcaet al, 2000); C2: less than 2.1 mg KA unpublished data). The terrestrial
environment of these populations corresponds th loasmarls (C1) or to a mixture of
bush and pine trees on limestone lithology (C2)kdntrast to the previous populations,
the third one is located in another semipermanes@divater stream, Rambla del
Garruchal (37°57°N, 001°04°W; 346.0 m.a.s.l.) (fter@1), which has been exposed at
least for the last 22 years to nitrate concentnadi® high as 162.1 mg NO (Ballester,
2003) due to intensive farming activities and sgogat run-off in its basin. In addition,
its terrestrial environment corresponds with pinees on heterogeneous carbonated
materials but through most of the course of theastr the habitat has been largely
modified, being dominated by intensive cattle exptoons. The fourth population
corresponds to a small artificial pool locatedret Campus of Espinardo of University
of Murcia (38°01°N, 001°10°'W; 96.3 m.a.s.l.) (P2dano data concerning nutrient

concentration levels are available. Neverthelegsodic blooms of filamentous algae
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suggest important levels of eutrophication. Sinkes fpopulation is located at the
campus, its environment corresponds to a periudbadscape. The geographical

separation between populations ranged from 12.00k®%.2 km.

Experimental design and response variables

Developmental stage of embryos when they were aelle ranged from 15 to 21
Gosner’'s stage (Gosner, 1960), not existing diffege among populations in
developmental stage (Chi-square, P > .&nbryos were reared in 12 | glass aquaria
containing dechlorinated tap water (pH= 8.39; catidity= 985 uS/cm; 0.002 mg
NO,/l; 4.69 mg NQ/l). When they reached Gosner’s 25 developmensgestthey
were individually transferred to 1 | plastic beakeontaining 500 ml of the treatment
solutions showed in Table 1. A sample of 13-15 @rpental beakers were randomly
selected for each treatment to measure water pidpdrature (°C), conductivity
(uS/cm) and salinity (g/l). Measurements were takest @fter restoring treatments for
first time. Ammonium, nitritre and nitrate conceattons were prepared using NEH,
NaNQO, and NaNQ@, respectively, and dechlorinated tap water. Fachemn two
concentrations (low or high) were selected to asaesl magnify any subtle effect that
may have not been detected at lower concentralioall cases, these concentrations
were representative of those naturally occurringhm field in the Segura River basin
(e.g. point simple sample: 154.6 mg NH 74.4 mg NQ/I; 333 mg NQ7/I, Suéarez,
personal communication). Larvae were fed everyetla@ys with dry dog chow pellets

(250-350 mg).
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Table 1. Treatments to larvae &elophylax perezavere exposed in the present study.

Treatment Concentration
1 0
2 1.35 mg NH'/I
3 13.5 mg NH'/I
4 6.67 mg NG/I
5 66.7 mg NG/I
6 36.47 mg N@/I
7 364.7 mg N@/I
8 1.35 mg NH'/l + 364.7 mg N@/I + 6.67 mg NQ/I
9 1.35 mg NH'/I + 364.7 mg N@/I + 66.7 mg NQ/I
10 13.5 mg NH'/I + 364.7 mg N@/I + 6.67 mg NQ/I
11 13.5 mg NH'/I + 364.7 mg N@/I + 66.7 mg NQ/I

Larvae were exposed to the chemicals for 21 conisecdays in a laboratory at a
roughly constant temperature (25° C) and with imdaghting of 12:12 h dark:light
cycle. Water was renewed and treatments restoredy dwo days. For C1 and C2
populations, each treatment was replicated seveestiwhereas for the rest of studied
populations, was five times due to differencesnmbe/o survival. At days 2, 4, 7, 14
and 21 after the beginning of the experiment, indgt(defined as absence of tail or
feeding movements) and habitat use (recorded whkthae were on the bottom of the

experimental beakers) were recorded by point sinmathod.
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Water physicochemical characteristics were analyssghrately using one-way
ANOVA with treatment as factor. Larval inactivitynaé habitat use were analysed
separately by General Linear Models (GLM). Numblecensuses larvae were detected
either inactive or on the bottom of the experimkbtakers were used as dependent
variables and environment of origin (control vslpd), population (nested within
environment), treatment and their interactions mdependent factors. Only larvae
surviving at the end of the experiment were inctudethe analyses. We used post hoc
HSD Tukey tests for pair-wise comparisons for tieatment factor. Additionally, each
nitrogenous compound was analysed separately @r gtadied variable to examine in
more detail the effects of compound concentratenms mixtures. To do so, treatments
containing the compound of interest were selectetlassigned the proper category of
the factors concentration (low or high) and mixt(sigle or combined with the rest of
compounds, regardless their concentration). Enmient of origin, concentration,
mixture and their different interactions were ird#d as factors. To analyze for the
effect of population of origin, this factor was @lscluded in the analyses, nested
within environment.

All variables were log- transformed (log(x + 1))n@lyses were performed with
SPS$ v. 15.0 statistical package. In all cases a sicprit level of 5% was selected and

descriptive statisticals were expressed as meaSE.1

RESULTS

Water physicochemical characteristics

Treatments did not affect either water pHyo(ks 1.4; P= 0.167) or temperature

(F10,145= 0.4; P= 0.925). Nevertheless, water conductiffy 145 390; P= 0.0001) and
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salinity (Fo146= 524.33; P= 0.0001) were significantly higher tbose treatments
showing high concentrations of ammonium, nitritel amtrate, isolated or combined

(Table 2).

Table 2. Measured water physicochemical characteristicsame 1SE) for the
treatments used in the present study. Lowercasaddhdicate homogenous groups of
pairwise comparisons (HDS Tukey's test, 5%) for the effect of treatment on the

physicochemical characteristics of water in theegxpental beakers.

Treatment Conductivity (1S/cm) Salinity (gr/l)

1 (n=15) 1265.73+4.85 0.41+0.007
2 (n=15) 1274.80+4.79 0.41+0.007
3 (n=15) 1345.80+4.93 0.50+C
4 (n=15) 1288.33+7.54 0.42+0.01%
5 (n=15) 1394.13+9.82 0.50+¢
6 (N=14) 1321.21+45.8% 0.48+0.01%
7 (n=15) 1799.93+43.58 0.78+0.01%
8 (n=15) 1883.07+10.95 0.80+0
9 (n=13) 1994.15+10.16 0.88+0.013°
10 (n=13) 1966.08+8.93 0.84+0.014°
11 (n=15) 2076.00+11.68 0.90+(

Effects on inactivity

Treatments significantly affected larval inactivifyable 3). The number of censuses
that larvae exposed to control treatment were dembrinactive was higher than for
those exposed to treatments 6, 8 and 10. Addiligntie exposure to treatment 8
reduced larval inactivity in relation to treatmén(Fig. 1). Although population (nested

within environment) did not affected larval inadtyy the environment of origin showed
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marginal effects (Fro05= 15.531; P= 0.059; Table 3), being larvae from temn
environments detected inactive more number of c@Essurhe results obtained does not
suggest the existence of population-specific toleeato the treatments considered,
since neither the interaction Environment x Treatmenor Treatment X

Population(Environment) were significant (Table 3).

Table 3. Summary statistics for the GLM analyses performedhabitat use and
inactivity level of larvae ofPelophylax pereziexposed to different nitrogenous

treatments (significant values appear in bold).

Source of Variation df df F P

numerator denominator

Inactivity
Environment 1 2.006 15531 0.059
Population (Environment) 2 26.880 1.405 0.263
Treatment 10 21.162 4.124 0.003
Environment x Treatment 10 21.264 1.089 0.413
Treatment x Population (Environment) 19 171 1.037 .42P
Habitat use
Environment 1 1.999 0.152 0.734
Population (Environment) 2 23.505 2.143  0.140
Treatment 10 20.262 2.069 0.079
Environment x Treatment 10 20.320 0.169  0.997
Treatment x Population (Environment) 19 171 1.760 0.031
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Separate analyses for each compound revealedréaament enriched with high
concentrations of ammonium (treatments 3, 10, thjtate (treatments 5, 9, 11) led to
higher larval inactivity level than lower conceribas of these ions (Table 4, Fig. 1).
Moreover, the combination of nitrite with othermgenous compounds (treatments 8-
11) reduced the inactivity level of larvae in reatto its effect acting isolately (Table
4, Fig. 1). This response was more pronounceddbuted populations than for control

populations (Table 4; Fig. 1).
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Table 4. Summary statistics for the GLM analyses on inatstignd habitat use of larvae Bf pereziin the laboratory for particule

nitrogenous elements: NH NO,, and NQ', individually and in combinatiorSignificant values are shown in bold. ndf:numerategree:

of freedom; ddf: denominator degrees of freedom.

NH," NO, NO7
Variable Source of variation ddf F P ndfdf F P ddf F P
Inactivity Environment: ENV 3.2209.6485 0.0482 1 2.250 11.9281 0.0629 1 3.089 8.8621 0.0566
Population(ENV) 92 1.2739 0.2846 2 103 0.9886 3796 2 105 1.2391 0.2939
Concentration (CON) 92 3.9837 0.0489 1 103 8.9837 0.0034 1 105 3.5761 0.0614
Mixture (MIX) 92 0.8252 0.3661 1 103 9.0825 0.0032 1 105 3.5391 0.0627
CON x MIX 92 0.0704 0.7913 1 103 0.4912 0.4850 NM NM NM NM
ENV x CON 92 1.0735 0.3029 1 103 0.1120 0.7386 1 105 0.7125 0.4005
ENV x MIX 92 0.8058 0.3717 1 103 4.8799 0.0294 1 105 1.5885 0.2103
ENV x CON x MIX 92 0.4612 0.4988 1 103 0.0006 0.9806 NM NM NM NM
Habitat use Environment: ENV 2.479.4248 0.5699 1 2.1890.0212 0.8965 1 2.177 05167 0.5415
Population(ENV) 92 3.0316 0.0531 2 103 1.3019 2764 2 105 6.9447 0.0015
Concentration (CON) 92 15575 0.2152 1 103 2.3766 0.1262 105 5.7715 0.0180
Mixture (MIX) 1 92 9.7227 0.0024 1 103 1.4023 0.2391 105 0.2478 0.6197
CON x MIX 1 92 0.0026 0.9594 1 103 0.0567 0.8123 NM NM NM
ENV x CON 1 92 0.0135 0.9079 1 103 0.0764 0.7828 105 0.0001 0.992%4
ENV x MIX 1 92 0.0653 0.7989 1 103 1.1588 0.2842 105 0.1965 0.6585
ENV x CON x MIX 1 92 0.3223 05716 1 103 0.1275 0.7218 NM NM NM

@ These sources of variation were estimated onlyifgin concentration of N NM: non measurable sources of variation.
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Effects on habitat use

Treatment marginally affected larvae habitat usab(& 3), being larvae exposed to
control treatment detected on the bottom of theegrpental beakers higher number of
censuses than those exposed to treatments 2, 81(Fg. 2) and, marginally (HSD
Tukey test: P= 0.063), to treatment 3. Neither mmrnent of origin nor population
significantly affected larvae habitat use. Althoutfre Environment x Treatment
interaction was not significant, a Population-spedolerance x Treatment was found
(Table 3; Fig. 2). Additionally, larvae exposed ttte combination of nitrogenous
compounds (treatments 8-11) increased the numbezrsuses they were found on the
bottom of the beakers in relation to the exposararhmonium acting isolately (Table

4; Fig. 2).
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DISCUSSION

The exposure to low concentration of nitrate, actfone, or to the combination of low
concentration of nitrite with nitrate and ammoniteduced the number of censuses that
larvae ofP. pereziwere detected inactive. Moreover, the number oésifarvae were
detected on the bottom of the experimental beakassreduced by the exposure to low
concentration of ammonium or nitrate, acting alareto low concentrations of nitrite,
both alone and combined with nitrate and ammonitlinese results may be explained
by considering the oxydation of hemoglobin to metbglobin, a response described
for larval Rana catesbeianaexposed to nitrite (Huey & Beitinger, 1980a).
Methemoglobin cannot join oxygen, which lead to loencentration of arterial oxygen
(Jensen, 2003). As described for anuran specef@na catesbeianaxenopus laev)s
the development in hypoxic environments makes &aneincrease the frequency of
atmospheric oxygen uptake (Wasserssug & Feder,; 1088er & Wasserssug, 1984;
Crowderet al, 1998), response also described for larval amphgiwhen exposed to
nitrite (Huey & Beitinger, 1980b; Marco & Blausteii999). So, an hypothetical
increase of methemoglobin concentration could doumie to explain the fewer number
of censuses that larvae exposed to polluted tredthveere detected on the bottom of
the beakers. Moreover, atmospheric oxygen uptakg neresent positive buoyancy
(Wasserssug & Feder, 1983; Feder & Wasserssug,),1984dch would contribute to
keep larvae far from the bottom. These aspectso&iheric oxygen demand and
derived positive buoyancy) would also explain te¢edted decrease in larval inactivity
in response to the exposure to treatments, as db#ivie correlation between both
behavioral variables suggests (Pearson correlato0:391, P= 0.0001, n = 214). Thus,

larvae would need to increase both tail undulafr@guency to compensate positive
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buoyancy (Van Bergeijk, 1959) and swimming perfanceathrough water column to
access to its surface to uptake atmospheric oxyfea.response found in our study
contrast with the decrease of larval activity réedrin previous publications (Hecnar,
1995; Xu & Oldham, 1997; Hatch & Blaustein, 200Chirth et al, 2008). Such
disagreement may be due to the fact that the texdsrselected in such studies may
have produced more severe effects on the experinentividuals than those used in
the present study. Thereby, exposed larvae would hat been able to increase their
performance to satisfy the physiological costsh& éxposure to the treatments. This
consideration may contribute also to explain thok laf significant differences between
larvae exposed to the highest polluted treatmeimsnwcompared with control larvae.
Anyway, the effects of the treatments on laral perezimay represent important
consequences for indidual survival and fithessesiacvae of this specidsed mainly
on the bottom of the water bodies, at least in fatooy conditions (Diaz-Paniagua,
1987). This fact suggests that nitrogenous poltstanay increase the risk of being
consumed by a predator and reduce the food intekdescribed by Egea-Serragial.
(2009), which can also indirectly affect developtaémate and larval period duration
(Alford & Harris, 1988).

The combination of nitrogenous compounds producedensevere effects on
larval habitat use or inactivity than when ammoniwn nitrite acted isolated,
respectively. This scenario supports previous studlescribing more severe effects
when nitrogenous pollutants were combined with iotBEessing factors such as
pesticides, UV-B radiation or low pH (Hatch & Blaes, 2000, 2003; Boonet al.,
2005; Maciast al, 2007; but see Boone & Bridges-Britton, 2006; @Qred al, 2006).
Since no significant concentration x mixture int#@ns were detected, the effects

observed would correspond to an additive model gBeaum, 1989), in contrast to
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other study withP. perezi(Egea-Serranet al, 2009) in which synergistic effects on
mortality, food consumption and mass were found.

The divergence in populational reaction norms mvdbhabitat use suggests the
existence of geographical variation in relatiorthie tolerance of larvae ®. perezito
nitrogenous compounds, in accordance to previawdies (Hecnar, 1995; Johanssin
al., 2001; Hatch & Blaustein, 2003; Macias al, 2007; Shinnet al, 2008; Egea-
Serrancet al, 2009). Since the studied populations may have kb&posed to different
nutrient concentration (Vidal-Abarad al, 2000; Ballester, 2003), an adaptive process,
and even genetic adaptation, could be expecteitlhas been previously described for
Rana temporarigJohanssoet al, 2001) and even fd?. pereziarvae (Egea-Serraret
al., 2009). However, the existence of different regesnto treatments between control
and polluted populations was only detected fordhmactivity, and exclusively when
nitrite was analysed separately. Thus, the genacél of responses to the treatments
differing for the studied variables between containt polluted environments does not
support the local adaptation hypothesis. HowevgeaESerranet al. (2009) described
the existence of an adaptive process when studjamgal mortality and food
consumption foiP. perezi This disagreement could be attributed to a higeeisitivity
to pollution of the studied behavioral endpointgetation to other lethal and sublethal
parameters, which may have masked the existencangf environment-specific
tolerance to nitrogenous compounds.

Finally, it has to be noticed that the concentragi@f ammonium, nitrite and
nitrate used in the present study, although higprasent levels naturally occurring in
the field in the Segura River Basin (154.6 mg4JNH 74.4 mg NQ/I; 333 mg NQ/I,
Suarez, personal communication). This fact sugdbat®. perezi although it has been

described as tolerant to pollution (Llorené¢ al, 2002), may be threatened by
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eutrophication. Nevertheless, it is difficult totepolate results obtained in laboratory
conditions to the field (Ortizt al, 2004). Moreover, although the experiment design
would correspond to a long-term exposure (séfarco & Ortiz-Santaliestra, in press),
the effects of longer exposures cannot be infedelditionally, the effects of pollution

on amphibians depends on many factors such asoiin@arnnd responsible for such
pollution (Schuytema & Nebeker, 1999a,b), amphibivelopmental stage (Griffis-
Kyle, 2005; Ortiz-Santaliestrat al. 2006), the presence of other stressing factors
(Hatch & Blaustein, 2000; Boonst al, 2005; Macia%t al, 2007) and the impact of
pollutants on food sources (Watt & Oldham, 1995;o@®et al, 2005). These
considerations emphasize the urgence of perforfioituge research to assess the actual

impact of nitrogenous pollution on larvaeRf perezin more realistic designs.
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CAPITULO 6

ANALYSIS OF THE AVOIDANCE OF NITROGEN
FERTILIZERS IN THE WATER COLUMN BY JUVENILE
IBERIAN WATER FROG, PELOPHYLAX PEREZI

(SEOANE, 1885), IN LABORATORY CONDITIONS

Abstract: In an experiment carried out in the laboratorypeakers, the avoidance of
ammonium chloride, isolated or combined with sodinitnite and sodium nitrate, in
aquatic habitat by froglets dPelophylax perezwas studied. The results obtained
suggest that nitrogen polluted treatments wereanotded by froglets of the studied
species. However, despite the non- avoidance of aheatic environment as a
consequence of the presence of nitrogen compousidsjficant inter-individual
variation in treatment avoidance was detected. cdiglh these results are not
conclusive, they would suggest that frogletsPofperezimay occupy habitats which
contain high levels of organic compounds and they differ in their level of avoidance
to fertilizer exposure.

Key words: Nitrogenous compounds, treatment avoidan&elophylax perezi
postmetamorphic individuals
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INTRODUCTION

Fertilizer pollution has been described as oné@fmajor factors threatening amphibian
populations throughout the world (Stuat al, 2004). Both aquatic and terrestrial
amphibian phases are vulnerable to nitrogen exoe®ir environments (Hatcét al,
2001; Marcoet al, 2001; Ortizet al, 2004; Griffis-Kyle, 2007). Ammonium chloride
and sodium nitrate are nitrogen compounds useckréiizer (Bhandariet al, 1971;
Graebinget al, 2002) since they are a source of ammonium anat@itThe presence of
these ions in water may increase nitrite conceotrads a consequence of bacterial
activity (Atlas & Bartha, 2002). All three formsf mitrogen have been shown to
negatively (Jofre & Karasov, 1999; Schuytema & Nee1999; Griffis-Kyle, 2007) or
positively, by way of algal proliferation (Booret al, 2007) affect the survival, growth
and development of amphibian embryos and larvaeeitleeless, no study has been
performed on the effects of their excess on postmetphic amphibians in spite of the
great importance that postmetamorphic stages mag lom amphibian population
dynamics, as it has been previously suggested @iek, 2002). Previous studies have
shown that amphibians with an adult terrestrial sghaan detect fertilizers in their
environment and avoid them (Hatehal, 2001; Marccet al, 2001; Ortiz-Santaliestra
et al, 2005). However, as regards species that use iagoratsemiaquatic habitats
during their postmetamorphic stages as shelter fsedators (Martiret al, 2006), for
foraging (Docampo & Vega, 1990) and as breedingtatfEgea-Serranet al, 2005),
the possible avoidance of such habitats as a resporfertilizer exposure has not been
assessed.

Moreover, in natural conditions fertilizers combingth other stressing factors

(UV-B radiation, nitrogen compounds, pesticides)l @0 exposure to such a cocktail
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may modify the response in a non-additive way (Brd&Spence, 2003). However, to
date most studies have examined the effects ofitheal contaminants on amphibians
(Storfer, 2003) and, although some studies hawesasd the effects of a combination of
fertilizers and other pollutants (Brown & Spenc@p2; Ortonet al, 2006), none has
attempted to determine the effects nitrogen comgoumixtures have on amphibian
behavior.

The aim of the present study was to determine vemetifie presence of a high
concentration of ammonium chloride, isolated or borad with sodium nitrite and
sodium nitrate, in the water column was avoided pmgtmetamorphidPelophylax
perezi. This anuran is an endemic waterfrog species froenltierian Peninsula and
Southern France (Llorente & Arano, 1997). It maimiabits permanent waterbodies
(Diaz-Panigua, 1990), from which adults dispersss I¢han five meters, although
juveniles and subadults may move greater distafigeanaet al, 1989). Because such
environments, as a result of farming practices (@n#e main nitrogen sources in the
environment, e.g. Ritter & Bergstrom, 2001), mayldhdiigh concentrations of
nitrogenous compounds (e.g. for southeastern ibé&eninsula: 154.6 mg NHI, 74.4
mg NGO/l 333 mg NQ/l, Suérez, personal communication) which may affec
mortality and the behavior of larvBl pereziEgea-Serranet al, 2009, chapters 4 and
5 in the present thesis), this speamght be threatened by organic pollution, since it
uses waterbodies as shelter from predators (Mattéh, 2006), for foraging (Docampo
& Vega, 1990) and as breeding habitat (Egea-Sertiab, 2005). However, although
it has been described as being very tolerant tarocgpollution (Llorenteet al, 2002),
no studies analysing the specific effects thatoggn compounds may have &h

perezihave been published.
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MATERIAL AND METHODS

Five different egg masses Bf pereziwere collected from a natural population exposed
to a low level of nitrogen pollution (less than 5y N-NGs/I (Vidal-Abarcaet al,
2000)) in the Segura River basin (U.T.M. 30SXH)isTiasin, which covers an area of
14 432 ki in the southeastern Iberian Peninsula, has besariled as one of the most
arid zones of the Iberian Peninsula (Vidal-Abaetal, 1987) and, probably, Europe
(Geiger, 1973). A trend towards eutrophication daitevbodies in this basin, which
comprises ponds, streams and tributaries of then rBagura River wher®. perezi
breeds, has been described (Vidal-Abaatcal, 1990; Ballester, 2003).

Eggs were reared in the laboratory in 12 | aquatiapughly 23-25°C, in aerated
dechlorinated tap water until larvae reached thesn@p 25 developmental stage
(Gosner, 1960). Then they were individually transfé to clear, food-quality, 1 |
plastic beakers containing 500 ml of dechloringtgul water. The water in the beakers
was renewed every three days to prevent oxygeretiep! The larvae were fed every
three days with dry dog chow pellets (250-350 mig)ey reached the Gosner’'s 46
developmental stage (Gosner, 1960) after 71-97 @@nmut-vent length (mean £ 1 SE):
16.47 mm = 0.53 mm, n=24). Just after reachingdbigelopmental stage, froglets were
individually transfered to 1 | plastic beakers @ning 100 ml of one of the following
treatments: 1) 0 mg/l (control); 2) 40 mg MH/I; 3) 40 mg NHCI/I + 500 mg NaN@/l
+ 100 mg NaN@l; 4) 40 mg NHCI/I + 500 mg NaN@1 + 10 mg NaN@/I. Neither
eggs nor larvae were exposed to these treatmergatnients were selected because
they were observed to reduce larval survival ingfeatic phase of the studied species
(Egea-Serranet al, 2009) and because the concentrations are repatiserof the high

ammonium, nitrite and nitrate levels detected inen@urses of the Segura River basin
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(e.9. 154.6 mg NH/I, 744 mg NQ/l, 333 mg NQ/l, Suarez, personal
communication). Ammonium, nitrite and nitrate smus were prepared from NBI,
NaNO, and NaNQ@, respectively. Each beaker was randomly assigoeohée of the
above treatments. Treatments 1 and 3 were replicaeen times, whereas treatments 2
and 4 were replicated five times due to differengeslarval survival up to
metamorphosis between treatments. Although watalityuvas not measured in this
experiment, previous tests performed under identoaditions showed that water
conductivity and salinity are significantly highier all treatments exposed to fertilizers
than the control treatment (conductivitys sf= 3413.769;P= 0.0001; salinity: Ess+~
1340.024;P= 0.0001). pH showed significant differences amaregtments (fs+~
2.878;P=0.044). Nevertheless, a post hoc multiple conspariest did not confirm the
existence of such differences (Tukey’'s td3t0.122, in all cases). No significant
differences among treatments were detected iniogldd water temperature k=
0.324;P=0.808)

The water in the beakers was completely renewedtandertilizer level restored
daily. The beakers were tightly closed to avoid ewatvaporation, ammonium
volatization and the escape of any specimen. Thene wilted (10°, approximately) so
that half of the floor of each beaker was submeiaygdi the other half completely dry.
Froglets were observed twice daily (at 12 h intexv@ver a 14 day period. Each
experimental unit was observed for 30 s, recoraihgther the froglets were resting on
the submerged half or on the emerged half (inclydimalls) of the beakers.
Observations were made at a distance of at le&stm@tre from the experimental units
to avoid disturbing the animals. Although frogletsre fedad libitum with flightless
fruitflies, none of them ate during the duratiortled experiment. No froglet died during

the exposure time.
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To determine whether the treatments used in theeptestudy were avoided by the
studied species, four separate statistical appesaalere performed. First, to study the
temporal variation during the two weeks the experitnasted (weekly analysis) one-
way repeated measures ANCOVA was used, with thebeurof censuses in which
froglets were found in the submerged half of thekiees on each week of the
experiment as dependent variable. Second, to adbessircadian variations in
treatment avoidance (circadian analysis), one-vegeated measures ANCOVA was
used, with the number of censuses in which frogheige found in the submerged half
of the beakers in the mornings and evenings ther@rpnt included as dependent
variable. Third, to obtain an overall view (glokmlalysis) of treatment avoidance by
froglets, one-way ANCOVA was used, with the numbgrcensuses in which froglets
were found in the submerged half of the beakers twe two weeks the experiment
lasted. For these three statistical analyses,rdanent was considered as independent
variable and snout-vent length at metamorphosithascovariate. Finally, the inter-
individual variation in treatment avoidance wasdstd. Variable treatment avoidance
(dependent variable) was coded as a binary var{@bloglets on the emerged half of
the beakers or on their walls; 2: froglets in tlhreerged half of the beakers), and
differences between individuals (single factor:ivwidual froglet) for each treatment was
analysed using Kruskal-Wallis test. Additionallgpeatability (r) for each treatment
was calculated using the methodology proposed Isgéles & Boag (1987). Data were
transformed logarithmically (log x; log (x+1) ineéhcase of the circadian analysis).
Previous statistical analyses were performed uSIP§$ statistical package v. 11.0 and
a significant level of 5% was selected. Additiopall power analysis was performed on
number of censuses in which froglets were deteatethe submerged half of the

beakers during either the first and the second weeke experiment, mornings and

176



Avoidance of nitrogenous compounds by juveRtdophylax perezi

evenings included in the experiment and, finallyerothe two weeks the experiment
lasted using STATISTICA 6.0 statistical package at{8ift, Inc. 2001). Since

STATISTICA only performs power analyses when eawdup of the studied parameters
shows an identical number of cases, we haphazaelgcted the cases so that all
treatments showed the same number of cases (nRob&)-mean-square error from each

logarithmically transformed variable and a sigrafit level of 5% was used.

RESULTS

The treatments were not avoided By perezifroglets as observed from weekly and
circadian analyses (Table 1; Fig. 1). The globallysis showed that the presence of
organic compounds in the aquatic environment doésmply its avoidance by froglets
of the studied species{15= 0.124;P=0.945) (Table 1). In spite of these results, a
significant interaction between treatment and timas detected in relation to the
circadian analysis (Fig. 1). Although power wasyvkaw for all analyses performed
(Table 1), the high P-values exhibited by the tremtt effect (P>0.76 in all cases)
suggested no support for the hypothesis concemringffect of pollutant treatments on
the avoidance response of froglets (Table 1, Big. 1

Froglets exposed to treatment 1 or control showgdifeant inter-individual
variation as regards treatment avoidanyfcg:( 44.465,P= 0.0001), and the highest
repeatability of all treatments (r= 0.32). Likewisesignificant effect of the individual
on treatment avoidance was detected in the cadeeafments 3yf¢= 28.538,P=
0.0001; r= 0.23) and 4X2(4: 12.858,P= 0.012; r= 0.11). Individuals exposed to
treatment 2 showed no significant variation in tmeent avoidanceys= 5.776,P=

0.217) and the lowest repeatability of all treattsgn= 0.023).
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Table 1. Summary statistics for the one-way repeated measdiNCOVA (weekly and
circadian analysis) and one-way ANCOVA (global gee) on treatment avoidance by

froglets ofPelophylax perezi

Source of variation df F P
Weekly analysis (First week: 0.081; Second wedk8%9)

Between subjects effects
Treatment 3 0.207 0.891
SVL 1 1.299 0.269

Within subjects effects

Time 1 0.294 0.594
Time x Treatment 3 0.046 0.986
Time x SVL 1 0.290 0.597
Error 18

Circadian analysis (Mornings: 0.16; Evenings: 0.16)

Between subjects effects
Treatment 3 0.392 0.760
SVL 1 2.525 0.129

Within subjects effects

Time 1 3.527 0.077
Time x Treatment 3 4.727 0.013
Time x SVL 1 3.393 0.082
Error 18

Global analysis (Global: 0.056)

Between subjects effects

Treatment 3 0.124 0.945
SVL 1 1.184 0.291
Error 18

SVL: snout-vent length. The result of the powerlgsia on the number of censuses in
which froglets were detected in the submerged dfathe beakers during the first and
the second week of the experiment, mornings andiege included in the experiment

and over the two weeks that the experiment last@dasented in brackets.
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DISCUSSION

Although the power of the analyses performed wag khe results obtained suggest
that none of the nitrogen polluted treatments wasded by postmetamorphic froglets
of P. perezi Given that these treatments correspond to the daigmonium, nitrite and
nitrate concentrations that actually occur in tleg8a River basin (Suarez, personal
communication), we can predict that ecologicallgvant levels of eutrophication may
not influence habitat use by the studied specidss highly aquatic frog uses the
aquatic environment as shelter from predators (Maet al, 2006), as well as for
foraging (Docampo & Vega, 1990) and breeding (E§emanoet al, 2005). This
absence of any effect of organic concentration aritht selection suggests that froglets
are able to use the highly stressful concentrateghric habitat in spite of the
detrimental consequence that this absence of awédanay have on survival or
reproductive success (Oldhanal, 1997; Hatctet al, 2001; Marceet al, 2001; Ortiz-
Santaliestraet al, 2005). Nevertherless, the significant inter-indiaal variation in
treatment avoidance, with associated moderate tapéty values, indicates that
individual froglets may differ in their level of aidance to fertilizer exposure. This
could well have important effects at a populatistle since repeatability is associated
with heritability placing an upper bound on herili#pand thus to the potential to adapt
to these stressful polluted environments (Falcoh@89).

Previous studies have shown that different amphibjzecies avoid high fertilizer
concentrations in their terrestrial environmentthe laboratory (Hatclet al, 2001;
Marco et al, 2001; Ortiz-Santaliestrat al, 2005) and that the combination of
pollutants may produce a multiplicative rather thean additive response (Brown &

Spence, 2003). However, the present results sutgggpostmetamorphic froglets Bf

180



Avoidance of nitrogenous compounds by juveRtdophylax perezi

perezido not exhibit an avoidance response to singlecantbined fertilizer stressors.
Marco et al. (2001) suggested that the vulnerability of ammmbpostmetamorphic
stages to fertilizers could be due to nitrogen kgpttrough their permeable skin. In
aquatic and semiaquatic anurans, pulmonary veptilats more important than
cutaneous gas exchange and, as a consequenceskihgs less vascularized than that
of terrestrial anurans (Duellman & Trueb, 1994)n€idering the aquatic habits Bf
perezi(Lizanaet al, 1989), its cutaneous vascularization may notigbkly developed,
which would make its skin scarcely permeable. Sesé¢ characteristics may confer a
certain degree of tolerance to fertilizers. In &ddi Hatchet al. (2001) attributed the
non- avoidance of high urea concentration in salissrate by juvenil@8ufo boreado
the stress that toads could have experienced dtinmgxperiment, which may have
prevented them from detecting such concentrationménium can be transformed into
ammonia, a toxic nitrogen compound for amphibialafré & Karasov, 1999), which
can volatilize (Ritter & Bergstrom, 2001), enteritigg amphibians through the skin and
lungs. Although treatments were renewed daily, sit possible that the beakers
containing the fertilizer treatments accumulatedaammonia concentration sufficiently
high to stress the froglets, preventing them fratedting the presence of fertilizers and
from avoiding them. Taking into account these cdestions, the lack of habitat
avoidance could be explained by both a speciesatate to fertilizers as well as by a
sublethal response to them. Thus, no conclusivlaeapon can be provided. Given that
a species may avoid low fertilizer concentrations bot higher levels (Hatcht al,
2001), future research considering fertilizer conions differing from those
employed in the present study are needed to determinethelP. pereziis tolerant to

fertilizers or whether it can detect and avoid tipeesence in the environment.
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The general avoidance of water by froglets deterteade present study is of note.
Taking into consideration that the beakers wersetdop this result cannot be attributed
to toxic fumes from surrounding beakers which coalfect all froglets. On the
contrary, this avoidance could be explained by ictamgg the results presented by
Lizana et al. (1989), who described that postmetamorphic indiaid are forced to
disperse from ponds where they developed. So, wth@a more specific study on
habitat selection by postmetamorphi. perezi has not been performed and,
consequently, any explanation would be hypothetitab result might suggest that
froglets avoid water even in laboratory conditi@ssa consequence of an endogenous
trend to disperse to land, as it occurs in the widzana et al, 1989). This
consideration emphasizes the relevance of devejopiture studies about treatment
avoidance with adulP. perezito test whether this developmental stage is mquatic
than the juvenile stage and whether it is morectdfi by the presence of nitrogenous
compounds in the water.

Finally, it must be noted that it is difficult toegeralize to the field the results
obtained from laboratory experiments. This studggasts that nitrogen pollution has
no influence on the habitat use PBf perezifroglets. Nevertheless, considering that the
substrate can affect fertilizer avoidance behayidatch et al, 2001), and that
permanent waterbodies inhabited by this specieaz(Paniagua, 1990), as well as the
soil surrounding them, may be polluted by the pmeseof different nitrogenous
compounds, pesticides and their degradates, thavimeln of the studied species in the
field could differ significantly from the resultsrgsented in this work. So, studies
representing a more realistic approach to natuoalditions are indispensable for

assessing the actual impact fertilizer pollutios baP. perezihabitat use.
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CAPITULO 7

EFFECTS OF NITROGENOUS POLLUTION ON
SURVIVAL, MORPHOLOGY AND GROWTH OF
LARVAE OF THE IBERIAN WATERFROG,

PELOPHYLAX PEREZI (SEOANE, 1885): A
HIERARCHICAL APPROACH TO NATURAL

CONDITIONS

Abstract. Pollution has been linked to the decline of am@nbi However, most of the
studies dealing with the impact of pollutants orpaibians have been carried out in the
laboratory, being necessary further research terchete whether the information
available ensue in natural conditions. Thus, wesssd the impact of the exposure to
NH,4CI (isolated or combined with NaN@nd NaNQ@) and to natural streams differing
in their degree of pollution on fitness-relatedvédrtraits for three populations of
Pelophylax pereziexposed to different degrees of eutrophicationtvio different
experiments carried out in mesocosms and enclaslinesresults obtained indicate that
in mesocosm conditions larval mortality was una#ddoy treatments and that in such
conditions the exposure to the combination of g#rmous compounds reduced body
and tail depth and final mass and growth. Para@dyian more natural conditions, the
exposure to polluted localities increased larvaltality, size, final mass and growth.
Moreover, although population-specific responsesevadserved in mesocosms for the
response variables tail length and depth, tail seusath and final mass, they were not
detected when larvae were exposed to natural §igé. These results point out that,
although the study species can be negatively &ffiebly the exposure to nitrogenous
compounds, it is quite tolerant to nitrogenous ytah in the wild. We suggest that the
results recorded in enclosure experiments shouldclbeunted for when assessing the
actual impact of pollutants on amphibians.

Key words: Nitrogenous pollution, inter-populational variatioRelophylax perezi
larvae, natural conditions
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INTRODUCTION

Amphibian population decline has been described gtobal phenomenon (Gardner,
2001; Blaustein & Kiesecker, 2002). Although natufluctuations may cause
demographic variation (Pechmaenal, 1991; Tejedo, 2003), the role of anthropogenic
influence on such decline has been recognized ¢(8oug 2001, Semlitsch, 2003).
Thus, aspects dealing with overexploitation, haltss, disease, pollution and climatic
change have linked to amphibian population degradatCollins & Storfer, 2003;
Stuartet al, 2004). As regards environmental chemical polhtithis factor has been
emphasized as one of the causes of amphibian dsqffcoccianti, 2001, Semlitsch,
2003). Some studies related such decline to theingpwf agriculture in different
regions of the world (Berger, 1989; Davidsenal, 2001,2002; Hameet al, 2004).
Since farming practices may increase the concémratf nitrogenous compounds in
the environment (Ritter & Bergstrom, 2001), thedstof the effects of such compounds
is of great relevance, specially considering tletirt presence in the environment is
widespread (Carpentet al, 1998) and is expected to increase in the futlilenén et
al., 2001; Gallowayet al., 2003).

The efforts to assess the impact of nitrogenouspoamds on amphibians are
growing (see review Marco & Ortiz-Santaliestra,press). Both lethal and sublethal
effects on amphibian larvae have been reportedrfanonium, nitrite and nitrate (e.qg.
Xu & Oldham, 1997; Marccet al, 1999; Griffis-Kyle, 2007; Egea-Serrared al.,
2009). Nevertheless, the great inter- (Mastoal. 1999) and intraspecific variation
(Johanssoret al, 2001; Egea-Serranet al, 2009) in relation to the tolerance to
nitrogenous compound exposure makes of great ratevim develop further researches

to complete the existing database (Smeitlal, 2005).
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The exposure to cocktails of stressing factors mayrcerbate their effects of such
factors acting isolated through additive or syra&igiresponses (Berenbaum, 1989).
The combination of fertilizers with other stressiiagtors such as pesticides (Boate
al., 2005), UV-B radiation (Hatch & Blaustein, 200@03; Maciast al, 2007) or low
pH (Hatch & Blaustein, 2000) may affect amphibiarvbe more severely than when
they act isolated. Nevertheless, in spite of theveace of integrating multiple stressing
factors, most ecotoxicological studies deal with ¢fffects of a single pollutant (Storfer,
2003). In natural environments, nitrogenous compsuare present in combination with
complex cocktails of other factors, including otimérogenous compounds (e.g. Vidal-
Abarcaet al, 2000). However, the number of studies analydiegimpact that different
combinations of such compounds may have on amphlbi@ae is very scarce (Egea-
Serrancet al, 2009).

Most of the studies dealing with amphibian ecotobagy have been performed in
laboratory conditions (Boone & James, 2005). Algjioudata collected in these
conditions are a starting point in understandirggdffects of a pollutant, it is necessary
to determine whether the effects recorded in therory ensue in the field (Boone &
Bridges, 2003; Boone & James, 2005). Pond mesoemudield enclosures have been
described as useful tools to document the effegbadiutants in realistic conditions
(Boone & Bridges, 2003; Boone & James, 2005). Maesots have been defined as
independent, closed outdoor artificial systemsh@gitaquatic or terrestrial) containing
food webs and processes representative of natnvaloement whereas enclosures are
defined as permeable containers enclosing the stugsnisms within a particular
environment, allowing environmental exchange amenglosures (Boone & James,

2005). The characteristics of these methodologiparoaches allow to study properly
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population- and community level processes as weltcaintegrate multiple stressing
factors in naturally changing environments (Boonéasnes, 2005).

The aims of the present study were 1) to deternmtime effects of high
concentration of ammonium chloride, isolated anthlsimed with sodium nitrite and
sodium nitrate, on mortality, morphology, weightdagrowth of larvae oPelophylax
pereziexposed in mesocom condition (common garden axjeeit); 2) to determine the
effects of the real exposure to toxicants by emplpgnclosures in streams differing in
their level of nitrogenous pollution (field expeemt) on mortality, morphology, weight
and growth of larvae; and, 3) to evaluate whetliféerénces among populations in their
tolerance to nitrogenous pollution exisB. pereziwidespreads through the Iberian
Peninsula and Southern France (Llorente & Aran®,7).9t inhabits mainly permanent
water bodies (Diaz-Paniagua, 1990). These habitatsa consequence of farming
practices (one of the most important nitrogen sesirm the nature (e.g. Ritter &
Bergstrom, 2001), may hold high concentrations iffeent nitrogen forms (e.g. for
southeastern Iberian Peninsula: 154.6 mg,NH74.4 mg NQ7/I; 333.0 mg NG/,
Suarez, personal communication). So, this specightrbe exposed to and threatened
by nitrogen pollution through all its life cyclegtause it uses water bodies as shelter
from predators (Martiret al, 2006) and as foraging (Docampo & Vega, 1990) and
breeding habitat (Egea-Serraabal, 2005). On the other hand, the wide distribution
range of P. perezimakes possible the existence of interpopulatioreiation in
tolerance to different levels of nitrogenous patint as it has been shown in other
studies (Johanssaat al, 2001; Egea-Serraret al, 2009). This consideration, together
with the existence of different nitrogenous ionsha field which may act jointly, points

out the relevance of analysing the interpopulatiomariation and the effect of
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nitrogenous cocktails in environmentally represgvgaconditions to accurately assess

the impact of nitrogenous pollution on a widesprdestributed amphibian species.

MATERIAL AND METHODS

Studied populations

Five different egg masses Bf pereziwere collected from three populations located in
the Segura River Basin in the first fortnight of fela 2007. This basin has been
reported as one of the most arid of Iberian Petané¥idal-Abarcaet al, 1987), and
the water bodies located in it has been describethidw a trend towards eutrophication
(Ballester, 2003). The selected populations wetarally exposed to highly different
levels of nitrogen pollution. Two of these popubats corresponded to the permanent
headwater stream Rio Chicamo (38°12°N, 001°03'WQ.31Mm.a.s.l.) and to a
seminatural pond located in the Sierra Espuiia Reagi®ark (37°52°N, 001°30°W;
673.0 m.a.s.l.) (C1 and C2, hereafter). C1 showednutrient concentration (less than
5.1 mg N-NQ/I (Vidal-Abarca et al, 2000)). Although no data about nutrient
concentration is available for C2, it is unlike ttlaanphibians were exposed to pollution
because in the surroundings of this locality neithdan nor farming activities are
present. The surrounding terrestial environmenthelse populations corresponds to
bush on marls (C1) or to pine trees on limestoti®llbgy (C2). In contrast to the
previous populations, the third one is located mother semipermanent headwater
stream, Rambla del Garruchal (37°57°N, 001°04°V8;®B4n.a.s.l.) (herafter P1), which
has been exposed at least for the last 22 yeamtr&be concentration as high as 162.1
mg NG;/I (Ballester, 2003) due to intensive farming aitid and subsequent run-off in

its basin. In addition, its natural environment regsponds with pine trees on
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heterogeneous carbonated materials. However, throwggt of the course of the stream
the habitat has been largely modified being dorethdty intensive cattle exploitations.

The geographical distance between populations cafigen 28.3 km to 54.9 km.

Experimental design and response variables

Developmental stage of embryos when they were aelle ranged from 15 to 18
Gosner’'s stage (Gosner, 1960), not existing diffege among populations in
developmental stage (Chi-square, P > 0.05). Embmgye reared in 12 | glass aquaria
containing dechlorinated tap water (pH = 8.39; cmtigity = 985 uS/cm; 0.002 mg
NO,/l; 4.69 mg NQ/l). When they reached Gosner’s 25 developmensgestthey
were exposed to treatments.

Common garden experimenA total of 16 plastic pools (430 | of capacitygre
prepared in an outdoor facility at the Campus UrsiNario de Espinardo (Universidad
de Murcia) one month prior to the beginning of experiment. They were filled with
200 | of dechlorinated tap water. Once a week leefoe experiment began, each pool
was inoculated with 0.5 | of water from a naturahg (Booneet al., 2004). Since this
pond (37°52°N, 001°34°W; 1124 m.a.s.l.) is locatéithin a pine forest in a protected
area of Southern Spain, it is unlikely that the ewaised to inoculate the pools was
exposed to pollution. In the moment of the begignai the experiment (26 March
2007), pools had a thin leaf litter that providedural feeding resources to tadpoles and
contributed to make nutrient dynamics more natuPabr to placing the larvae in the
pools, water volume in each pool was reduced to I1%0 correct for differences in
water volume due to evaporation. Additionally, wHarvae were placed in the pools,
each tank was equipped with a plastic tile (229)dacing south to assess periphyton

biomass (Relye&t al, 2005). Five larvae from the three study sitesewlecated in
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each pond. Since larvae used in this experimenedeom different populations, larvae
mixing prevention was essential to preserve pojat identity. Therefore, each
larvae was individually placed in 1l plastic beakewered with 1 mm mesh lid within
each pool. Each pool contained five larvae fromhgampulation. Initial mass of larvae
did not differed in relation to their population ofigin (R, 237= 1.064; P = 0.347): C1
(mean + 1 SE): 0.043 g £ 0.002 g, n = 80; C2 (nearSE): 0.046 g + 0.002 g, n = 80;
P1 (mean + 1 SE): 0.041 g £ 0.002 g, n = 80.

Larvae were acclimatized in the pools two days teefthe beginning of the
experiment. At this moment, one dog chow pellet0350 mg) was placed in each
beaker. No additional food was provided to larvaeird) the experiment. Each pool
was haphazardously assigned to one of the fownviollg treatments: 1) control; 2) 13.5
mg NH,;"/I; 3) 13.5 mg NH'/I + 364.7 mg NG/l + 6.67 mg NQ/I; 4) 13.5 mg NH'/I
+ 364.7 mg N@/I + 66.7 mg NQ/l. These treatments were selected because they
produced the highest larval mortality in the latbora (Egea-Serranet al, 2009) and
concentrations were within those naturally occygrin the field in the Segura River
basin (e.g. 154.6 mg NHI; 74.4 mg NQ/I; 333.0 mg NQ@/I, Suarez, personal
communication). To obtain the experimental conamns, 40 g NECI/I, 70 ¢
NaNG,/| and 150 g NaN@ll stock solutions were pipetted directly into h&ols. Each
treatment was replicated four times. The experintiam consisted in a split-plot design
(Quinn & Keough 2002), where treatment was the npdat factor and the population
of origin the subplot factor.

Field experiment Larvae from the three study populations werge@an four
selected natural streams. Two of them, Rambla sige€ho (37°46°N, 001°45"W; 476.7
m.a.s.l.) and Rambla Tejera (38°11°N, 002°07°'W; 7199m.a.s.l.), correspond,

respectively, to permanent and semipermanent hdadwe&reams located in forest
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natural environments, which makes unlikely the gneg of nitrogenous pollution in the
water column. During the exposure period nitrogencampounds levels were (mean *
SE): Rambla del Estrecho: 0.6 mg NOt 0.08, n = 3; Rambla Tejera: 1.4 mg NDt
0.3, n = 4). The rest of the destination sites, Ridpar (38°02°N, 001°54'W; 710
m.a.s.l.) and Rio Mula (38°03"N, 001°25°W; 190.2.81l.) corresponds to permanent
rivers exposed to high degree of eutrophicatioa asnsequence of urban wastewaters
and farming practices. During the exposure perairtnitrogenous compounds levels
were (mean = SE): Rio Quipar: 25.02 mgMQG& 3.0, n = 4; Rio Mula: 10.1 mg NQ@
+ 1.1, n = 4). The natural presencdofpereziwas confirmed in all of these streams.
Eight larvae from the three studied populationseyglaced at each experimental
locality. Initial mass of larvae did not differed relation to their population of origin
(F2.6= 1.936; P=0.152): C1 (mean £ 1 SE): 0.033 g 9.6, n =72; C2 (mean = 1
SE): 0.030 g + 0.003 g, n = 72; P1 (mean + 1 SK)2®9 g + 0.003 g, n = 72. To
preserve an estimation of interpopulational vasiatieach larvae was individually
placed in 1.5 | plastic beakers covered with 1 mrasimlid. Larvae from each
population were haphazardously distributed amonggtllifferent enclosures; each one
separated at least 1 m of the others. Larvae veeravith one dog chow pellet (250-350
mg) at the beginning of the experiment. No food aedditionally provided during the
rest of the experiment. All larvae exposed to Ranibéjera died as a consequence,
probably, of the increase of water turbidity ocedrafter heavy rains that took place
during the experiment. Thus, this locality was reewfrom the subsequent statistical
analyses. Therefore, the design for the field expant consisted of one control site
(Rambla del Estrecho, L1 hereafter) and two pallugites (Rio Quipar and Rio Mula,

hereafter L2 and L3, respectively).
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For both common garden experiment and field expamtmlarval mortality and
mass of surviving larvae (x0.0001 g) were registeatter 21 days of exposure. Since
data regarding initial and final larval mass wezearded, larval growth was calculated
(final mass-initial mass). Additionally seven moopdyical traits were recorded (mm):
body length (BL), width (BW) and depth (BD); tailuscle width (TMW) and depth
(TMD); tail length (TL) and depth (TD) (Fig. 1). Tao so, digital images were obtained
for each larvae, which were measured with the soffwimage-Pro Plus version

4.5.0.29 for Windows.

4 Een

Fig. 1. Tadpole morphological measures. BL: body length;: Bty width; BD: body

depth; TMW: tail muscle width; TMD: tail muscle dapTL: tail length; TD: tail depth.

199



Capitulo 7

On days 2 (day O for the field experiment), 7, bdl @1 after the begining of the
experiment, water physicochemical characterisiits, temperature [°C], conductivity
[uS/cm], salinity [g/l] and depth [cm]) were measuredeach pool and field localities.
At the same time, a water sample was taken fronin gmol and field locality to
establish the ammonium, nitrite and nitrate comegioins in the water column.
Ammonium and nitrite analyses were performed byorwietric methods whereas
nitrate concentration was estimated by ionic chitography. Additionally, periphyton
biomass at the end of the experiment was measurecdch pool to estimate a
supplement resource to the tadpoles that may eantaffect their growth and
perfomance (Booneet al, 2005, 2007). Periphyton biomass was determined by
scratching, inmediately after the experiment fiehthe top surface of peryphiton tiles.
Once the peryphiton obtained was dried allowing tegper to evaporate, it was
weighed (x 0.0001 g). In the case of the field expent periphyton biomass was not
enough to be measured accurately.

For the common garden and field experiments, waltgsicochemical variables,
nitrogenous ion concentration and final periphytiomass (only for the common
garden experiment) were analysed by ANOVAs. Treatnaed time of measurement
(only for physicochemical variables) were considess fixed factor and pool as
random factor nested within treatment. However, tlueshortage of samples with
detectable values for the nitrogenous ion concgatrs, both in the mesocosm and field
experiments, data belonging to different tanks rzi@sure were pooled, which made
time of measurement unable to be estimated andneti€onsidered in our design.
Because periphyton biomass was estimated onlyeagrnd of the common experiment,
this factor was also excluded from the statistazalysis of this variable. Additionally,

since the nutrient concentration and water phys$ieoustry estimates for the field
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experiment were taken outside enclosures, the rfactclosure (nested within locality)
was not considered when analysing physicochemiwhhatrient data.

Larval mortality was analysed by generalized n@dmmodels (GLZ) for binary
data using STATISTICA 6.0 statistical package (&ifif Inc. 2001), including
population of origin, treatment and pool or enclesinested within treatment or
locality, respectively) as factors, and initial mékog-transformed) as covariate.

Larval morphology was analysed employing absolutéa.d Each dependent
variable was analysed by ANCOVAs, where populaidrnorigin and treatment (or
locality) were fixed factor and pool or enclosunegted within treatment or locality to
correct for the spatial heterogeinity in the exmemt) were random factor. Considering
the hypothesis suggesting that final mass, growthraorphology may be affected by
both initial size (since it is correlated with egjge and, thus, of maternal induced effect
[Kaplan & Phillips, 2006]) and final size, initisnd final mass were included in
separate analyses to correct for such influenckksa#fiables were log-transformed.

Statistical analyses of morphology, mass and gromehe performed using the

statistical software SP8%. 15.0.

201



Capitulo 7

RESULTS

Common garden experiment
Water physicochemistry
Water physicochemical variables significantly diffé throughout time, which also
affected the effect of treatments on such parametdth the exception of water depth
and temperature (Table 1; Fig. 2). Water physicotubal characteristics (with the
exception of temperature and depth) were signifigaifected by treatments (Table 1).
Treatments corresponding to the combination ofedsfit nitrogenous compounds
showed higher values for pH than control treatmastwell as higher conductivity and
salinity than the rest of treatments (Fig. 2). Rerinore, the time x treatment interaction
indicates that the differences were increased wiite for pH and reduced for
conductivity and salinity (Table 1; Fig. 2).

Polluted treatments significantly increased ammeaniunitrite and nitrate
concentrations present in the water column iniaiab control treatment (Table 2; Fig.
3). Moreover, in the case of nitrite and nitratee tcombination of nitrogenous

compounds increased their concentration in relatahe rest of treatments (Fig. 3).
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Table 1. Summary statistics of repeated measures ANOVAspbysicochemical

characteristics of water in the experimental pdofsthe common garden experiment.

ndf: numerator degrees of freedom; ddf: denomindégrrees of freedom.

Variable Source of variation ndf ddf F P
pH Treatment 3 12 6.325 0.008
Pool(Treatment) 12 36 1.569 0.145
Time 3 36 5.769  0.003
Time x Treatment 9 36 2.442  0.028
Temperature  Treatment 3 12 1.011 0.422
Pool(Treatment) 12 36 0.841 0.610
Time 3 36 87.572 0.0001
Time x Treatment 9 36 1.106 0.384
Conductivity  Treatment 3 12 54.163 0.0001
Pool(Treatment) 23 36 1.968 0.058
Time 3 36 180.1720.0001
Time x Treatment 9 36 12.072 0.0001
Salinity Treatment 3 12 37.539 0.0001
Pool(Treatment) 12 36 2101 0.043
Time 3 36 125.2900.0001
Time x Treatment 9 36 5.232 0.0001
Depth Treatment 3 12 0.366 0.779
Pool(Treatment) 12 36 7.864 0.0001
Time 3 36 338.3510.0001
Time x Treatment 9 36 0.419 0.916

203



Capitulo 7

m_ﬂ E E ; E e ' 1o (1 [Temperature (°C
1 1 } 1 $ 1 : {‘ : 1
°§%1 1 seilg’ T ° : % : :
81 | | ) @ 201 : | |
1 1 1 ' 1 1 1
1 1 1 1 1 1
1 1 1 1 1 [}
6 ! : : 15 0! : et
| | | : eeon!
1 1 1 1 1 1
41 : : : 101 ! : :
1 1 1 1 1 1
N N R
2] Treatment:1 2 3 4 = Treatment:1 2 3 4
0- Time:Z_2_ 21 14 O+ Time:2_21_7_14
4006{Conductivity (‘S/Crpvl | 2.0 Salinity || Treatment: 1 2 3 4
! ! ! (o
H : : : F]7| Time:2 7 14 21
3006 : | | 1.5 ! : :
1 1 1 1 1 1
1 1 1 ' 1 1 1
| | | ! ! !
2000 ! ! ! 1.0 | | |
‘I) 1 F3 } 1 1 : : :
o : : L3 23 : 1 1 1
1 1 1 ¢ } ! ! !
X o @ , @ ©® 5o o q) 1 {> ‘} 1 } 1
1000 - - - 0.51 P A
Treatment:1 2 3 4 ! lg? g
1 1 1
0- Time; 2 _7 14 21 0.01 | | :
o5-Depth (cm| E E 2 Tlime (days) T
: : : Fig. 2. Mean (¥1 SE) for water physicochemi
1 1B [
20 ' g ! %H ! %% } o .
. <} % I | characteristics in the experimental pools. Resail
1 1 1
1 1 1
157 | | \ HDS Tukey's testo= 5%) performed for the fact
1 1 1
o seo ! : treatment and time of measurement a@fown
1 1 1
1 1 1
| : : (common underbars notation). Treatments:
54 .
Treatment 1 2 2 4 (110 20 3/ 4. 1) control; 2) 13.5 it
of |[Tmel2-4-2114 3) 13.5 mg NH/I + 364.7 mg NG/l + 6.67 mc
2 7 14 21 N
Time (days) NO,/I; 4) 13.5 mg NH'/l + 364.7 mg NG/l +

66.7 mg NQ/I

204



Impact of nitrogenous pollution dPelophylax pereitness in natural conditions

Table 2. Summary statistics of ANOVAs on nitrogenous iomaentration in the

experimental pools for the common garden experimedf: numerator degrees of

freedom; ddf: denominator degrees of freedom.

Variable Source of variation ndf ddf F P
Ammonium  Treatment 3 13.014 15.111  0.0001
Pool(Treatment) 12 36 0.538 0.875
Nitrite Treatment 3 11.980 19.410 0.0001
Pool(Treatment) 11 34 3.060 0.006
Nitrate Treatment 3 12.927 68.516 0.0001
Pool(Treatment) 12 35 1.693 0.111

205



Capitulo 7
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Fig. 3. Mean (x1 SE) for ammonium, nitrite and nitrate camtcations (mg/l) in the
experimental pools. Treatment codes are shown aokiets. Results of HDS Tukey’s
test @& = 5%) performed for the factor treatment are shawommon underbars

notation).
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Periphyton biomass
Growth of periphyton in the pools was significantiyffected by treatments
(F31723.341; P= 0.0001), being higher for those poatposed to nitrogenous

compounds (Fig. 4).

_ 0.5 | : :
= | L
2 | P
@ 0.4 . ! !
E 1 1 1
S | L
p 0.C34 ! ! !
(@] 1 1 1
2 : : !
=1 0.C24 : : :
E 1 1 1
0.C14 i . .
1 1 1
1 1 1
1
o .
0.00 ! Treatment:1 2 3 4
T + T ; :
Control NH,/ NH,*/I NH,/1
1) 2 NO; /I NO5/I

6.67 mg NQ/| 66.7 mg NQ/I
(3 4)
Treatment

Fig. 4. Mass (mean = 1 SE) of periphyton grown in the expental tanks after 21
days of exposure to different levels of nitrogenqaadlution. Treatment codes are
shown in brackets. Results of HDS Tukey's test 5%) performed for the factor

treatment are shown (common underbars notation).

Larval mortality

Neither treatments nor population of origin affecteean larval mortality (Table 3; Fig.
5). The interaction between population of origind ameatment did not reveal the
existence of interpopulational differences in rnelatto larval tolerance to treatments

(Table 3).
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Table 3. Summary statistics of GLZ for binary data for @rmortality after 21 days of exposure in the commgarden experiment. ¢

degrees of freedom. NA: not applicable.

Not correcting for initial mass Correctig for it mass

Source of variation df Log-likelihood — X* P df Log-likelihood X* P
Population of origin 2 -60.268 2.243 0.326 2 -68.26 2.243 0.326
Treatment 3 -58.639 3.258 0.353 3 -58.639 3.258 53.3
Pool(Treatment) 12 -49.853 17.571 0.129 12 -49.853 17.571 0.129
Population x Treatment 6 -47.414 4.878 0.560 6 495 . 4.878 0.560
Initial mass NA NA NA NA 1 -47.157 0.514 0.473
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Fig. 5. Mean (£ 1 SE) mortality of larvae d?elophylax perezexposed to different

nitrogenous treatments in the common garden expetinireatment codes are shown

in brackets[_] C1,<> CZX P1.

Larval morphology

Larvae exposed to nitrogenous compounds showedhsistent trend to have lower
mean values for the morphological traits analyskdntcontrol larvae (Fig. 6).

Nevertheless, when data were corrected by initiaksnor final mass, such effect
disappears to great extent (Table 4). &cer5%, only body and tail depth were affected
by treatment when they were corrected for initiahssi Population affected all

morphological variables, being mean values higbefdrvae from C2 population (Fig.

6). Additionally, we found some significant intetians between population of origin

and treatment, all of them concerning tail morpggl¢rable 4; Fig. 6).
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Table 4. Summary statistics of ANCOVAs performed on the pmmlogical traits of

tadpoles after 21 of exposure in the common gaeageriment. All variables were log-

transformed. * P<1%; ** P<5%; ***P<10%. NA: not aligable.

Variable Source of variation

Not correcting for Correcting for

Correcting for

mass initial mass final mass
BL Population 196 5.877* P 105= 5.552* F.105= 1.893
Treatment F12.0160 3.081*** F312045 3.140"* F314746 0.680
Mass NA f.105= 0.850 fr105= 114.219*
Pool(Treatment) P19 11.990*  F3105 11.838* F 105 1.608***
Population x Treatment Fg 106 1.716 5105= 1.731 f5105= 1.258
BD Population 106~ 9.925% F 195 9.530* P 195 6.002*
Treatment E12036- 4.132**  FR312135 4.169** R 15335 0.426
Mass NA fr 195 0.188 b 105= 73.944*
Pool(Treatment) 106 3.860* F2 105 3.798* F2105 1.336
Population x Treatment Fg 196 1.802 k5105 1.791 k5 105= 1.512
BW Population k196~ 11.490* 195~ 10.553* b 105~ 5.634*
Treatment E12.035 2.279 12135 2.560 K 15546 3.204%**
Mass NA f 195 2.106 fr 105= 64.072*
Pool(Treatment) 106 3.849* F2105 3.707* F2195 1.264
Population x Treatment Fg 196~ 1.158 k5 105= 1.348 k5105 1.024

TL Population
Treatment
Mass
Pool (Treatment)

B 106 22.716*
Fio01E 2.259
NA
B.105 10.659*

Population x Treatment Fg196= 1.819***

5,195: 22.806*
312,046 2.115
51195: 0.363

Ez@g? 10.653*

F5,195= 1.586***

b 105 11.444*
l3,14.075 0.179
F 105 88.347
F2105 1.491

F5,195= 1.808***
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Table 4 (continued). Summary statistics of ANCOVAs performed on the
morphological traits of tadpoles after 21 of expesn the common garden experiment.

All variables were log-transformed. * P<1%; ** P<5%*P<10%. NA: not applicable.

Variable Source of variation Not correcting fo Correcting for  Correcting for

mass initial mass final mass
TD Population k196 9.535* F,105= 9.851* F.105= 2.024
Treatment EF12.018 4.651** F312076 4.292** F315386 0.307
Mass NA Rios 0.773 R 105 101.675*
Pool(Treatment) 106 6.686*  R2195 6.736%  F2105 1.318
Population x Treatmentg 196= 2.774** R 195= 2.754** R 195= 2.029%**
TMD  Population G196~ 17.411* ko5 16.687* b 195 8.239*
Treatment EF12.016- 2.573 B 12047 2.607 R 14047 0.547
Mass NA fr 195 0.501 fr 105= 56.580*
Pool(Treatment) 106 11.667* k2105 11.506* b 195 2.133**
Population x Treatment Fg 196= 1.326 k5 105= 1.332 5 105 1.078
TMW  Population 196~ 31.676* ko5 31.475*% k105 20.433*
Treatment E12.015 2.873*** F3 15055 2.733*** F313176 0.712
Mass NA f 195 0.165 fr 105= 31.139*
Pool(Treatment) 2106~ 10.092*  F 195 10.060* F 195 3.673*

Population x Treatmen®g 196= 2.612** K5 195= 2.514** [ 195 2.236**
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Fig. 6. Morphological traits (mean 1 SE) éfelophylax pereziadpoles exposed to

different nitrogenous treatments in the common gardxperiment. Results of HDS

Tukey’s testd = 5%) for treatment are shown (common underbatation). Treatment

codes are shown in bracke_l C,Q A’Z;

212

P1.



Impact of nitrogenous pollution dPelophylax pereitness in natural conditions

5 , ! ! TD (mm 22,01 s | 3 ! TMD (mm
1 1 1 % 1 1 1
B ! S !
4 Iag % 1 % 1 1§ 1 % IS
! FIPES 15 ! RIS I
1 1 I% 1 1 1
3 i i i i i i
1 1 1 1 1 1
1 1 1 11,04 1 1 1
1 1 1 1 1 1
21 | | | | | |
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 €051 1 1 1
L | i i | i i
. [Population: C2_C1 Pl . [Population: C2_C1 Pl
o \ [Treatment: 1 2 3 4 Coo | [Treatment: 1 2 3 4
A S ' Control NH,l  NH,'/ NH,'
2.01 ! : TMW (mm) [ ) NOs/I NO; /I
1 1 1 6.67 mg N@/I 66.7 mg NQ/I
I : @ @
15 @ §: : 5 I Treatment
1 %I 1
1§ 1 1 % %
1 1 % 1 §
1 1 % 1
1.6- : : :
| | |
1 1 1
1 1 1
0.5 | : :
1 1 1
1 L L
i [Population: C2_C1 A1
0.0 | [Treatment:1 2 3 4
Control NH, 7'~ NH T T NHL
1 @ NOsI NO5/I
6.67 mg N@/I 66.7 mg NQ/I
(3 4)
Treatment

Fig. 6 (continued).Morphological traits (mean +1 SE) &elophylax pereziadpoles
exposed to different nitrogenous treatments inctramon garden experiment. Results

of HDS Tukey’s testa( = 5%) for treatment are shown (common underbatation).

Treatment codes are shown in brack_k. Ol; &2?1.
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Larval final mass and growth

Final mass and growth sources of variation app@ar§able 5. The exposure to
mixtures of nitrogenous compounds reduced their rmealue for all studied
populations (Fig. 7). A significant effect of poptibn of origin on final mass was
found when initial mass was taken into account [@ &), being larvae from C2 larger
than those from the other populations. The inteagbopulation of origin x treatment
only was significant for final mass (Table 5). Laevfrom population C1 and C2
reduced mass when they were exposed to treatmétd tng NHCI/l), whereas the

polluted population (P1) kept constant its madhiattreatment.

0.1z\Weight (g)] i o10fGrowth (g] :
¢ : : Population: C1 C2 P
0.1 : % : | oosiTreatment: 1 2 3 4
% : %: : 1 1 1
oor  fig Ly .
1 1 1 006_ 1 1 1
1 1 1 1 1 1
o0 b tylads S T
A oo 11 1 TH
0.04 1 1 1 |% 1 1
L bttt
0.021 : ! : 0.0 : ¥ i g {
|Population: C2_C1 P : : !
0.00] [Treatment:1_2 3 4 0.001 : ! !
Control NH4I+/IW NH:{'/I” INHI’/I Control NH, 7l NH, 7l NH,"/I
o @ NO;7! NO /I @ @ NO /I NO5 I
6.67 mg NQ/I 66.7 mg NQ/I 6.67 mg NQ/lgg.7 mg NQ/I
®) ) ®) 4)
Treatment Treatment

Fig. 7. Final weight and growth (g) (mean + 1 SE) of lanafePelophylax perezi
exposed to different nitrogenous treatments incthramon garden experiment. Results

of HDS Tukey’s testa( = 5%) for treatment are shown (common underbatation).

Treatment codes are shown in brack_k. @1; AZZPl.
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Field experiment

Water physicochemistry

Physicochemical characteristics of water were &antly affected by localities and
time of measurement, which also affected the imftge of the localities on water
characteristics (Table 6). The lowest pH, condifgti@nd salinity levels were shown by
L1 (pH) and L2 (conductivity and salinity), wherela3 showed the highest values for
all measured variables, with the exception of wakepth (the lowest values for the
studied localities) and pH (not differing with resp to L2) (Fig. 8). The significant
time x experimental locality interaction recordex &ll the physicochemical variables
analysed (Table 6) indicates that differences amiorglities decreased during the
experiment to increase again by its end, with tkeeption of water temperature and
depth (Fig. 8).

As regards to nitrogenous ion concentration, trgueced number of cases for
which detectable ammonium levels were recorded aoy locality prevented its
analysis. In relation to nitrite concentration, yh? and L3 had reliable data and L3
showed higher nitrite concentration. Nitrate coricion was higher for L2 population.

L1 showed the lowest value for nitrate concentrafibable 7; Fig. 9).
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Table 6. Summary statistics of repeated measure ANOVA orysigbchemical

characteristics of water in the localities seledt@cthe field experiment. df: degrees of

freedom.

Variable Source of variation df F P

pH Locality 2 18.691 0.0001
Time 3 13.181 0.0001
Time x Locality 6 11.536 0.0001
Error 24

Temperaturd_ocality 2 9.821 0.001
Time 3 20.023 0.0001
Time x Locality 6 7.351 0.0001
Error 24

Conductivity Locality 2 987.642 0.0001
Time 3 38.375 0.0001
Time x Locality 6 37.351 0.0001
Error 24

Salinity Locality 2 982.697 0.0001
Time 3 43.605 0.0001
Time x Locality 6 41.942 0.0001
Error 24

Depth Locality 2 173.3420.0001
Time 3 3.126  0.045
Time x Locality 6 4.420 0.004
Error 24
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Table 7. Summary statistics of ANOVAs on nitrogenous iomaentration in the
localities selected for the field experiment. NAot rdetectable level of NFin any
location; *: not detectable NOin L1 locality only L2 and L3 localities could be

compared. ndf: numerator degrees of freedom; defothinator degrees of freedom.

Variable Source of variation nddf ddf F P
Ammonium Locality NA NA NA NA
Nitrite Locality 1* 4 9.009 0.040
Nitrate Locality 2 8 254.824 0.0001

0.6Nitrite (mg/l) | _ 30{Nitrate (mg/l) :
1 1
1 1 1
0.5] ! 25 : | I
1 1 1
0.4 I 20 i |
1 1 1
1 1 1
0.31 ! 151 ! !
0.2 : - 101 T I
: : :
0.11 ! 5+ ! !
1
0.0] -~ : 0 - Locality: L1 L2 _L3
L2 L3 L1 L3 L2
Locality Locality

Fig. 9. Mean (x1 SE) for nitrite and nitrate concentratiqnsg/l) in the localities
selected for the field experiment. Results of HD&kdy's testd = 5%) for treatment

are shown (common underbars notation).
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Larval mortality
Mean larval mortality was significantly only affect by the experimental locality
(Table 8). The exposure to the localities L2 andpk8duced higher mortality than in

the case of L1 (Fig. 10).

Larval morphology

Larvae exposed to L3 locality showed a trend toehhigher values for absolute
morphology (Fig. 11). Such influence is generallyoadetected, at least marginally,
when analyses were performed correcting for inialss, but not when the correction
was made for final mass (Table 9). Larvae from ©pypation showed higher mean
values for BL, TL, TMD and TMW, although HDS Tuksyfest showed significant
differences among populations only for BL, TMD anMW (Table 9; Fig. 11). No

significant population of origin x locality interagns were detected in any case.
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Fig. 10. Mean (x 1 SE) mortality of larvae ¢felophylax perezexposed to different

field localities for 21 days in the field experime8ource populationD C1<,> C2;
A P1.
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Table 9. Summary statistics of ANCOVAs performed on the pmmlogical traits of
tadpoles after 21 of exposure in the field expenm@eAll variables were log-

transformed. * P<1%; ** P<5%; ***P<10%. NA: not aligable.

Variable Source of variation Not correcting for Correcting for  Correcting for

mass initial mass final mass
BL Population b a7 4.207** R 4571418 [ 45 2.867**
Locality B 5015 5.759%* F, 7407 3.446%* F, geus 0.317
Mass NA k4= 8.016* R 4+ 34.428*
Enclosure(Locality) k47 1.545 5 4= 1.026 s 4= 0.950
Population x Locality F4 4+~ 0.526 fz 45= 0.392 G 4= 0.459
BD Population bas 1173 ., 47 0.409 B 47 0.235
Locality B 5007 4.979%* F, 73157 3.475%* F, ;¢35 0.135
Mass NA f 45= 2.859*** F; 45 25.126*
Enclosure(Locality) k47 1.453 b 4= 1.113 5 4= 1.498
Population x Locality F4 4+~ 1.264 B 45 0.606 G 45 1.028
BW Population b4+ 1.234 . 47 0.063 47 0.750
Locality R 5807 11.966* B, 7405 10.180* F; 9445 4.657**
Mass NA I 45= 6.329* R 4+ 27.736*
Enclosure(Locality) ka7 1.274 kB 4= 1.045 kB 45 0.744
Population x Locality Fa, 47~ 2.330*** Fa, 45 0.673 B 4= 1.077
TL Population B a7 2.905%** F,, 45 0.588 2, 47= 3.300**
Locality F 5805 6.741* F, 7866 5.474** F,, 10976 0.639
Mass NA F 45 4.205% R 45 26.544*
Enclosure(Locality) k47 1.263 5 45 0.795 kB 45 0.531
Population x Locality F4 4+~ 1.866 lz 45= 0.660 & 4= 0.888
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Table 9 (continued). Summary statistics of ANCOVAs performed on the
morphological traits of tadpoles after 21 of expesin the field experiment. All

variables were log-transformed. * P<1%; ** P<5%*P«10%. NA: not applicable.

Variable Source of variation Not correcting for Correcting for  Correcting for

mass initial mass final mass
TD Population B s 2.122 I, 4= 0.156 b 45 2.091

Locality R, 5857 8.111** R, 7570 2.497 B giof 1.061

Mass NA 45 6.113* F 45 35.211*
Enclosure(Locality) k47 0.941 5 43= 0.932 B 4= 1.135
Population x Locality Fj 4+~ 1.124 7 4= 0.212 G 4= 0.528

TMD Population G a7 4.647% R, 45 1.353 b a5 4.126%*

Locality R, 5805 6.474** R 10585 3.649"** F, 17687 0.266

Mass NA 4= 4.366** F 45 26.190%
Enclosure(Locality) k4~ 0.684 5 4= 0.344 5 4= 0.245
Population x Locality Fj4 44 1.397 B 45+ 0.311 B 45 0.564

TMW  Population b a7~ 5.775* R, a5 2.487%** F, 45 4.108**

Locality P 5845 11.046**  F; 95047 9.942* F 14207 1.959

Mass NA £ 45= 7.090** F 4= 20.044*
Enclosure(Locality) k47 0.872 B 4= 0.438 k5 45 0.338

Population x Locality Fy4, 447 3.557** F, 4= 0.869 B 45 1.960
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Fig. 11. Morphological traits (mean £1 SE) &felophylax pereztadpoles raised at
different field localities for 21 days in the fieékperiment. Results of HDS Tukey’s test

(o = 5%) for treatment are shown (common underbatation). Source populatior|:|

c1: < c22/\ Pi.
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Fig. 11 (continued).Morphological traits (mean +1 SE) Bklophylax pereziadpoles

raised at different field localities for 21 daysthe field experiment. Results of HDS

Tukey’'s testd = 5%) for treatment are shown (common underbatation). Source

populationslj C1;<> c2\ P1.

Larval final mass and growth

Final mass and growth were significantly affectgddrality (Table 10). Those larvae

exposed to L3 showed higher mean values for thagables than those exposed to the

rest of localities (Fig. 12).
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Fig. 12.Final weight (a) and growth (b) (mean = 1 SE) ot$ée ofPelophylax perezi
raised at different field localities for 21 daysthe field experiment. Results of HDS

Tukey’s testd = 5%) for treatment are shown (common underbatation). Source

populationslj C1;<> c2\ P1.

DISCUSSION

The results obtained suggest that the exposuretréssgig aquatic environments
significantly affectedP. perezilarval survival, final size, growth and morphology.
Nevertheless, since the direction of the influedifiered between the common garden
and the field experiment, it would be necessaryintegrate both approaches to
accurately determine the impact of nitrogenousypioih on the study species and to
provide generality to our results.

Some previous studies have described that the expds nitrogenous treatments
in outdoor mesocosms increased larval mortalityler et al, 2003). However, other

evidences found no effects in such conditions (H&dlaustein, 2003; Boonet al,
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2005; Booneet al., 2007). Our results agree with this latter scenafioe observed
toleranceP. perezimay be a consequence of either any highly effedligtoxification
pathway or it may be mediated by enhanced algawthrcat polluted conditions.
Ammonium, nitrite and nitrate concentrations cgomxling to polluted treatments may
explain the detected periphyton biomass (Camarddaaso, 2006), which would have
contributed to reduce the concentrations of theogénous ions to that experimental
individuals were actually exposed. In laboratorpditions, Egea-Serrangt al. (2009)
reported high larval mortality foP. perezifor the same nominal concentrations
considered in the present study. Although the exq@os$o stressing factors, such as
salinity, in mesocosm conditions was more strestifah in the laboratory iBufo
calamita larvae (Gomez-Mestre & Tejedo, 2003), the obserdadtrgence found
between experimental conditions may rely both om t¢bntrolled conditions in the
laboratory, and the high rate of treatment renethal; would have contributed to keep
stable the nominal concentrations selected, reptiege a more severe stress to
experimental individuals when compared with mortura conditions. This hypothesis
emphasizes the difficulty of generalizing the cosains obtained in the laboratory to
understand the response of natural amphibian pogosato stressing factors (Boone &
James, 2005). However, results obtained for thet masural approach (i.e. field
experiment) indicates that larvl perezimay be threatened by nitrogenous pollution,
which agrees with the increased mortality repofftedenclosured larvae of different
amphibian species in manipulative field experimearid field assays (Griffis-Kyle &
Ritchie, 2007; Peltzest al, 2008; but see de Wijet al, 2003 for survival at hatching).
Nevertheless, the higher larval mortality repotedthe polluted sites cannot be
totally attributable to nitrogenous pollution, aglter nitrogenous ion concentrations

(i.e. those used for the common garden experimditt) not increase mortality.

229



Capitulo 7

Moreover, it is unlikely that this result can bengaetely attributed to any hypothetic
osmotic response, since the trends for larval rirtand water salinity in relation to
experimental localities are different. Thus, adufisil stressing factors could be involved
in the lethal effects observed, although no furtb&planations may be proposed
considering the available data.

Experiments performed in mesocom conditions havealed either the absence of
significant effects (Booneet al., 2005) or the existence of positive influence of
nitrogenous treatments on amphibian larvae growthWijer et al, 2003; Hatch &
Blaustein, 2003; Boonet al., 2007). Nevertheless, our results disagree with th
existing information, since, although the effecteodquced by ammonium acting
isolately did not differ with respect to controlleatments corresponding to the
combinations of nitrogenous compounds reduced fio#h larval weight and growth.
Because the fact that periphyton biomass was greatthe polluted treatments, we
could expect a facilitation of beneficial effects arvae growth due to an increase in
food availability with respect to control, as itsheeen previously suggested in other
settings (Booneet al, 2005; 2007). However, Egea-Serragtoal. (2009) reported for
laboratory experiments a lower feeding efficienoy P. perezilarvae at polluted
treatments but growth was likewise depressed. B®,ekposure to the nitrogenous
compound mixtures, although representing an endigmyironment, results harmful to
P. pereziboth at the laboratory and mesocosm conditionstr@oly to laboratory and
mesocosms, larvae exposed to natural conditiotisedield experiment increased both
final weight and growth at polluted localities. $hiesult can be due to an indirect effect
of pollution via food web (de Wijeet al., 2003). Although periphyton biomass could
not be measured properly, it is reasonable to asshat polluted sites would show high

algal growth, since nutrient concentration was ificgmtly higher than control site (see
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Camargo & Alonso, 2006). So, the higher mass rebifdr surviving larvae exposed
to polluted localities could be explained by coesidg that these larvae could be able
to perform an overcompensation response to thesstpeoduced by pollutants by
increasing their feeding efficiency.

The exposure to stressing factors, such as dessicgtredator and competitor
presence, low temperature, starvation or osmotessthas been shown to affect both
larval and juvenile morphology in anurans (Rely&202a, b; Gomez-Mestre & Tejedo,
2005; Merilaet al.2004; Richter-Boixet al, 2006). No much information exist on the
effect of nitrogenous pollution on morphologicalria#ion in larval amphibians, with
the exception of body length in laboratory expenise(e.g. Oromiet al, 2009).
Polluted treatments in the mesocoms and localiieshe field experiment either
reduced or increased, respectively, absolute vatdiesiorphological traits (at least
marginally). This disagreement could be explaingd donsidering that the stress
produced by the exposure to polluted localities wégh enough to induce some
overcompensation response in the tadpoles, whepedsted treatments in the
mesocosms were so harmful than tadpoles coulder@nmn such response.

Since larval growth and morphology has been rélaweswimming performance
(e.g. Watkins, 1997; Van Buskirk & McCollum, 2008rendt, 2003; Daytoret al,
2005), the results obtained suggest that nitrogenoeilution may affect tadpole
competitive abilities and the risk of being predat@gkupferber, 1998; Dayton &
Fitzgerald, 2001). Relyea (2002b) suggested tleatidvelopment of plastic phenotypes
in presence of predators was an adaptive respomsiedoes not imply evolutionary
change in mean trait (Gotthard & Nylin, 1995).

Larval mortality was not increased at the polluteeatments for the common

garden experiment, but it was augmented at loealishowing the highest nitrite and
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nitrate concentrations (L2 and L3 localities). Téfere, it is difficult to infer the
positive effects that pollution-induced morpholagimay represent, as the adaptive
hypothesis would suggest (Gotthard & Nylin, 1998dreover, mean mortality for each
mesocosm (n = 16) or enclosure (n = 9) was notetaied with mean larval mass
morphology (Pearson correlation, P > 0.05 in aflesd. Further studies are needed to
fully understand the implications of the morphotmjiresponses to pollution described.

Significant population x treatment interactions éabeen found for some
morphological variables as well as for larval finmlass in the common garden
experiment. This result suggests the existenceopllation-specific differences and
possible local adaptation in the tolerance to g&rmus pollution, as it has been
previously described for laboratory assays (EgeaaBeet al, 2009). This fact would
agree with the intraspecific variation in the talece to fertilizers described for different
amphibian species in previous studies (Hecnar, 198Banssort al, 2001; Hatch &
Blaustein, 2003; Maciast al, 2007; Shinret al, 2008). However, the results obtained
for the field experiment did not fit with a locall@ptation hypothesis since populations
did not differ in their response to the destinatiocalities. This could be attributed to
the fact that natural environments were not stakssfiough to magnify the different
responses of larvae from each population to poltuti

In conclusion, the results showed that in the @dtenvironments, larvd®. perezi
are tolerant, at least to some extent, to nitrogemmllution. Nevertheless, the presence
of different nitrogenous compounds acting in combon and hypothetically acting
with additional stressing factors would make larwadnerable to pollution, since
mortality, as well as morphology and size were @ffid. Morphology may affect
performance abilities (Van Buskirk & McCollum, 2Q0Q@lecreasing escape abilities

which may increase the risk of being predated hyeganited predators (Wellborn,
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1996). The reduction in larval size may determimalter size at metamorphosis that
indirectly may retard the age and to sexual matumaand decrease adult size (Smith,
1987). Therefore, the non-lethal indirect effedtpallution may have deleterous effects
on population growth oP. perezi Nevertheless, further studies are needed to @sses
whether the effects of nitrogenous pollution degdctor larval developmental stages

ensue to the terrestrial phase of amphibian lifdecy
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CAPITULO 8

ANALYSIS OF THE EFFECTS OF NITROGENOUS

POLLUTION ON SWIMMING PERFORMANCE OF

LARVAE OF PELOPHYLAX PEREZ| (SEOANE, 1885)
THROUGH ASSAYS REPRESENTATIVE OF NATURAL

CONDITIONS

Abstract.- Although many studies have assessed the impadillofgnts on amphibian
behavior, information regarding their effect ondowtor abilities is scarce. However,
studies analyzing the impact of nitrogenous compgswn such abilities, as well as the
intra-specific variation of the tolerance to padiats, is completely lacking. Therefore,
in two different experiments carried out in mesages|and enclosures, respectively, we
examined the effect of the exposure to8H(isolated or combined with NaNGnd
NaNG;) and to natural streams differing in their degoégollution on larval speed and
distance swum by larvae d?elophylax perezifrom three populations exposed to
different degrees of eutrophication. The resultggest that the exposure to nitrogenous
compounds in both mesocosm and natural conditi@ssrfo direct effect on larval
swimming performance, although it may have deletereffects on the viability of
larvae by affecting the relationships between molgiy or growth and the swimming
abilities.

Key words: Nitrogenous pollution, inter-populational variatioRelophylax perezi
swimming performance, larvae, natural conditions
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INTRODUCTION

Amphibian larvae fitness is dependent on locomaioilities since such capabilities
may affect competitive ability (Dayton & Fitzgerald001) as well as vulnerability to
predators (Watkins, 1996; Kaplan & Phillips, 20068Yloreover, the effect of
morphological traits on fithess may be mediatedHgyimpact of such traits on one or
more performance variables (Arnold, 1983). Thugabee of the potential ecological
relevance of larval speed, burst speed is commmorigidered as an ecological measure
of performance and an effective method to collefdrmation on larval fithess (Huey &
Stevenson, 1979).

Information reporting the effects of pollutants lsupesticides and nitrogenous
compounds on larval amphibian activity has beenliglued previously (e.g. Hecnar,
1995; Bridges, 1997, 1999; Xu & Oldham, 1997; HakcBlaustein, 2000; Shinst al,
2008). A regards swimming performance, (i.e. swingnspeed or total distance
swum), the published studies describing the effettpollution indicate that tadpole
swimming abilities generally disminished as a coogmce of the exposure to either
high aluminum concentration and low pH or to pedés (Jung & Jagoe, 1995; Bridges,
1997; but see Widder & Bidwell, 2006, 2008). Nekeless, no information assessing
the impact of nitrogenous compounds on swimmindoperance of larval amphibians
has been reported yet.

Nitrogenous compounds significantly affect lethaldasublethal parameters in
larval amphibians, both in the laboratory and inreneatural settings (e.g. Booaeal,
2007; Peltzeret al, 2008; Egea-Serranet al, 2009). Moreover, the exposure to
nitrogenous compounds acting in combination witheotstressing factors (as expected

for natural settings), such as other nitrogenousstsumces (Egea-Serrapbal, 2009),
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UV-B radiation (Hatch & Blaustein, 2000, 2003; Masét al, 2007), low pH (Hatch &
Blaustein, 2000) or pesticides (Boogteal., 2005), may exacerbate their effects through
additive or synergistic responses (Berenbaum, 19&@)ditionally, nitrogenous
pollution has been described to affect larval molpyy (Egea-Serranet al, chapter 7
in the present thesis), which may affect tadpot®hootor ability, since evidence has
accumulated that body size, growth and morpholodfects larval swimming
performance (e.g. Watkins, 1997; Van Buskirk & MdGm, 2000; Arendt, 2003;
Dayton et al, 2005). All these facts would make likely that swning performance
could be modified by nitrogenous pollution. Considg the widespread distribution of
such pollution (Carpentest al, 1998) and that it is expected to increase infiitgre
(Tilman et al, 2001; Gallowayet al., 2003), studies performed to determine the effects
of nitrogenous compounds (isolated and acting mlgoation with other factors) on
tadpole swimming performance are needed to betteterstand their impact on
amphibian populations.

To date, most of the studies dealing with amphilgaatoxicology correspond to
laboratory assays (Boone & James, 2005). Althouwggh dollected in these conditions
are a starting point in understanding the effedtsa gpollutant, it is necessary to
determine whether the effects recorded in the ktboy are also detected in the field
(Boone & Bridges, 2003; Boone & James, 2005). Pmedocoms and field enclosures
have been described as effective tools to studetieet of pollutants in more realistic
conditions (Boone & Bridges, 2003; Boone & Jame3)3). Mesocosms have been
defined as independent outdoor artificial systereghé¢r aquatic or terrestrial)
containing food webs and processes representativeataral environment, whereas
enclosures can be described as permeable contanelssing the study organisms

within a particular environment, allowing environmt& exchange among them (Boone
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& James, 2005). The characteristics of these metbgiks allow to study accurately
population- and community level processes as weltcaintegrate multiple stressing
factors in naturally changing environments (Boonéasnes, 2005).

Pelophylax perezis a waterfrog widespreads through the IberianirRefre and
Southern France (Llorente & Arano, 1997). It inhsalmainly permanent water bodies
(Diaz-Paniagua, 1990). These habitats, as a coesegof farming practices, one of
the most important nitrogen sources in the naterg. Ritter & Bergstrom, 2001), may
hold high concentrations of different nitrogen faernte.g. for southeastern Iberian
Peninsula: 154.6 mg NHI; 74.4 mg NQ7/I; 333.0 mg NQ@/I, Suarez, personal
communication). So, this species might be exposedrnd threatened by nitrogen
pollution through all its life cycle, because juites and adults uses water bodies as
shelter from predators (Martit al, 2006), as foraging (Docampo & Vega, 1990) and
as breeding habitat (Egea-Serragtoal., 2005). The wide habitat niche breadth and
distribution range ofP. perezimakes possible the existence of interpopulational
variation in relation to its tolerance to increase¢kls of nitrogenous pollution, as it has
been shown in other studies (Johansstaal,, 2001; Egea-Serrared al, 2009).

The aims of the present study were: 1) to determtime effects of high
concentration of ammonium chloride, isolated anthlsimed with sodium nitrite and
sodium nitrate, on larval speed and distance swynhatvae of P. pereziraised in
mesocom condition (common garden experiment); 2let@rmine the effects of the
exposure in enclosures placed in natural streaffexidg in their level of nitrogenous
pollution (field experiment) on larval speed andtance swum; 3) to analyse the impact
of nitrogenous pollution on the relationship betwégrval morphology and swimming
performance for both common garden experiment &id éxperiment; 4) to analyse

the impact of nitrogenous pollution on the tradk-bétween larval growth and
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swimming performance for both common garden expamimand field experiment
(Arendt, 2003) and, 5) to evaluate whether theee aridences of variation among

populations in their tolerance to nitrogenous fdadiu

MATERIAL AND METHODS

Studied populations

Five different egg masses Bf pereziwere collected from three populations located in
the Segura River Basin the first fortnight of Ma@®07. This basin has been reported
as one of the most arid and eutrophized of thedbdPeninsula (Vidal-Abarcat al,
1987; Ballester, 2003). The selected populationsewwaturally exposed to highly
different levels of nitrogen pollution. Two of theegopulations corresponded to the
permanent headwater stream Rio Chicamo (38°12"1¢p80N; 170.3 m.a.s.l.) and to a
seminatural pond located in the Sierra Espuiia Reagi®ark (37°52°N, 001°30°W;
673.0 m.a.s.l.) (C1 and C2, hereafter). C1 showedHrutrient concentration with less
than 5.1 mg N-N@/I (Vidal-Abarcaet al, 2000). Although no data about nutrient
concentration is available for C2, it is unlike thamphibians were exposed to
nitrogenous pollution since its location is remfoten urban and farming activities. The
land environment corresponds to bush on marls @11 pine trees on limestone
lithology (C2). In contrast to the previous popidas, the third population is located in
a semipermanent headwater stream, Rambla del Gair(87°57°N, 001°04"W; 346.0
m.a.s.l.) (herafter P1), which has been exposelbaat for the last 22 years, to nitrate
concentration as high as 162.1 mg MQ(Ballester, 2003) due to intensive farming
activities and subsequent run-off in its basin. tégestrial environment corresponds

with pine trees on heterogeneous carbonated miatéiig through most of the course
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of the stream, the habitat has been largely matibeing dominated by intensive cattle
exploitations. The geographical separation betwsgulations ranged from 28.3 km to

54.9 km.

Experimental design and response variables

Developmental stage of embryos when they were aelle ranged from 15 to 18

Gosner’s stage (Gosner, 1960), with no differeaocesng populations (Chi-square, P >
0.05). In all cases, embryos were transported bdfiatching to the laboratory, where
they were reared in 12 | glass aquaria containechkbrinated tap water (pH = 8.39;
conductivity = 985uS/cm; 0.002 mg N@I; 4.69 mg NQ/l). When they reached

Gosner’s 25 developmental stage, they were expgodeshtments.

Common common garden experimerX total of 16 plastic pools (430 I) were
located in an outdoor facility at the Campus Ursitario de Espinardo (Universidad de
Murcia) one month prior to the beginning of the eximent. They were filled with 200 |
of dechlorinated tap water. Once a week beforeettperiment began, each pool was
inoculated with 0.5 | of water from a natural pqioneet al., 2004). Since this pond
(37°52°N, 001°34°W; 1124 m.a.s.l.) is located withipine forest in a protected area of
Southern Spain, it is unlikely that the water useéhoculate the pools was exposed to
pollution. In the moment of beginning the experim@é March 2007), pools had a thin
leaf litter that provided natural feeding sourcestadpoles and contributed to make
nutrient dynamics more natural. Prior to placing ldrvae in the pools, water volume in
each pool was reduced to 150 |, to correct foreddhces in water volume due to
evaporation. Additionally, when larvae were placedthe pools, each tank was
equipped with a plastic tile ( 229 cm2) facing $owd assess periphyton biomass

(Relyeaet al, 2005). Each pond contained five larvae from tived study sites that
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were individually placed in 1 | plastic beaker caagewith 1 mm mesh lid within each
pool. Initial mass of larvae did not differed idat®on to their population of origin ¢F
237= 1.064; P = 0.347): C1 (mean = 1 SE): 0.043 g30®.g, n = 80; C2 (mean £ 1 SE):
0.046 g £ 0.002 g, n =80; P1 (mean £ 1 SE): 09410.002 g, n = 80.

Larvae were acclimatized in the pools two days teefthe beginning of the
experiment. At this moment, one dog chow pellet0350 mg) was placed in each
beaker. No additional food was provided to larvaeird) the experiment. Each pool
was haphazardously assigned to one of the fowviollg treatments: 1) control; 2) 13.5
mg NH,;"/I; 3) 13.5 mg NH'/I + 364.7 mg NG/l + 6.67 mg NQ/I; 4) 13.5 mg NH'/I
+ 364.7 mg N@/I + 66.7 mg NQ/l. These treatments were selected because they
produced the highest larval mortality in the latbora (Egea-Serranet al, 2009) and
concentrations were within those values naturatlguoring in the field in the Segura
River basin (e.g. 154.6 mg NHI; 74.4 mg NQ/I; 333.0 mg NQ@/I, Suarez, personal
communication). To obtain the experimental conamns, 40 g NECI/I, 70 ¢
NaNG,/| and 150 g NaN@ll stock solutions were pipetted directly into h&ols. Each
treatment was replicated four times. The experintam consisted in a split-plot design
(Quinn & Keough 2002), where treatment was the npéan factor and the population
of origin the subplot factor.

Field experiment Larvae from the three study populations werge@an four
selected natural streams. Two of them, Rambla sige€ho (37°46°N, 001°45"W; 476.7
m.a.s.l.) and Rambla Tejera (38°11°N, 002°07"W;7198 1197.9 m.a.s.l.), correspond,
respectively, to permanent and semipermanent hdadwe&reams located in forest
natural environments, which makes unlikely the gneg of nitrogenous pollution in the
water column. During the exposure period, nitrogencompounds levels were (mean +

SE): Rambla del Estrecho: 0.6 mg NOt 0.08, n = 3; Rambla Tejera: 1.4 mg WO+
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0.3, n = 4). The rest of the destination sites, Rigpar (38°02°N, 001°54"W; 710
m.a.s.l.) and Rio Mula (38°03"N, 001°25°W; 190.2.81l.) corresponds to permanent
rivers exposed to high degree of eutrophicatioa asnsequence of urban wastewaters
and farming practices. During the exposure pemiiipgenous compounds levels were
(mean = SE): Rio Quipar: 25.02 mg NO+ 3.0, n = 4; Rio Mula: 10.1 mg N@ *
1.1, n = 4). The natural presencePofpereziwas confirmed in all of these streams.

Eight larvae from the three studied populationseyglaced at each experimental
locality. Initial mass of larvae did not differed relation to their population of origin
(F2.6= 1.936; P=0.152): C1 (mean £ 1 SE): 0.033 g 9.6, n =72; C2 (mean = 1
SE): 0.030 g + 0.003 g, n = 72; P1 (mean + 1 SK)2®9 g + 0.003 g, n = 72. To
preserve an estimation of interpopulational vasiatieach larvae was individually
placed in 1.5 | plastic beakers covered with 1 mrasimlid. Larvae from each
population were haphazardously distributed amonggtllifferent enclosures; each one
separated at least 1 m of others. Larvae were igibdone dog chow pellet (250-350
mg) at the beginning of the experiment. No food aedditionally provided during the
rest of the experiment. All larvae exposed to Rambéjera died as a consequence,
probably, of the increase of water turbidity ocedrafter heavy rains that took place
during the realizarion of the experiment. Thuss tlicality was removed from the
subsequent statistical analyses. Therefore, thgrdés the field experiment consisted
of one control site (Rambla del Estrecho, L1 heesafand two polluted sites (Rio
Quipar and Rio Mula, hereafter L2 and L3, respebfjv

For both common garden experiment and field expamimmass of surviving
larvae (£0.0001 g) was registered after 21 dayexpbsure. Since data regarding initial
and final larval mass were recorded, larval growths calculated (final mass-initial

mass). Individual swimming speed and distance swware measured by placing an

248



Impact of nitrogenous pollution dPelophylax pereawimming performance

individual larva into a plastic aquarium (lengtl® dm; width: 1 cm). Water depth was
roughly 2 cm, just enough to cover larvae andratlswimming to a two-dimensional
space. Larvae were allowed to settle for 60 s, wehewimming response was induced
by stroking the tail of the larva with a glass r&wimming was videotaped (Olympus
FE-200 digital compact camera) overhead until stobped beating and we estimated
swimming speed (total length swum/time swimming/sjrand total length swum (cm).
Additionally seven morphological traits were reaatdor each individual (mm): body
length (BL), width (BW) and depth (BD); muscle taiidth (MTW) and depth (TD);
tail length (TL) and depth (TD) (Fig. 1). To do shgital images were obtained for each

larvae and they were measured with the softwaregyéaiRro Plus version 4.5.0.29 for

Windows.

4 B

Fig. 1. Tadpole morphological measures. BL: body length;: Bty width; BD: body

depth; TMW: tail muscle width; TMD: tail muscle dapTL: tail length; TD: tail depth.
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On days 2 (day O for the field experiment), 7, bdl @1 after the begining of the
experiment, water physicochemical characterisiits, temperature [°C], conductivity
[uS/cm], salinity [g/l] and depth [cm]) were measuredeach pool and field localities.
At the same time, a water sample was taken fronin gmol and field locality to
establish the ammonium, nitrite and nitrate comegioins in the water column.
Ammonium and nitrite analyses were performed byorwietric methods whereas
nitrate concentration was estimated by ionic chitography. Additionally, periphyton
biomass at the end of the experiment was measurecdch pool to estimate a
supplement resource to the tadpoles that may eantaffect their growth and
perfomance (Booneet al, 2005, 2007). Periphyton biomass was determined by
scratching, inmediately after the experiment fiehthe top surface of periphyton tiles.
Once the periphyton was obtained, it was driedwatlg the waper to evaporate, and
weighed (x 0.0001 g). In the case of the field expent periphyton biomass was not
enough to be measured accurately.

For the common garden and field experiments, waltgsicochemical variables,
nitrogenous ion concentration and final periphytbamass (only for the commong
garden experiment) were analysed by ANOVAs. Treatnaed time of measurement
(only for physicochemical variables) were consideses fixed factor and pool as
random factor nested within treatment. However, diertage of samples with
detectable values for the nitrogenous ion concgatrs, both in the mesocosm and field
experiments, data belonging to different tanks rerl@sure were pooled, whereas time
of measurement was unable to be estimated and nea¢reonsidered in our design.
Because periphyton biomass was estimated onlyeagrnd of the common experiment,
this factor was also excluded from the statistazalysis of this variable. Additionally,

since nutrient concentration estimates for thedfiekperiment were taken outside
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enclosures, the factor enclosure (nested withiralitgy was not considered when
analysing physicochemical and nutrient data.

Larval swimming speed and distance swum, were agdlyby ANCOVAS,
including in the analyses population of origin,atreent (or locality) and pool or
enclosure (nested within treatment or localitypessively) as factors. Considering the
hypothesis suggesting that swimming performance beagffected by both initial size
(since it is correlated with egg size and, thuspaiternal induced effect [Kaplan &
Phillips, 2006]) or final size, initial and finalass were included in separate analyses as
covariates to correct for such influences.

Stepwise multiple regression analyses were perfdrioeanalyse the effect of
morphological traits on larval swimming performanBeevious to regression analyses,
homogeneity of slopes assumption was tested by AXE@nalyses. When the
influence of any morphological variables differemtass population and/or treatment (or
locality, for the field experiment), separate mulkiregression analyses were performed
for each population and treatment or locality. 8irstatistics for the homogeneity of
slopes test could not be estimated for the fielgeexnent, the analysis of the influence
of morphology on swimming performance was not eafrout in this case. The
existence of a trade-off between growth and swingmiariables (Arendt, 2003) was
analysed using the same statistical approach tmanemployed for the morphology-
swimming analysis.

All variables were log-transformed. All statisticahalyses were performed using

the statistical software SP%8. 15.0.

251



Capitulo 8

RESULTS

Common garden experiment
Water physicohemistry
Water physicochemical variables significantly diffé throughout time, which also
affected the effect of treatments on such parametdth the exception of water depth
and temperature (Table 1; Fig. 2). Water physicotubal characteristics (with the
exception of temperature and depth) were signifigaifected by treatments (Table 1).
Treatments corresponding to the combination ofedsfit nitrogenous compounds
showed higher values for pH than control treatmastwell as higher conductivity and
salinity than the rest of treatments (Fig. 2). Rerinore, the time x treatment interaction
indicates that the differences were increased wiite for pH and reduced for
conductivity and salinity (Table 1; Fig. 2).

Polluted treatments significantly increased ammeaniunitrite and nitrate
concentrations present in the water column iniaiab control treatment (Table 2; Fig.
3). Moreover, in the case of nitrite and nitratee tcombination of nitrogenous

compounds increased their concentration in relatahe rest of treatments (Fig. 3).
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Table 1. Summary statistics of repeated measures ANOVAspbysicochemical

characteristics of water in the experimental pdofsthe common garden experiment.

ndf: numerator degrees of freedom; ddf: denomindégrrees of freedom.

Variable Source of variation ndf ddf F P
pH Treatment 3 12 6.325 0.008
Pool(Treatment) 12 36 1.569 0.145
Time 3 36 5.769  0.003
Time x Treatment 9 36 2.442  0.028
Temperature  Treatment 3 12 1.011 0.422
Pool(Treatment) 12 36 0.841 0.610
Time 3 36 87.572 0.0001
Time x Treatment 9 36 1.106 0.384
Conductivity  Treatment 3 12 54.163 0.0001
Pool(Treatment) 23 36 1.968 0.058
Time 3 36 180.172 0.0001
Time x Treatment 9 36 12.072 0.0001
Salinity Treatment 3 12 37.539 0.0001
Pool(Treatment) 12 36 2101 0.043
Time 3 36 125.2900.0001
Time x Treatment 9 36 5.232 0.0001
Depth Treatment 3 12 0.366 0.779
Pool(Treatment) 12 36 7.864 0.0001
Time 3 36 338.3510.0001
Time x Treatment 9 36 0.419 0.916
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Table 2. Summary statistics of ANOVAs on nitrogenous iomaentration in the

experimental pools for the common garden experimedf: numerator degrees of

freedom; ddf: denominator degrees of freedom.

Variable Source of variation ndf ddf F P
Ammonium  Treatment 3 13.014 15.111  0.0001
Pool(Treatment) 12 36 0.538 0.875
Nitrite Treatment 3 11.980 19.410 0.0001
Pool(Treatment) 11 34 3.060 0.006
Nitrate Treatment 3 12.927 68.516 0.0001
Pool(Treatment) 12 35 1.693 0.111
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Fig. 3. Mean (x1 SE) for ammonium, nitrite and nitrate camtcations (mg/l) in the
experimental pools. Treatment codes are shown aokiets. Results of HDS Tukey’s
test @& = 5%) performed for the factor treatment are shawommon underbars

notation).
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Periphyton biomass
Growth of periphyton in the pools was significantlyffected by treatments
(F31723.341; P= 0.0001), being higher for those poatposed to nitrogenous

compounds (Fig. 4).

_ 0.5 | : :
= | L
2 | P
@ 0.4 . ! !
E 1 1 1
S | L
p 0.C34 ! ! !
(@] 1 1 1
2 : : !
=1 0.C24 : : :
E 1 1 1
0.C14 i . .
1 1 1
1 1 1
1
o .
0.00 ! Treatment:1 2 3 4
T + T ; :
Control NH,/ NH,*/I NH,/1
1) 2 NO; /I NO5/I

6.67 mg NQ/| 66.7 mg NQ/I
(3 4)
Treatment

Fig. 4. Mass (mean = 1 SE) of periphyton grown in the expental tanks after 21
days of exposure to different levels of nitrogenquadlution. Treatment codes are
shown in brackets. Results of HDS Tukey's test 5%) performed for the factor

treatment are shown (common underbars notation).

Swimming performance

Neither swimming distance nor swimming speed wéfeceed by treatments (Table 3).
However, the exposure to the combination of higmcentrations of nitrogenous
compounds evidenced a reduction of mean swimmisigutice and treatments involving

their mixture (treatments 3 and 4) showed a treng@duce mean swimming speed (Fig.
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5). Population of origin only affected distance swwhen the effects of final mass
were accounted for (Table 3). Larvae from C2 pdputaswam lower mean distance
than those from the rest of populations, althoudghSHTukey’s test did not show
significant differences among populations (Fig. Fhe interaction population Xx

treatment was not significant in any case, revgdimat the response of the larvae from

the different populations to the treatments considén the present study did not differ.

Table 3. Summary statistics for ANCOVAs on swimming variabler the common

garden experiment. * P < 1%; ** P < 5%; *** P < 10%A: not applicable.

Variable  Source of variation Not correcting Correcting for Correcting for
for mass initial mass final mass

Distance  Mass NA F195= 0.173 I 105= 6.128**
Population of origin F106= 1.560 B0 1.621 B 105= 3.019%**
Treatment FioosE 1.331  Rao13s 1.370 RB1ssss 0.728
Pool(Treatment) 106 3.840* F2 105 3.800* F2 105 2.357*
Population x Treatment gl 1.069 f6105= 0.977 f5105= 1.028

Speed Mass NA thos= 1.720 fr195= 0.637
Population of origin F1oe= 1.111 B0 1.133 b 105 1.016
Treatment Fio0sE 2.201  Rao13F 1.840 Bas1is 1.414
Pool(Treatment) Bios 3.827*  Fpie: 3.916%  Fpio5 2.062%
Population x Treatment  glog= 0.412 l6105= 0.537 f5105= 0.415
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Fig. 5. Mean (x 1 SE) distance swum and larval speed &ftedays of exposure to
different levels of nitrogenous pollution in thenmmon garden experiment. Results of

HDS Tukey’'s testo = 5%) for treatment are shown (common underbatation).

Treatment codes are shown in brack_k. Ol; &2?1.

Trade-off between larval morphology and swimmindgmance

The analyses of homogeneity of slopes were onlyifsggnt for the following
relationships on total distance swum (Populatiofilx F, 100= 5.558; P = 0.005,
Treatment x BW, § 100= 4.016; P = 0.01, and Treatment x BDQ, fo= 9.346; P=
0.0001) and swimming speed (Population x Treatmxe®MW, Fs, 100= 2.804; P =
0.015). Separate stepwise multiple regression aesalyperformed for each source
population and treatment revealed that the strenftihe influence of morphological
traits on swimming performance greatly varied asrg®pulations and treatments

(Tables 4 and 5).
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Table 4. Summary statistics for the regressianalyses performed for distance swum and swimmpeed (morphological trait
independent variables) for the common garden exyaari. * P < 1%; ** P < 5%; *** P < 10%See Material and Methods section

details on population and treatment codes. NMnmedsurabl

Population Treatment Distance Speed
Adjusted R df (regression, residual) F P Adjustet R df (regression, residual) F P
C1 1 0.438 4,14 4510 0.015 0.000 NM, NM NM NM
2 0.373 4,14 3.673 0.030 0.445 1,17 15.43%001
3 0.929 7,9 31.0940.0001  0.742 4,12 12.4840.0001
4 0.000 NM, NM NM  NM 0.154 1,14 3.740 0.074
c2 1 0.265 1,18 7.857 0.012 0.564 3,16 9.209 0.001
2 0.388 3,14 4586 0.019 0.400 3,14 4780 0.017
3 0.598 2,15 13.63D.0001  0.408 1,16 12.716 0.003
4 0.120 1,15 3.174 0.095 0.204 2,14 3.045 0.080
P1 1 0.286 5,13 2.442 0.090 0.542 4,14 6.326 0.004
2 0.244 2,16 3.898 0.042 0.438 3,15 5.676 0.008
3 0.207 1,18 5.950 0.025 0.000 NM, NM NM NM
4 0.139 2,15 2.373 0.127 0.436 1,16 14.141.002
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Trade-off between larval growth and swimming perfance

Table 6 shows the results of the ANCOVAs perforntedest the homogeneity of
slopes for the growth-swimming analyses. The retedthip between larval speed and
growth differed across treatments. Growth posiyivafluenced distance swum (Table
7; Fig. 6). As regards to speed, only control larnghhowed a negative influence of

growth (Table 7; Fig. 6).
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Table 6. Summary statistics for the analyses of homogeiniitglopes (ANCOVAS) on
swimming variables for the common garden experin{eavariables: larval growth)

Absolute date are considered for both dependerdhias and covariate.

Variable Source of variation d.f. d.f. F P

numerator denominator

Distance Population of origin 2 184 0.141869
Treatment 3 187.585 0.625599
Pool (Treatment) 12 184 2.695002
Growth (mass) 1 184 1.738.189
Population x Treatment 6 184 0.790610
Population x Growth 2 184 0.239.787
Treatment x Growth 3 184 1.191.315
Population x Growth x Treatment 6 184 0.7890.580
Speed Population of origin 2 184 0.3R8721
Treatment 3 183.683  2.53h058
Pool (Treatment) 12 184 3.00k001
Growth (mass) 1 184 1.760.185
Population x Treatment 6 184 0.501807
Population x Growth 2 184 0.534.875
Treatment x Growth 3 184 3.61M013
Population x Growth x Treatment 6 184 0.5770.748
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Table 7. Summary statistics for the regression analysesopedd on the swimming
variables (dependent variables); larval growth épehdent variable), for the common
garden experiment. Since no growth x treatment rowth x population of origin
interactions were detected for distance swum, datathis variable were pooled.
Absolute date are considered for both dependent inddpendent variables. See

Material and Methods section for details on treainoedes.

Treatment Regression analysis B (S.E) P
Distance — Adjusted B= 0.063; F s¢= 15.664; P= 0.0000.134 (0.034)0.0001
Speed 1 AdjustedR 0.076; Fs& 5.685; P=0.021 -0.230 (0.097).021

2 Adjusted B= 0.166; s~ 11.938; P=0.0010.132 (0.038) 0.001

3 Adjusted B= 0.037; ks 3.072; P=0.085 0.088 (0.0509.085

4 Adjusted B= 0.043; 4= 3.259; P= 0.077 0.108 (0.0609.077
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Fig. 6. Relationships between growth and distance swuntr@dtments po oled) (A)
and larval speed (B) for larvae exposed to diffetevels of nitrogenous pollution for
21 days in the common garden experimeni—H_ |— Treatment 1 (controb: <>---
Treatment 2—--/\"—  Treatment-3;(O- Treatment 4 (see Material and Methods

for details on treatment codes).
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Field experiment

Water physicochemistry

Physicochemical characteristics of water were &antly affected by localities and
time of measurement, which also affected the imftge of the localities on water
characteristics (Table 8). The lowest pH, condifgti@nd salinity levels were shown by
L1 (pH) and L2 (conductivity and salinity), wherela3 showed the highest values for
all measured variables, with the exception of walkepth (the lowest values for the
studied localities) and pH (not differing with resp to L2) (Fig. 7). The significant
time x experimental locality interaction recordex &ll the physicochemical variables
analysed (Table 8) indicates that differences amioeglities decreased during the
experiment to increase again by its end, with tkeeption of water temperature and
depth (Fig. 7).

As regards to nitrogenous ion concentration, trgueced number of cases for
which detectable ammonium levels were recorded aoy locality prevented its
analysis. In relation to nitrite concentration, yh? and L3 had reliable data and L3
showed higher nitrite concentration. Nitrate coricion was higher for L2 population.

L1 showed the lowest value for nitrate concentrafibable 9; Fig. 8).
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Table 8. Summary statistics of repeated measure ANOVA orysigsbchemical

characteristics of water in the localities seledtacthe field experiment. df: degrees of

freedom.

Variable Source of variation df F P

pH Locality 2 18.691 0.0001
Time 3 13.181 0.0001
Time x Locality 6 11.536 0.0001
Error 24

TemperatureLocality 2 9.821 0.001
Time 3 20.023 0.0001
Time x Locality 6 7.351 0.0001
Error 24

Conductivity Locality 2 987.642 0.0001
Time 3 38.375 0.0001
Time x Locality 6 37.351 0.0001
Error 24

Salinity Locality 2 982.697 0.0001
Time 3 43.605 0.0001
Time x Locality 6 41.942 0.0001
Error 24

Depth Locality 2 173.3420.0001
Time 3 3.126  0.045
Time x Locality 6 4.420 0.004
Error 24
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Table 9. Summary statistics of ANOVAs on nitrogenous iomaentration in the
localities selected for the field experiment. NAot rdetectable level of NFin any
location; *: not detectable NOin L1 locality only L2 and L3 localities could be

compared. ndf: numerator degrees of freedom; defochinator degrees of freedom.

Variable Source of variation nddf ddf F P
Ammonium Locality NA NA NA NA
Nitrite Locality 1* 4 9.009 0.040
Nitrate Locality 2 8 254.824 0.0001

0.6Nitrite (mg/l) | _ 30{Nitrate (mg/l) :
1 1
1 1 1
0.5] ! 25 : | I
1 1 1
0.4 I 20 i |
1 1 1
1 1 1
0.31 ! 151 ! !
0.2 : - 101 T I
: : :
0.11 ! 5+ ! !
1
0.0] -~ : 0 - Locality: L1 L2 _L3
L2 L3 L1 L3 L2
Locality Locality

Fig. 8. Mean (x1 SE) for nitrite and nitrate concentratiqnsg/l) in the localities
selected for the field experiment. Results of HD&dy's testd = 5%) for treatment

are shown (common underbars notation).
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Swimming performance

Neither swimming distance nor swimming speed wéiected by population of origin

or locality. Additionally, the swimming performana# the larvae from the different

populations did not differ at different experimdntealities (Table 10; Fig. 9).

Table 10. Summary statistics for ANCOVAs on swimming variabl®r the field

experiment. * P<1%; ** P<5%; ***P<10%. NA: not appable.

Variable  Source of variation Not correcting Correctig for Correcting for
for mass initial mass final mass
Distance  Mass NA F25= 0.453 f£47=0.170
Population of origin Fa=2.206 b4+ 1.968 b 45=2.022

Locality Fossse 0.328  B7.s5& 0.100 R.0.20=0.445
Enclosure(Locality) k4~ 0.896 5 4= 0.948 f5.45=0.796
Population x Locality k4= 0.406 4= 0.497 7.45=0.349
Speed Mass NA 123= 0.798 fr 4= 0.005
Population of origin Fa=0.441 .43 0.056 b= 0.411

Locality Fosgas 2.329  Fogss= 1.263 o16E 1.408
Enclosure(Locality) k4~ 0.886 s 4= 0.591 5 4= 0.806
Population x Locality F.=0.501 4= 0.311 7 4= 0.447
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Fig. 9.Mean (= 1 SE) distance swum and larval speed 2aftetays of exposure to field

localities in the field experiment. Results of HD8key's testd = 5%) for treatment

are shown (common underbars notation). Source atipnis:D c1.o c2A\  PL

Trade-off between larval growth and swimming perfance

The influence of growth on swimming only differedra@ss population and locality for
distance and speed, respectively (Table 11). Aardsgdistance, separate analysis
performed for each population revealed that onlisted a significant influence of
growth on this variable for larvae from C2 popuwati(Table 12). Higher growth
supposed higher distances (Fig. 10). In relatiorsgeed, a significant influence of
growth was detected only for L2, for which the telaship had a positive sign (Table

12; Fig. 10).
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Table 11.Summary statistics for the analyses of homogefitglopes (ANCOVAS) on
swimming variables for the field experiment (coabtes: larval growth). Absolute date

are considered for both dependent variables anarizdg.

Variable Source of variation d.f. d.f. F P
numerator denominator

Distance Population of origin 2 35 2.926 0.067
Locality 2 36.544 0.036 0.965
Enclosure (Locality) 6 35 1.548 0.192
Growth (mass) 1 35 0.399 0.532
Population x Locality 4 35 1.282 0.296
Population x Growth 2 35 3.542 0.040
Locality x Growth 2 35 0.099 0.906
Population x Growth x Locality 4 35 1.235 0.314

Speed Population of origin 2 35 0.572 0.569
Locality 2 35.805 4.402 0.020
Enclosure (Locality) 6 35 0.782 0.590
Growth (mass) 1 35 1.068 0.308
Population x Locality 4 35 1.504 0.222
Population x Growth 2 35 0.529 0.594
Locality x Growth 2 35 3.945 0.029
Population x Growth x Locality 4 35 1.414 0.250
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Table 12. Summary statistics for the regression analyseopraed on the swimming
variables (dependent variables); larval growth pehdent variable), for the field
experiment. Absolute date are considered for beffeddent and independent variables.
* Regression analysis excluded independent varifibfe the regression model, which

consisted only in the constant.

Population Regression analysis B (S.E) P

DistanceC1* Adjusted R= 0.000; o= -; P=- - -
C2 Adjusted R= 0.190; 1= 5.214; P= 0.0360.349 (0.153)0.036
P1* Adjusted B= 0.000; k.1~ -; P= - - -
Locality

Speed L1 Adjusted & 0.098; F,= 3.397; P= 0.0790.270 (0.146).079
L2 Adjusted R= 0.203; k1= 5.597; P= 0.0300.313 (0.132)0.030
L3* Adjusted R= 0.000; g 15~ -; P= - - -

273



Capitulo 8

Fig. 10.Relationships between growth and distance swuma(4)larval speed (B) for

larvae exposed to different field localitites fot Zlays in the field experiment. A)
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DISCUSSION

The results obtained evidenced that the exposutBeocombination of nitrogenous
compounds negatively affected larval performanceaweler, neither swimming
distance nor swimming speed were affected by rgétmogs pollution at both venues
(mesocosm and field experiment) when larval mass taen into account. This result
disagrees with previous analyses with other pailistdJung & Jagoe, 1995; Bridges,
1997; but see Widder & Bidwell, 2006, 2008). Ouepous laboratory experiments
showed that the exposure to nitrogenous compouifelsted spontaneous activity and
morphology (including tail traits) olP. perezilarvae (Egea-Serranet al, chapters 5
and 7 in the present thesis). Therefore, we wouftket a significant effect of both
treatments and differentially polluted field lodeds.

Burst speed is assumed to be correlated with greateival in larval anurans
(Jung & Jagoe, 1995) and some direct evidenceslmarate this prediction (Watkins,
1996; Kaplan & Phillips, 2006). Therefore if nitegpus pollution can reduce
locomotor performance, we would expect a reductiofitness for those populations
exposed to contaminants. Nitrite can affect theyenez activities responsible for the
transmission of nerve impulses in fishes (@asal, 2004) that indirectly may limit
locomotor performance. Therefore we could expedtealine in tadpole locomotor
performance in polluted areas. However, our requwtsen correcting for larval mass)
does not support this hypothesis due likely to éffect of nitrogenous pollutants on
enzyme activity was not intense enough to affectalamotor skills, as Widder and
Bidwell (2006, 2008) suggested to explain a laclefééct of chlorpyrifos on swimmig

speed. Further physiological research is needeshderstand the pathways underlying
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the lack of effect of nitrogenous pollution on swiing performance of larvae &f.
perezi

The studied populations may have been exposedfevadit nutrient concentration
(Vidal-Abarca et al, 2000; Ballester, 2003) due to they are locatedtantrasting
environments as regards their pollution level. Heran adaptive process would be
expected, as it has been previously mentionedRf@ana temporariaand P. perezi
(Johanssoret al, 2001; Egea-Serranet al, 2009). However, the lack of significant
population of origin x treatment (or locality) iméetions suggests that the response
detected is consistent across populations. Thdtsesibtained evidence that individual
susceptibility to predators may not be affectedHegyeffects of nitrogenous pollution on
swimming performance, since larval escape ab#ityat modified neither by treatments
nor by environment. Nevertheless, previous asdagsed-Serranet al, chapter 5 in the
present thesis) showed that both activity level halitat use by larvd. pereziwere
modified by the exposure to nitrogenous treatmémtthe laboratory. The increased
activity level and number of movements through weger column this study reported
suggest that predator encounter rates would ineragasa consequence of the exposure
to pollution, which may represent an increased oisgredation, although larvae escape
abilities may not differ as regards to not polluestiironments.

Morphological variables affected swimming capaiait and the sign of their
influence is greatly specific for each populatidnoagin and treatment. Daytoet al.
(2005) stated that tadpole swimming abilities dfecéed by thrust-propelling regions.
Moreover, the influence of body and, more spedifyc&il morphology, on swimming
speed has been described for the study specieseunops settings (Tejedet al,
unpublished data). So, a positive influence of kailgth or tail depth on swimming

speed would have been expected. Nevertheless réla¢ ariation obtained disagrees
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with this hypothesis. This scenario points outrtlevance of taking into consideration
the environment, as well as the particular charesties of a studied population when
analysing locomotor capabilities.

A significant trade-off between growth and swimmipgrformance has been
detected for both the common garden and the figebgments. Regarding swimming
speed, Arendt (2003) stated that a negative infleest growth on swimming speed
would be a general situation for different orgarssrsuch as fishes and amphibians.
Billerbeck et al. (2001) showed that higher growth rates represanerd available
energy to locomotion. This fact, joined to the Hghenergetic demand that
detoxification pathways may represent (Wright & Wt, 1996), would make us to
expect a more marked negative relatioship betweentty and speed when larvae were
exposed to pollution both in mesocoms and in tekel fiHowever, the expression of the
negative trade-off between growth and swimming grentince was only confirmed in
the control treatment. The exposure either to lghcentration of ammonium acting
isolated (treatment 2, 13.5 mg WH) or to polluted permanent rivers (i.e. L2) prodd
a significant positive trade-off between swimmimgeed and growth. Egea-Serragio
al. (chapter 7 in the present thesis) described that tteatment and experimental
locality did not affect larval growth, whereas tlmmbination of nitrogenous
compounds (i.e. treatments 3 and 4) and other tedllpermanent rivers (L3) did. This
fact would suggest that the exposure to pollutards affecting larval growth may
positively affect the relationship between swimmspmeed and growth, whereas such
trade-off would disappear when growth is affectgdpollution, both positively and
negatively. Arendt (2000) found out that growtheratay affect muscle development.
The results obtained suggest that the capabilitgsttape from predators depends on

how to get larval size, and that the costs of rgpawth are environmentally dependent.
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Although the causes modifying the influence of gitown distance swum has not been
described, it makes sense to consider that fasthoencing such relationship would be

the same that those conditioning the influenceroth on larval speed. Nevertheless,
the influence of growth on such parameter did hatsthe same trend that swimming
speed. Bearing in mind that both growth and speedcamposite variables, is likely

that several underlying factors may be affectirgtthde-off (Arendt, 2003).

To summarize, the results obtained suggest the daakirect effect of nitrogen
pollution on swimming performance of larvial perezi Nevertheless, the exposure to
nitrogenous pollutants may produce indirect detetereffects on larvae through the
influence of morphology on swimming parameterswad as the trade-offs between
growth and swimming speed. These considerationsitpoout the relevance of
considering trade-offs with morphology and growthhem studying swimming
performance and of performing detailed physiololgatadies which would lead to a
more complete understanding of the mechanisms lynagithe impact of nitrogenous

pollution on amphibian larva®vimming abilities.
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CAPITULO 9

ARE AMPHIBIANS ACTUALLY THREATENED BY

CHEMICALS? A META-ANALYTIC REVIEW

Abstract. Many studies have assessed the impact of a gre@tywaf pollutants on
many amphibian populations in different experimentanues. The analysis of
bibliographic reviews by vote counting methods Hascribed pollution as one of the
major threats amphibians are facing nowadays. Hewedwcause the poor statistical
power of these methods, as well as the impossiwlitdetermining the magnitude of
the effect and of comparing the responses amongagusly defined groups, further
research is needed to get a global perspectivénefattual impact of pollution on
amphibians. We conducted a meta-analysis of expgatah studies that measured the
effects of different kinds of chemical pollutants amphibian survival, length, weight,
time to hatching, time to metamorphosis and ratalboformalities. With the exception
of time to hatching and time to metamorphosis (#nich no significant effect was
found), the exposure to pollutants had a signiticeagative impact on survival, size and
abnormality rates. Despite these overall effedigcesizes varied greatly among the
categories for the groups definadpriori. No phylogenetic signal was detected for the
studied variables, with the exception of time tachang. This result would hint that
related species are not more sensitive to pollsitémin unlike taxa, and sensitivity
variation to contaminants is independent of thelgdgny. Some level of publication
bias was recorded for those variables for whiclsigaificant effect size was detected
(time to hatching and to metamorphosis). We coreliliit the impact of pollution on
amphibians is moderate to largely negative, whigplies that pollution is an important
threat and may be a cause of the present amplbidiversity crisis.

Key words: Amphibians, chemical pollutants, meta-analysisnefiis-related traits,
phylogenetic autocorrelation, synergy
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INTRODUCTION

Significant demographic fluctuations within amphibipopulations have been reported
(Pechmanret al, 1991; Tejedo, 2003). Although such oscillatioreyrbe attributed to
natural trends, the negative impact of anthropagemstivities on amphibians is
becoming increasingly conspicuous. The dispersibnemergent diseases, habitat
destruction, introduction of exotic species and po#lution of both terrestrial and
aquatic habitats have been described as importeeatening factors (Stuaet al.,
2004). Thus, the determination of the influence amagnitude of their effects on
amphibian populations is of great relevance to bgvproper management strategies.

Habitat pollution may be due to a great varietycbémical compounds, such as
fertilizers, pesticides, heavy metals or even rdedcers. This broad array of pollutants
is increasingly present in the environment by diegaplication, run off from crop fields
or mining, urban and industrial sewage or by atrhesp deposition (e.g. Vitousekt
al., 1997; Linder & Girillitsch, 2000; Sparling, 200®Ritter & Bergstrom, 2001).
Therefore, their presence is widespread (Carpestiteal., 1998) and is expected to
increase in the near future (Tilmahal, 2001; Gallowayet al, 2003).

As regards amphibians, chemical pollutants haven beported to affect biotic
properties of individuals as relevant for fithes&ls as survival, size or development
(e.g. Ortizet al, 2004; Griffis-Kyle, 2007). Moreover, different giee of toxicity
would be expected among pollutants due to the iegisjreat diversity of chemical
compounds. Additionally, because of human actisjtiGactors such us pathogenic
organism or ultraviolet-B radiation are increasyngbmmon in natural environments

(Daszaket al, 2001; McKenzieet al.,2003). Since these stressing factors and chemical
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pollutants may be found in the same habitat, aivayghe interaction among these
stressors is of great relevance when considermegffiects of pollution on amphibians.

To date, most studies dealing with the impact dfupants on amphibians have
been performed in laboratory conditions (Boone &nds, 2005). Although these
studies may have used ecologically relevant conagons, the results obtained in such
conditions may not be applicable to more naturaldtt@mons (Boone & Bridges, 2003).
Since actual concentrations in the environment begffected by several factors such
as plant uptake, denitrification or sediment tragpfe.g. Ritter & Bergstrom, 2001), it
is possible that those studies performed in therktbry overestimated the impact of
chemical pollutants on amphibians (Boone & Bridg@603). This consideration
emphasizes the need of further studies that cdaniviasther pollution harmful effect
differs between experimental venues (Skelly, 2002).

Furthermore, the impact of pollutants such as liegtis or pesticides at the
organismal level may vary with the developmentalgst at which individuals are
initially exposed (Bridges, 2000, Greulich & Pflugainer, 2003; Griffis-Kyle, 2005;
Ortiz-Santaliestraet al, 2006). Moreover, inter- and intra-specific vaoas in the
tolerance to pollutants have been described (Matcal, 1999; Shinnet al, 2008;
Snodgrasset al, 2008). All these aspects point to the relevanteta&ing into
consideration a great number of moderating vargatdeanalyse the impact of chemical
pollutants on amphibians.

To get a global perspective of the actual impactcbhémical pollution on
amphibians, a number of bibliographic reviews héesn published (Cowman &
Mazanti, 2000; Linder & Grillitsch, 2000; SparlingQ00; Camarget al, 2005; Relyea
& Hoverman, 2006; Marco & Ortiz-Santaliestra, iregs). These reviews present a list

of effects based on the statistical significanceath study. However, the conclusions
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obtained using vote counting methods may be ndtiygccurate or their estimates may
be highly biased, since they have poor statispoaler (Rosenbergt al, 2000) and do
not provide any reliable way of both determining tmagnitude of the effect and of
comparing the responses among groups previousigede{Gurevitchet al, 2000). An
alternative methodology to vote counting methodspisvided by meta-analysis
techniques. These analyses have been successatiyta identify the overall effects of
stressing factors on amphibians (e.g. Banagbfél, 2007) and to synthesize factorial
data (Gurevitchet al, 2000), avoiding the limitations and subjectivif traditional
reviews.

The main objectives of the present study wereo Dettermine the overall effect of
chemical pollutants on amphibians through metayaicatechniques; 2) to assess the
effects of the interaction of pollutants and otegessors on amphibians; 3) to analyse
the existence of significant differences amongdhiegories for groups definedpriori
(i.e. whether pollutants effects differ across aibjaim lineages, experimental venues,

developmental stages and type of pollutant).

MATERIAL AND METHODS

Data colection

To analyse patterns of effects of pollutants on labipns, several methods were used
to identify the studies to include in the presentlgses. First, we searched four
electronic databases (ISI Web of Science, BIOSEviBws, ScienceDirect, Scirus) for

the words: nitrate, nitrite, ammonium, pesticidesavy metals, for dates earlier than

2008. Second, we examined the citations from tweene reviews (Camarget al,
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2005; Marco & Ortiz-Santaliestra, in press), aslvesl from the rest of the studied
bibliographic references on this topic. Third, weluded several unpublished datasets.

The studies obtained were analysed and includetthenmeta-analyses whether
they met the following criteria. First, the artisldnhad to report data on amphibian
survival, time to hatching, time to metamorphosigal length, weight or abnormality
rate. Second, the studies had to state that caatiens used in the experiments were
ecologically relevant for the location. Third, thieidies had to clearly give mean values,
sample size and a measure of error for the resparsgbles mentioned above for both
a control group (i.e. not exposed to pollution) amdexperimental group (i.e. exposed
to pollution). Fourth, studies that combined padiaot effects with other factors (e.g.
pollution with resource competition, pollution witfredators, etc) without presenting
separate results were excluded. In the case thagdatected publications reported data
for more than one species, population, pollutarpalutant concentration, all of them
were considered to be independent and includdaeimieta-analyses.

To conduct meta-analyses, mean, standard deviggidhand sample size (n) were
obtained for both the control and the experimegitalp. When means and measures of
error were presented graphically, the plot wastidigil and ImageProPlus software was
used to estimate values. If standard errors (SEg weported, these were transformed
according to the equation: SD= SE: For those studies which did not clearly show or
include the required data, we attempted to cortaitiors to obtain the missing data.

In addition we also compiled information regardifagnily, developmental stage
(embryos, larvae or metamorphs), experimental ve(laboratory, mesocosm or
enclosure experiments, as well whether the animeats collected in the field) and kind

of pollutant (nitrogenous compounds, phosphorousipmunds, pesticides, road de-
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icers, heavy metals and other watewater contansngié. perchlorate, boron,
acetaminophen, caffeine and triclosan]).

To assess the effect of the combination of diffetgpes of stressing factors (both
biotic and abiotic), a factorial meta-analysis wasducted (Gurevitcht al, 2000). The
original objective was to examine the effect of thieraction between pollutants and
other stressors. However, since several originadliss reported the impact of the
combination of different types of pollutants, théeet of this interaction could not be
discarded. Therefore, because the group dealing wtiher stressors included also
pollutants, it did not make sense to differentitie effect of these compounds from that
of other stressors. Consequently, the denomindiish group of stressing factors
(FGSF) (nitrogenous compounds, pesticides and wagte pollutants) andecond
group of stressing factor6SGSF) (competitors, pH, predators, UV radiatiotheo
wastewater pollutants and mold) was used. The fiattmeta-analysis examines the
magnitude of the main effects of FGSF, SGSF and ithteraction. Data obtained from
the publications meeting the above criteria andviiig a 2 x 2 factorial structure were
organized into four treatments combinations (Guoéwet al, 2000): 1) absence of both
FGSF and SGSF; 2) presence of FGSF in the absé@&®3F; 3) presence of SGSF in
the absence of FGSF; 4) presence of both FGSF @&dF $Fig. 1). Due to the scarcity
of experiments for the rest of parameters, fadtometa-analysis could only be
performed for survival. For each experiment, mesandard deviation and sample size

were obtained for both the control and the expeanmtalegroup.

Data analysis

Meta-analysis For all studies with two treatments (pollutant atzgeversus pollutant

presence), Hedge's dvas used as the metric of standardized effectfeizthe studied
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variables. Hedge s’ dprovides a measure of the overall magnitude oftthatment
effect, adjusting for small sample sizes. Sinceahsence of pollutant was considered
as control, negative effect sizes would indicatbupent induction of reduced survival,
length, weight, time to hatching, time to metamagh and abnormality rate.

For each trait studied, data were analysed usingora effects models to calculate
the grand mean effect size. Additionally, any défece among@ priori defined groups
was analysed using mixed-effects models. Such growgduded family, developmental
stage (embryonic, larval o metamorphic individuasyperimental venue (laboratory,
mesocosm or field experiments, as well whethemthimals were collected in the field)
and kind of pollutant (nitrogenous compounds, phospus compounds, pesticides,
road de-icers, heavy metals and other watewatesaogonants [i.e. perchlorate, boron,
acetaminophen, caffeine and triclosan]). When miedects models were ran, mean
effect sizes and 95% confidence limits for eactsslavere calculated. Additionally,
heterogeinity statistics were calculated to quathdth between-group g and within-
group (Qu) variation. The magnitude of the overall effeatesis generally interpreted as
“small” if d* = 0.2, “medium” ifd" = 0.5, “large” ifd" = 0.8, and “very large” for values
of d* > 1.0 (Cohen, 1969Effect sizes were considered significant if 95% fence
intervals did not cross zero. Effect sizes withiralgses (e.g., nitrogenous compounds
effect vs. pesticides effect) were considered dbffie from one another if their 95%
confidence intervals did not overlap. All statistianalyses were performed using

MetaWin 2.1 statistical program.

Factorial meta-analysis Since many studies had a two stressful factatsi@ in

combination and framed in a factorial experimemtasign we examine whether the

effect of a first stressors behave additively drwben a second stressor was added. As
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in the previous analyses, Hedge ssthndardized effect size and its corresponding
sampling variance were calculated with modificagialue to the factorial design of the
experiments, following the calculations developgddurevitchet al. (2000). For each
study, the following statistics were calculateditlig mean effect size for the exposure
to FGSF, when SGSF was present (dp, s) and wheasitabsent (dp, ns); 2) the mean
effect size for the exposure to SGSF, when FGSFpmasent (ds, p) and absent (dnp,
s); 3) the average effect of the exposure to FG&i 6r to SGSF (ds); 4) their
interaction (di) (see Fig. 1 for a representatidnttee experimental treatments and
procedures used to calculate the statistics degbyilfPositive effects of the exposure to
FGSF across SGSF are revealed when dp>0. Analggopskitive value for ds
indicates a positive effect of the exposure to S@&8#16ss FGSF. A negative value of di
indicates that the presence of FGSF has a greéet en amphibian survival when it is

combined with SGSF.
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SECOND GROUP OF STRESSING FACTO

(SGSF)(competitors, pH, predators, UV radiation, other
wastewater pollutants and mold)

PRESENCE (s) ABSENCE (ns)
1 2
FIRST GROUP PRESENCE (p) p, s p, ns
OF STRESSING
FACTORS 3 4
(FGSF) ABSENCE (np) np, s np, ns
(nitrogenous,
pesticides,
wastewater
pollutants)

Individual effects

FGSF presence with presence of SGSF (dp, s): 1 -3

FGSF presence with absence of SGSF (dp, ns): 2 -4

SGSF presence with FGSF presence (dp, s): 1 —2

SGSF presence with No FGSF presence (dnp, s): 3—-4

Main effects

FGSF (dp): (1 +2) - (3 + 4);

SGSF (ds): (1 + 3) — (2 + 4);

Interaction FGSF-SGSF (di- contrast FGSF presemdbe presence of SGSF minus
FGSF presence in the absence of SGSF): (1 - 3} 4)2

Fig. 1. Design of the 2 x 2 factorial meta-analysis withoathogonal manipulations of a
first group of stressing factors (p) (nitrogengossticides, wastewater pollutants) and a
second group (s) (competitors, pH, predators, Wiataon, other wastewater pollutants
and mold). Individual effects refer to the effeotgpollutant presence with and without
other stressors presence, as well as to the eifédtese stressors under absence and
presence of pollutants. Main effects refer to thverage effect of pollutants, other
stressors presence and their interaction acrossoements. Effect size estimations
follow the calculations expressed with the numbayels of each treatment. These
formulae represent the numerator in the effect sialeulation equations given by
Gurevitchet al. (2000).
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Phylogenetic comparative analysisTo determine whether phenotypic plasticity
induced by pollutants (i.e. effect size) is sigrafitly associated with the phylogenetic
history, we conducted tests for serial independgfié&sl]) on continuous characters
(Abouheif, 1999) for each response variable studiBte diagnosis is based on a
measurement of the autocorrelation of a trait a&cmsylogeny, in the form of €-
statistic, resulting from similarity between adjacghylogenetic observations. The
topology and associated numerator distribution reaslomized 2,000 times and t@e
statistic was calculated for each randomized tgpoto build the null hypothesis. The
observedC-statistic was compared to the randomized distidbuto calculate its level
of significance. Significant phylogenetic autoctat®n was defined when the observed
C-statistics falls to the right of the distributiof the randomizedC-statistics and® <
5%. Such a result would imply that related speshesny similar response regardless the

effect of pollutants.

The analyses were conducted after calculating gleseffect size for each species.
To conduct the phylogenetic analyses, a topology eeastructed following Frost al.
(2006). To establish the phylogenetic relationslaipe®ng species within families, Frost
et al’'s (2006) phylogenetic hypothesis was combinedhwadditional detailed
phylogenetic assessments: Salamandridae (Zajc &&mnn2000; Weisrockt al, 2006;
Zhang et al, 2008), Ambystomatidae (Shaffet al, 1991; Joneset al, 1993),
Pelobatidae and Pelodytidae (Garcia-Patial, 2003), Myobatrachidae (Schautde
al., 2000; Reactt al, 2001), Hylidae (Faivoviclet al, 2005), Bufonidae (Paulst al.,
2004), and Ranidae (Veidt al, 2003; Hillis & Wilcox 2005; Scott 2005) (Appemxdi
1). Branch length information was not available dor composite phylogenies, but all

analyses performed can be run without knowledgebrainch lengths, using only
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topology. Before conducting the phylogenetic anedyshe same value to all branch

lengths was assigned.

Publication bias- For each studied variable, for both simple and ofd&t meta-
analyses, a weighted fail-safe number was calallaseng a fail-safe number calculator
that is applicable to random-effect models (Rosembe 2005;

http://www.public.asu.edu/~mrosenb/software.htnilgéde). The results obtained are

considered robust when the fail-safe number iselatijan 5n + 10 (n= the number of
studies) (Rosenberg, 2005). Additionally, the furplet technique was used to confirm
the conclusions obtained by Rosenberg’s fail-safenber (Palmer, 1999) and
Spearman’s rank correlation was used to formally ter publication bias (Begg &

Mazumdar, 1994).

RESULTS

Among the studies examined that met the criteriacted for inclusion in the meta-

analyses, only 51 studies were suitable (49 puddisttudies, 2 unpublished datasets)
(Appendix 2). However, not all these studies predidiata for all the response variables
studied. So, survival and size (i.e. length andshagre analysed using higher number
of publications and, as a consequence, data pésotvival: 36 studies, 270 point

samples; length: 7 studies, 111 point samples; MelP studies, 187 point samples)
than time to hatching (4 studies, 23 point sampl@ske to metamorphosis (9 studies,
37 point samples) and abnormality rate (5 stud@spoint samples). In relation to the
factorial meta-analysis of amphibian survival, resedata were obtained only from 13

studies (all of them published), which provideddéa points.
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Meta-analysis
Effects of pollutants on survival
Significant heterogeneity for survival was detecf&dble 1). Overall, the exposure to
pollutants had a negative effect on survival (Rg.No significant differences between
families or between developmental stages at thenbeg of the experiment were
recorded (Table 1). Nevertheless, Ranidae, Bufenidanbystomatidae and Pipidae
significantly reduced survival whereas the redtdiilies did not (Fig. 3, Appendix 3).
Significant differences were detected for the eixpental venue and the kind of
pollutant (Table 1). So, when individuals were esgubto pollution either in laboratory
conditions or outdoor mesocosms and enclosureseffeet was negative. However,
survival decline was more acute in the enclosuresthermore, with the exception of
phosphorous compounds and heavy metals, the expdsupollutants produced a
significant negative effect, being such effect ¢&argor road de-icers than for

nitrogenous compounds (Fig. 3, Appendix 3).
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Effect size (d)

= = T
L L T o T o
1 1 1 1
—e—

H—+—

——

n=270 n=111 n =187 n=273 n=>23%7 n=>39

Fig. 2. Full models for the effect of pollutants on amphibsurvival (S), length (L) and
weight (W), time to hatching (TH), time to metamioogis (TM) and abnormalities (A).
The number of point samples used to calculate gedn is shown. The mean and 95%
confidence interval is shown for each analysis. fldence intervals that overlap the

line at zero are not significantly different frorara.
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Effects of pollutants on size

The exposure to pollutants had a significally anoderate negative effect on length
(Table 1, Fig. 2). Only significant differences amgopollutants were detected. The
exposure to nitrogenous compounds significantlyced final length (Fig. 3, Appendix
3).

Final weight was significantly affected by the egpee to pollutants on overall,
showing a moderate negative effect (Table 1, Fign@ Appendix 3). Unlike length,
significant differences among developmental stageperimental venue and pollutant
were found and a marginally family effect was rdgdashowing only Hylidae, Pipidae
and Ranidae a negative effect size, being smablelREnidae (Table 1, Fig. 3 and
Appendix 3). Therefore, when the exposure to piiiubegan at embryonic or larval
stages, the experiment ran in laboratory conditiand the pollutant consisted of

nitrogenous compounds, a significant reductionralfmass was detected.

Effects of pollutants on development

The analysis of both time to hatching and time ttamorphosis revealed the lack of
significant heterogeneity (Table 1). Neverthelsggnificant differences among families
were detected for time to hatching (Table 1). Ohtgbystomatidae showed significant
delay in hatching time under pollutants (Fig. 4 p&pdix 3). No significant differences
in both traits were detected for the rest of thevmuly defined groups (Table 1, Fig. 4,

Appendix 3).

Abnormalities

On overall, abnormality rate increased as a coresempiof the exposure to pollutants

(Table 1; Fig. 2, Appendix 3). Significant diffe@s were detected among pollutants,
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being the largest effect for wastewater contammasntd, to a lesser extent, for
nitrogenous compounds (Fig. 4, Appendix 3). Sigalfit differences among the rest of
categories were not observed (Table 1). Nevertbelesreased abnormalities were
recorded for both the families Ambystomatidae ananiBae and for embryonic

developmental stages and laboratory conditions &igppendix 3).
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Alytidae | NO DATA [NODATA Tn=3 | s ﬁ
Ambystomatidae |n = 14 —a— } INODATA _mw In=9 —a— O
Bufonidae | NO DATA |n=2* |n=4 H——
Hylidae|NO DATA |n=8 —4— Tn=3} s “
2 Lymnodynastidae | NO DATA '|NO DATA | NO DATA
B Microhylidae | NO DATA |NODATA NO DATA
= Myobatrachidae | NO DATA NO DATA | NO DATA
Pelobatidae | NO DATA |NO DATA | NODATA
Pipidae| NO DATA |NODATA In=3 } L i
Ranidae| n=9 +—8—mr n=23 - |n=14 |
Salamandridae | NO DATA n=4 —— TR & "
- Scaphiopodidade|[NO DATA | E——— INODATA _ | . _INopATA |
= Embryos| NO DATA n=8 —— n=36 HH
g o Larvae| NO DATA n=29 - In=3 | 8 “
&g Metamorphs| NO DATA |NO DATA |NODATA
: 3 Adulis NODATA | Je NoDATA ____ )] INoDATA____ ) .
R E Laboratory| NO DATA n=20 - Jn=33 8
E um Mesocosms | NO DATA A= 17 He | NO DATA
w > Enclosures | NO G_ij A |NO DATA n=6 o
& Fialg NODATA oo Yo suasmE e 0=V 0 . S ——— Moo i 1 SO S —————
Nitrogenous compounds |1 = 12 [ n=3 —a— In=21 |
Z | Phosphorous compounds | NO DATA |NO DATA NO DATA
= Pesticides |1 = 11 H—— n= 17 Ha— | = 6 ——E—
)Ho Heavy metals] NO DATA | n - m —Ha— In=6 H-a—y
- Road de-icers| NO DATA F 2 { | NODATA
Wastewater pollutants NO __ug?ﬂ,_» _— _ _ _ | ZO.U?—.) . _ | n= 6 S _ __|l_|_
-20 -1.5 -1.0,-05 00 05 10 15 20-5 4 -3 -2 -1 0 1 2 3 4 554 3 -2-1 0 1 2 3 4 5
Effect size (d) Effect size (d) Effect size (d)

Fig. 4. Effect of pollutants on the categories considewgdtiea priori defined groups. A) time to hatching; B) time to arabrphosis; C
abnormalities. The number of point samples usechtoulate each mean is shown. The mean and 95%deané interval is shown fi
each analysis. Confidence intervals that overlaplitte at zero are not significantly different fra@aro. Effect sizes within analyse®re
considered different from one another if their 986afidence intervals did not overlap. Notice thiéedent scales for each vable shown
* For clarity, statistics corresponding to categershowing small sampling size<R) are not shown in the graphic.
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Factorial meta-analysis

Significant heterogeneity was detected for all paeameters computed (P < 0.03 in all
cases), with the exception of the du{@ 48.073; P = 0.429) and dp, hs{@ 55.003;

P = 0.192). The average overall effects on survofathe exposure to nitrogenous
compounds, pesticides, and wastewater pollutai@SH; dp) were significantly milder
than the effect of the second group of stressoosngetitors, pH, predators, UV
radiation, other wastewater pollutants and mold5%8, ds) (between groups
heterogeneity: Q= 10.634; P = 0.001) (Fig. 5). The exposure to metitors, pH,
predators, UV radiation, other wastewater polligantd mold in the presence (ds, p) or
absence of nitrogenous compounds, pesticides, aastewater pollutants (dnp, s)
produced a reduction in survival but no significdifterences were found between both
groups (between groups heterogeneity:=Q0.071; P = 0.791) (Fig. 5). The average
effect of the exposure to nitrogenous compoundstigees, and wastewater pollutants
when the second group of stressors was absentowasdderately negative (dp, ns = -
0.3032, 95% CI= -0.5655 - -0.0409, Fig. 5) whered&®n it was present (dp, s) no
significant effects on survival were observed (FE). However, no significant
differences between both effect sizes were detgtieiveen groups heterogeneity; Q
= 0,408; P = 0.523). The interaction effect sizeé dot differed from 0 (di = 0.1838,

95% Cl = -0.2811 — 0.6487; Fig. 5).
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Fig. 5. Full models for the parameters calculated for thetdrial meta-analysis of

amphibian survival (n = 48). The mean and 95% clamfce interval is shown for each
analysis. Confidence intervals that overlap the bhzero are not significantly different
from zero. di: average interaction effect size lestw the exposure to FGSF and to
SGSF; dp, ns: average effect sizes of exposur&®HHn the absence of SGSF; dp, s:
average effect sizes of exposure to FGSF in theepae of SGSF; dnp, s: average
effect sizes of exposure to SGSF in the absen€&&F; ds, p: average effect sizes of
exposure to SGSF in the presence of FGSF; dp: geereerall effect sizes of exposure

to FGSF; ds: average overall effect sizes of exmosuSGSF.
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Phylogenetic comparative analysis

The TFSI tests showed significant phylogenetic emt@lation among the tip data for
the effect size (i.e. phenotypic plasticity indud®d pollutants) in the case of time to
hatching (Table 2), not existing indication of pbygnetic signal for the rest of the
response variables studied (Table 2).

Considering the factorial meta-analysis performadsorvival, TFSI revealed the

existence of significant phylogenetic autocorrelatior the effect size for the exposure
to FGSF when SGSF was absent (dp, ns) and forvitrage effect of the exposure to

FGSF (dp) (Table 2).

Table 2. Results of the tests for serial independence (I'feBlthe response variables
analysed. Those response variables for which sgmif phylogenetic autocorrelation

was observed appear in bold.

Response variable Med&istatistic

Survival -0.1624

Time to metamorphosis -0.1108

Time to hatching 0.4613

Length 0.06840

Mass -0.1439

Abnormalities -0.1010
Survival-Factorial meta-analysis

dp, ns 0.2435

dp, s 0.1435

ds, p -0.03967

dnp, s 0.04883

dp 0.1982

ds -0.003231

di 0.02388
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Publication bias

The weighted Rosenberg’s failsafe number was Hmgsurvival (2673.2) and weight
(818.5), whereas it was smaller for abnormalitiea.3) and length (5.0). In the case of
time to hatching and time to metamorphosis, forohteffect sizes did not significantly
differ from 0, Rosenberg’s failsafe humber equal.tAs regards the factorial meta-
analysis of survival, Rosenberg’s failsafe numbes low for all the effect sizes
analysed, whith the exception of those correspantbnthe effects of stressing factors
on amphibians (ds, p and dnp, s) (Table 3).

Spearman rank correlation test was not signififantime to metamorphosis (R=
0.013; P=0.939), time to hatching (R= -0.087; P698), abnormalities (R= 0.235; P=
0.151) and survival (R=0.113; P=0.0627). In tasecof length (R=-0.225; P=0.0177)
and weight (R= 0.365; P= 0.0001), significant resulere obtained. The factorial meta-
analysis of survival revealed that significant Spen rank correlation tests were
obtained for the average effect of the exposui®G&F (ds) and for the effect of SGSF
when FGSF was absent (dnp, s) (Table 3). All theselts suggest that, except for
length, weight, and the factorial meta-analysie@ftizes ds and dnp, s, there were not
publication bias. However, this interpretation we supported by the skewed funnel
plots of effect size versus sample size observetirfee to hatching, abnormalities and

all the parameters computed to perform the fadtore&a-analysis (Appendix 4).
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Table 3. Rosenberg’s failsafe numbers and results of ther8@m rank correlation
tests for the parameters computed to perform tbrial meta-analysis on amphibian

survival (n = 48 in all cases).

Spearman rank correlation

Parameter Rosenberg’s failsafe number Rs P
di 0.0000 0.238 0.10297
dp, ns 12.9468 -0.076 0.60951
dp, s 0.0000 0.241 0.09838
dnp, s 68.1542 -0.475 0.00064
ds, p 84.1853 -0.251 0.08529
dp 1.8422 0.162 0.26983
ds 38.2759 -0.452 0.00125
DISCUSSION

The results obtained revealed that the exposurgaditutants had, on overall, a
moderate-large negative effect, both lethal andesidl, on amphibians. This fact
supports the conclusions shown in traditional negieon the effect of pollutants on
these vertebrates (Cowman & Mazanti, 2000; Lindé€sélitsch, 2000; Sparling, 2000;

Camargcet al, 2005; Relyea & Hoverman, 2006; Marco & Ortiz-Sdiestra, in press),

and agrees with the hypothesis describing pollusnone of the major threats that
these vertebrates are facing currently (e.g. Beéb&iffiths, 2005). Moreover, the

comparisons made showed patterns that previouswswvere unable to describe. The
impact of pollution varied among response varigbbesng survival and abnormality
rates largely affected and size moderately infleenevhereas no significant effect was
observed for developmental rates both time to lagchand to metamorphosis.
Although individual effects may not be literallyatrslated into populational effects
(Schmidt, 2004), understanding how individuals fameltiple stressors impact on
natural populations is essential (®hal, 2004), since individual traits such as larval

mortality may have deletereous effects at poputatevel (Gamradt & Kats, 1996;
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Vredenburg, 2004). Thus, pollution may lead to pafon decline directly by reducing
individual survival and indirectly by affecting @hsublethal fitness related traits, such
as size and abnormality rates, which are correlat#d parameters as important to
juvenile and adult fitness as size at metamorphacssly juvenile survival, adult
fecundity, survival and size at first reproducti@erven & Gill, 1983; Smith, 1987;
Semlitschet al, 1988; Reques & Tejedo, 1997; Altwegg & Reyer,200levertheless,
the results obtained suggest that the durationmddrgonic and larval development is
not affected by pollution. It suggests that othieorsy selective factors such as pond
dessication are unlikely to indirectly affect langurvival as a consequence of longer

stays in temporary aquatic environments.

Survival

On overall, embryonic and larval amphibian surviwvahs severely affected by
pollutants. This negative effect may be due to phggical alterations, such as
increased methaemoglobin concentrations, modifinatif enzyme activities and even
DNA damage (e.g. Huey & Beitinger, 1980; Ralph &rBg, 1997; Widder & Bidwell,
2006). Moreover, the significant larger impact oad de-icers observed in relation to
nitrogenous compounds may be due to the interadietween de-icers and water
conductivity, since most of the publications deglimith the effect of these pollutants
focused on the effect of water conductivity ratloer the effect of road de-icers by
themselves (e.g. Karraker, 2007; Karrag&eal, 2008). The results obtained support the
hypothesis suggesting a lack of effect of phospi®roompounds on amphibians
(Smith, 2007, but see Hametr al, 2004). Previous studied have stated that ampisbia
inhabiting polluted habitats may be threatenedhayexposure to heavy metals (Linder

& Grillitsch, 2000). However, the results obtaindd not support this hypothesis,
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although this may be due to small sample size aeditaal error type Il. Moreover,
further examination of the studies included in mata-analysis revealed that the lack of
effect of heavy metals on amphibian survival mayregliated by the elevated mortality
in control treatment (Chemrt al, 2006), increasing also error type Il. Thus, farth
research is needed to verify the results obtaingélation to the effect of heavy metals
on survival.

The exposure to pollutants in enclosure experimant$, to a lesser extent, in
laboratory conditions significantly reduced embrgoand larval amphibian survival.
The exposure to the combination of pollutants atherostressing factors present in the
field may affect amphibians more severely than winety act isolated in the laboratory
(e.g. Hatch & Blaustein, 2000; Booeeal, 2005; Macia®t al, 2007; Egea-Serraret
al., 2009). Therefore, the larger negative effect olesefor enclosure experiments can
be explained due to the additive and synergistieractions with other stressors which
would exacerbate the effects obtained in laboratoonditions (this thesis, see
discrepancies between chaper 4 and 7).

Evidences on ontogenic and interspecific variaiiomelation to vulnerability to
pollutants have been previously found (e.g. Matal, 1999; Bridges, 2000; Bridges
& Semlitsch, 2000; Greulich & Pflugmacher, 2003;tid6antaliestraet al, 2006;
Shinn et al, 2008; Snodgraset al, 2008). Therefore, we would have expected
significant differences in survival among developta¢ stages and species. However,
although individual survival in polluted environnmtenwas lower than in control
treatments for all the developmental stages andlyse differences between stages
were detected. Aspects such as the presence dingels matrix and complete tissue
and organ differentiation have been argued to @xptmtogenic differences in

amphibian tolerance to pollutants (Berrét al, 1998; Pauliet al, 1999; Ortiz-
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Santaliestrat al, 2006). However, present results would evidenaé d¢h overall these
characteristics are not a reliable protection aigiollution. In addition, it is likely that
the impact of pollutants on embryos is overstimatgdce the duration of pollutant
exposition is significantly longer for them than evhthe experiment began at larval
stages (mean = 1 SE; embryos: 750.95 h + 107.87=h/6; larvae: 446.10 h £ 34.11 h,
n = 286; k3s0= 12.514; P = 0.0001). Finally, the lack of intexsific differences in
relation to the effect of pollution on survival digees with the results shown in
previous publications in relation to pollutants suas pesticides or nitrogenous
compounds (e.g. Marcet al, 1999; Shinret al, 2008; Snodgrasst al, 2008). This
result would point out that pollution is an univarthreat to amphibians, since there are
not families more tolerant than others, fact thatuld agree with the lack of

phylogenetic autocorrelation detected.

Size

The overall negative effect of pollutants on sizaynbe both direct, mediated by
reduced foraging efficiency or by the physiologicsttess due to detoxification
pathways (Wright & Wrigth, 1996; Egea-Serraab al, 2009), and indirect, since
pollutants may help algal growth (Booaeal, 2007; Egea-Serraret al, chapter 7 in
the present thesis) and, consequently, enhancepbitation processes. No significant
differences between amphibian families were detgeatdrich would support the lack of
phylogenetic autocorrelation detected for thisttrédlowever, the results obtained
revealed that the magnitude of the effect of palitd on size varied between
developmental stage, experimental venue and typelbftant. Pollutant effect on mass
was significantly more negative when the exposwrgab at embryonic stages than

when it began at larval stages. Such effect magnédiated by the longer exposure to
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pollutants when experiments began at embryonicestdgee above) or may be a
consequence of either the incomplete tissue anahadgferentiation of embryos being
more unprotected against pollutants (Herkovits &nBedez, 1978), or to higher
vulnerability to osmoregulatory alteration (McDiddn& Altig, 1999) or even to the
interaction between pollutants and some componentke jelly coat, which would
make it more toxic to embryos (Marquet al, 2006a). Although the alteration of
density-dependent traits, such as survival, ayddel stages may have small impact on
amphibian populations and communities that at latages (Vonesh & De la Cruz,
2002), the negative effect on mass observed whéryas were exposed to pollutant
may involve detrimental effects on individual figse and, eventually population
viability, since size is correlated with adult s traits such as early juvenile survival,
fecundity, survival and size at first reproducti@erven & Gill, 1983; Smith, 1987;
Semlitsch,et al, 1988; Reques & Tejedo, 1997; Altwegg & Reyer, 20Moreover,
reduced size may make amphibians more vulnerabj@pe-size predators (Semlitsch
& Gibbons, 1988) and may reduced competitive aédior increase larval development
duration (Snodgrass al, 2004).

Amphibians exposed in laboratory conditions to yalhts significantly reduced
their size when compared with mesocosm or enclgserperiments. Pollution may
affect amphibians directly, modifying fitness-redttraits, or indirectly, altering food
web (e.g. Watt & Oldham, 1995; Booee al, 2007). The addition to water bodies of
fertilizers or pesticides may help algal growth @Beet al, 2007; Egea-Serraret al,
chapter 7 in the present thesis), increasing foalability for most anuran larvae.
Because of the strictly controlled environmentaiaigons in laboratory experiments, it
Is unlikely a significant increase of algal biomassexperimental beakers. Thus, the

negative effect associated with laboratory condgimay be due to the direct impact of
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pollutants, whereas surviving amphibians in endglesuind mesocosm experiments were
able to take advantage of the lack of food limitatand therefore pollutants become a
facilitation and not stressful factor such it hagi suggested with other stressors such
as predation risk (Peacor & Werner, 2000).

Nitrogenous compounds affected more negatively anmon size than pesticides.
Previous studies have described similar effects pekticides and nitrogenous
compounds on amphibian mass (Boateal, 2005, 2007; Boone & Bridges-Britton,
2006). However, the significant differences obsdrgie not support the results reported
in original studies. Nitrogenous compounds may aase water salinity (e.g. Egea-
Serranoet al, chapters 4 and 7 in the present thesis) and tieazkygen depletion
because of eutrophication processes (see reviewagam& Alonso, 2006). These
additional stressing effects may have exacerbatgghébian response to direct toxicity
of nitrogenous compounds (e.g. Ortiz-Santalies2(8), which would contribute to

explain the results obtained.

Development

Although evidences on the significant effect oflpiants on time to hatching have been
published (e.g. Ingermann, 1997; Radiral, 2003, 2004; Griffis-Kyle, 2007), many
studies have reported no impact (Beretlal, 1994, 1998; Berrill & Bertram, 1997;
Greulich & Pflugmacher, 2003; Paudit al, 1999; Griffis-Kyle, 2007). Both the
observed lack of overall effect and of significamterogeneity between types of
pollutants would agree with this last scenario.uksmg a lack of pollutant effect may
be explained by considering the protecting rolembryonic jelly coat (Rasanen al,
2003; Marquiset al, 2006b; Edgintoret al, 2007) or the incomplete embryonic organ

development (Hecnar, 1995). However, the suggqstetcting mechanisms were not
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effective for other studied variables, since thegravsignificantly affected when the
exposure to pollutants began at embryonic stagéss Tact would suggest that
pathways involved in embryonic development do ritech other traits, as it has been
described for the lack of effect of decreased gnowrt larval development (Bridges,
2000).

Significant heterogeneity among families was obsénn relation to time to
hatching. Ambystomatids delayed their embryonicetlgyment, whereas ranids were
unaffected. This result is also supported by tigaiBcant phylogenetic autocorrelation
detected and agrees with the information reportedriginal studies (Griffis-Kyle,
2007). This fact would suggest that pollutants sayeaffect the rate of cellular
division in the case of ambystomatids. The extengl@tbryonic period caused by the
exposure to pollutants and other stressing factawsh as conspecific cues, is not
associated to a more developed stage or to lage(Griffis-Kyle, 2007; Mandrillon &
Saglio, 2008). Thus, the oxygen consumption efficieis lower (Griffis-Kyle, 2007),
which may negatively affect the survival of the mgwatched individuals. Moreover,
the delayed embryonic develoment exposes ambystisntd an increased risk of
mortality as a consequence of water body dessitative of the major threats described
for some species of ambystomatids (Petranka, 1998).

The lack of effect of pollutants on time to metamogis, together with the absence
both of differences among the categories for thepriori defined groups and
phylogenetic autocorrelation, would point out thidwe impact of pollutants on
amphibian development is not significant, regasikb® type of compound. This would
suggest that amphibians may be not indirectly teread by other stressors (e.g. pond

dessication) because of longer stays in aquaticements.
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Abnormalities

The exposure to wastewater pollutants significamityeased, on overall, the incidence
of abnormalities likely due to the alteration obse enzymes involved in development
or to DNA damage (Dunson & Connell, 1982; Ralph &trBs, 1997). Physical
abnormalities are correlated with reduced speedaadnalous movements (Laposata
& Dunson, 1998). Since foraging abilities and vuaility to predators are associated
with locomotor abilities (e.g. Watkins, 1996; Dayt& Fitzgerald, 2001), and abnormal
movement may imply increased metabolic costs (Reweal, 2002), the observed
effects of pollutants on abnormality rate may selyeaffect individual fitness. In spite
of the lack of significant differences for tlepriori defined categories and the lack of
phylogenetic autocorrelation, significant heteraggnamong types of pollutants was
detected and enhanced abnormalities occurred umastewater pollutants. The only
wastewater pollutant considered in our meta-amnalygs boron cation. Laposata &
Dunson (1998) suggested that cations may affecerseverely the hatching enzyme
responsible for enlarging the perivitelline memleraurrounding the embryo (Dunson
& Connell, 1982) than anions (e.g. nitrate), insieg so the incidence of
malformations. This hypothesis would explain thghleir effect of wastewater pollutants
observed. Together with these pollutants, nitrogen@ompounds increased the
incidence of malformations. Therefore, a negatingact of these compounds on
amphibian fitness would be expected, since ind@idmalformations are related to
reduced speed and displacement type (Laposata &dmiri998) and, consequently to

increased susceptibility to predators (e.g. Watkii996).
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The effect of multiple stressors. Do pollutantssyetergistically?

Evidences on the increased impact of the combinaifcstressors have been published
(e.g. Hatch & Blaustein, 2000; Boomre al, 2005; Hayest al, 2006; Maciast al,
2007; Egea-Serraret al, 2009, but see Boone & Bridges-Britton, 2006). lduer, the
results on survival provided by the factorial matelysis do not support the additive or
synergistic hypothesis. The larger overall negatefect of the second group of
stressors (i.e. competitors, pH, predators, UVataah, other wastewater pollutants and
mold) in relation to the effect of nitrogenous, fi@des, and wastewater pollutants
evidences that the exposure to a wide range afsgirg, both biotic and abiotic, is more
harmful to amphibian survival than the exposure ftdl pollutant stressors.
Nevertheless, these results need to be considengitbasly because publication bias
exists regarding the factorial meta-analysis, agaled by the skewed funnel plots,
reduced Rosenberg’s failsafe numbers and signifa@arman rank correlations.

The overall interpretation of the results providadfunnel plots, Spearman rank
correlations and Rosenberg’s failsafe numbers led¢hat for those response variables
for which a significant effect of pollutant was ebged no publication bias exists.
Therefore, only for time to hatching and time totameorphosis publication bias was
detected. According to the publication bias hypsiteif selective reporting exists,
studies showing significant effects would be maimlplished (Rosenbeg al, 2000).
Consequently, the publication bias detected foretito hatching and time to
metamorphosis would suggest that for these vagabidy the most relevant results
have been published. Even so, no significant efé&xd was recorded, which would
reinforce our conclusion on the overall lack ofeeff of pollutants on amphibian

development.
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Conclusions

As regards to the effects of pollutants on amphifiaghe present study is, to our
knowledge, the first attempt to quantitative asslbeesmpact of chemical pollutants on
amphibians using rigorous meta-analysis statistoracedures. The results obtained
evidence that pollution is a major threat to ammb, although they preliminary
suggest that the exposure to a great variety dicbamd abiotic stressors play a larger
effect on survival. In spite of this overall negatieffect, our results described the great
variation existing in relation to the effect of juthnts among types of compounds,
experimental venue, developmental stage and ewdogeny. This fact emphasizes the
relevance of considering this heterogeneity whesessing the actual impact of
pollution on amphibians.

The results obtained highlight the negative impafcpollution on amphibians.
However, it is noticeable that the response vaemlbobnsidered in the present study are
only a sample of the many endpoints which can bect#fd by pollution. Since other
sublethal impacts may occurr (e.g. Hagesal, 2006), further studies on other health
traits are needed. Moreover, the examination ofiriteraction among several stressors
is necessary to understand how pollutants and sthessing factors act when they are
combined at both individual and community levehcg analysing the impact of only
one type of compound may understimate the impapbtfitants on amphibians (Hayes

et al, 2006).
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APPENDIX 2. References and unpublished data bases that flitedriteria selected
for inclusion in the meta-analyses of the respovesgables analysed in the present
study. Superscripts refer to the references usedldborate the data base for eah
response variable analysed. 1: Survival (simplearaeglysis); 2: Survival (factorial
meta-analysis); 3: time to hatching; 4: time to anedrphosis; 5: total length; 6: mass;

7: abnormalities.

Boone, M.D. & Semlitsch, R.D. 2003. Interactionkafilfrog tadpole predators and an
insecticide: predation release and facilitationc@egia, 42: 610-616- 2

Burgett, A.A.; Wright, C.D.; Smith, G.R.; Fortune,T. & Johnson, S.L. 2007. Impact
of ammonium nitrate on wood frogRé&na sylvativa tadpoles: effect on
survivorship and behavior. Herpetological Conséoveand Biology, 2: 29-34-

Carr, J.A.; Gentles, A.; Smith, E.E.; Goleman, WUlquidi, L.J.; Thuett, K.; Kendall,
R.J.; Giesy, J.P.; Gross, T.S.; Solomon, K.R. & Maer Kraak, G. 2003.
Response of larvalXenopus laevisto atrazine: assessment of growth,
metamorphosis and gonadal and laryngeal morpholoByvironmental
Toxicology and Chemistry, 22: 396-405°% ’

Chen, T.H. & Gross, J.A. & Karasov, W.H. 2006. [etiel effects of lead on Northern
leopard frog Rana pipienstadpoles. Environmental Toxicology and Chemistry,
25: 1383-1389" *°

Chen, T.H.; Gross, J.A. & Karasov, W.H. 2007. Adeeeffects of chronic copper
exposure in larval Northern leopard frodRaha pipiens Environmental

Toxicology and Chemistry, 26: 1470-1475"’

338



Effects of chemical pollution on amphibians

Clark, D.R.; Cantur, R.; Cowman, D.F. & Maxson,JD1998. Uptake of arsenic and
metals by tadpoles at a historically contaminatedab site. Ecotoxicology, 7:
61-67.°

De Wiejer, P.; Watt, P.J. & Oldham, R.S. 2003. Aibmn decline and aquatic
pollution: effects of nitrogenous fertiliser on giwal and development of larvae
of the frogRana temporariaApplied Herpetology, 1: 3-13.%4°

Dougherty, C.K. & Smith, G.R. 2006. Acute effects@ad de-icers on the tadpoles of
three anurans. Applied Herpetology, 3: 87-93 .

Egea-Serrano, A.; Tejedo, M. & Torralva, M. 200@pRlational divergence in the
impact of three nitrogenous compounds and theirbioation on larvae of the
frog Pelophylax pereziSeoane, 1885). Chemosphere, 76: 869-877.

Egea-Serrano, A.; Tejedo, M. & Torralva, M. Unpshkd data’ °

Fraker, S.L. & Smith, G.R. 2004. Direct and inténae effects of ecologically relevant
concentrations of organic wastewater contaminantfRana pipienstadpoles.
Environmental Toxicology, 19: 250-2562

Fraker, S.L. & Smith, G.R. 2005. Effects of two angc wastewater contaminants on
Xenopus laevigadpoles. Applied Herpetology, 2: 381-388.

Greulich, K. & Pfluggmacher, S. 2003. Differences susceptibility of various life
stages of amphibians to pesticide exposure. Aqilfatkicology, 65: 329-336-
Griffis-Kyle, K.L. 2007. Sublethal effects of nitie on eastern tiger salamander
(Ambystoma tigrinum tigrinumand wood frog Rana sylvatica embryos and

larvae: implications for field populations. AquaEcology, 41: 119-127.

Harris, M.L.; Bishop, C.; Struger, J.; Ripley, B. Bogart, J.P. 1998. The functional

integrity of Northern leopard frogR@na pipiensand green frogRana clamitans

populations in orchard wetlands. Il. Effects oftp@des and eutrophic conditions

339



Capitulo 9

on early life stage development. Environmental Tokigy and Chemistry, 17:
1351-1363"%°

Hatch, A.C. & Blaustein, A.R. 2000. Combined eftecf UV-B, nitrate and low pH
reduce the survival and activity levels of larvakcade frogs Rana cascadge
Archives of Environmental Contamination and Toxampl, 39: 494-499" 2

Hofer, R.; Lackner, R. & Lorbeer, G. 2005. Accunida of toxicants in tadpoles of the
common frog Rana temporarigin High mountains. Archives of Environmental
Contamination and Toxicology, 49: 192-189.

Karraker, N.E.; Gibbs, J.P. & Vonesh, J.R. 2008pdut of road deicing salt on the
demography of vernal pool-breeding amphibians. &giohl Applications, 18:
724-734!

Laposata, M.M. & Dunson, W.A. 1998. Effects of bo@nd nitrate on hatching success
of amphibian eggs. Archives of Environmental Cornteation and Toxicology,
35: 615-619" 7

Mandrillon, A.L. & Saglio, P. 2007. Waterborne aruole affects the predator prey
relationship between common frog tadpolRarfa temporaripand larval spotted
salamander Salamandra salamandya Archives of Environmental
Contamination and Toxicology, 53: 233-24C .

Mandrillon, A.L. & Saglio, P. 2009. Effects of siegand combined embryonic
exposures to herbicide and conspecific chemicalmaleues on hatching and
larval traits in the common frodR@na temporarip Archives of Environmental
Contamination and Toxicology, 56: 566-576.

McDaniel, T.V.; Harris, M.L.; Bishop, C. & Strugeq. 2004. Development and

sruvivorship of Northern leopard frodRéna pipiens and green frog Rana

340



Effects of chemical pollution on amphibians

clamitang exposed to contaminants in the water and sedsneftthe St.
Lawrence River near Cornwall, Ontario. Water Resfedournal, 39: 160-174.

Metts, B.S.; Hopkins, W.A. & Nestor, J.P. 2005 ehaiction of an insecticide with larval
density in pond-breeding salamandefsmpystomp Freshwater Biology, 50:
685-696." 2

Montori, A. Unpublished dath

Ortiz, M.E.; Marco, A.; Saiz, N. & Lizana, M. 200#mpact of ammonium nitrate on
growth and survival of six European amphibians. res of Environmental
Contamination and Toxicology, 47: 234-239:’

Ortiz-Santaliestra, M.; Marco, A.; Fernandez, M&JLizana, M. 2006. Influence of
developmental stage on sensitivity to ammoniumatetrof aquatic stages of
amphibians. Environmental Toxicology and Chemis28, 105-111%°

Ortiz-Santaliestra, M.; Marco, A.; Fernandez-Beg&itM.J. & Lizana, M. 2007. Effects
of ammonium nitrate exposure and water acidificatmn dwarf newt: the
protective effect of oviposition behabiour on endmg survival. Aquatic
Toxicology, 85: 251-257-°

Ortiz-Santaliestra, M. & Sparling, D. 2007. Altacet of larval development and
metamorphosis by nitrate and perchlorate in SontHeopard frogs Rana
sphenocephala Archives of Environmental Contamination and Tamtogy, 53:
639-646.%*°

Peltzer, P.M.; Lajmanovich, R.C.; Attademo, A.M.Beltzer, A.H. 2006. Diversity of
anurans across agricultural ponds in ArgentinadBersity and Conservation,
15: 3499-3513°

Relyea, R. 2005. The impact of insecticides andibeles on the biodiversity and

productivity of aquatic communities. Ecological Aipptions, 15: 618-627.

341



Capitulo 9

Relyea, R. 2005. The lethal impact of roundup ouna#ig and terrestrial amphibians.
Ecological Applications, 15: 1118-1124.

Relyea, R. 2006. The effects of pesticides, pH, pretlatory stress on amphibians
under mesocosm conditions. Ecotoxicology, 15: 508-52

Relyea, R. 2009. A cocktail of contaminants: howxtomes of pesticides at low
concentrations affect aquatic communities. Oecalot$9: 363-376- * ©

Relyea, R. & Mills, N. 2001. Predator-induced stresakes the pesticide carbaryl more
deadly to gray treefrog tadpoles. Proceedings ef Mational Academy of
Sciences of the United States of America, 27: 22496."

Relyea, R.; Schoeppner, N.M. & Hoverman, J.T. 2@®@#sticides and amphibians: the
importance of community context. Ecological Apptioas, 15: 1125-1134:2

Rohr, J.R.; Elskus, A.A.; Shepherd, B.S.; Crowl®yH. & McCarthy, T.M. 2003.
Lethal and sublethal effects of atrazine, carbandosulfan and octylphenol on
the streamside salamandeknibystoma barbouxi Environmental Toxicology
and Chemistry, 22: 2385-23923

Romansic, J.M.; Diez, K.A.; Higashi, E.M. & BlausteA.R. 2006. Effects of nitrate
on the pathogenic water mol8aprolegniaon survival of amphibian larvae.
Diseases of Aquatic Organisms, 68: 235-243%.

Sanzo, D. & Hecnar, S.J. 2006. Effects of roadciiegi salt (NaCl) on larval wood
frogs Rana sylvatica Environmental Pollution, 140: 247-2586.

Schuytema, G.S. & Nebeker, A.V. 1999a. Effectsrafreonium nitrate, sodium nitrate
and urea on red-legged frogs, Pacific treefrogsAfnidan clawed frogs. Bulletin

of Environmental Contamination and Toxicology, 837-364 > °

342



Effects of chemical pollution on amphibians

Schuytema, G.S. & Nebeker, AV. 1999b. Compatag¥iects of ammonium and
nitrate compounds on Pacific treefrogs and Africelawed frog embryos.
Archives of Environmental Contamination and Toxampl, 36: 200-206°

Smith, G.R. 2001. Effects of acute exposure to censial formulation of glyphosate
on the tadpoles of two species of anurans. Bullatin Environmental
Contamination and Toxicology, 67: 483-488.

Smith, G.R. 2007. Lack of effect of nitrate, nigriand phosphate on wood frdgaha
sylvaticg tadpoles. Applied Herpetology, 4: 287-291.

Smith, G.R. & Burgett, A.A. 2005. Effects of thremganic wastewater contaminants on
American toadBufo americanustadpoles. Ecotoxicology, 14: 477-482.

Smith, G.R.; Temple, K.G.; Dingfelder, H.A. & Vaala.A. 2006. Effects of nitrate on
the interactions of the tadpoles of two ranid®arfa clamitansand Rana
catesbeianp Aquatic Ecology, 40: 125-136.% °

Smith, G.R.; Temple, K.G.; Vaala, D.A. & Dingfeldét.A. 2005. Effects of nitrate on
the tadpoles of two ranidsR@na catebeianand R. clamitang Archives of
Environmental Contamination and Toxicology, 49: &&2. " °

Smith, G.R.; Vaala, D.A.; Dingfelder, H.A. & TemplK.G. 2004. Effects of nitrite on
bullfrog (Rana catesbeianatadpoles from central Ohio, USA. Bulletin of
Environmental Contamination and Toxicology, 72: 24D16.% ©

Snodgrass, J.W.; Casey, R.E.; Joseph, D. & SimoA, 2008. Microcosm
investigations of stormwater pond sediment toxidibyembryonic and larval
amphibians: Variation in sensitivity among speciéswironmental Pollution,
154: 291-297*°

Stolyar, O.B.; Loumbourdis, N.S.; Falfushinska, .H& Romanchuk, L.D. 2008.

Comparison of metal bioavailability in frogs frontban and rural sites of

343



Capitulo 9

Western Ukraine. Archives of Environmental Contaation and Toxicology, 54:
107-113°

Unrine, J.; Jagoe, C.H.; Hopkins, W.A. & Brant, H.2004. Adverse effects of
ecologically relevant dietary mercury exposure anteern leopard frogRana
sphenocephalalarvae. Environmental Toxicology and Chemistng: 2964-
2970.4°

Vaala, D.A.; Smith, G.R.; Temple, K.G. & Dingfelded.A. 2004. No effect of nitrate
on gray treefrogHyla versicolo) tadpoles. Applied Herpetology, 1: 265-249.

Venne, L.S.; Cobb, G.P.; Coimbatore, G.; Smith, L.&8 McMurry, S.T. 2006.
Influence of land use on metal concentrations ayalsediments and amphibians
in Southern High Plains. Environmental PollutioA41112-118°

Watt, P.J. & Jarvis, P. 1997. Survival analysipéimate newts exposed to ammonium
nitrate agricultural fertilizer. Ecotoxicology, 855-362*

Watt, P.J. & Oldham, R.S. 1995. The effect of amimmannitrate on the feeding and
development of larvae of the smooth neWwtiturus vulgaris(L.), and on the
behaviour of its food sourcBaphnia.Freshwater Biology, 33: 319-324.

Widder, P.D. & Bidwell, J.R. 2006. Cholinesterasetivity and behaviour in
chlorpyrifos-exposedRana sphenocephal@dpoles. Environmental Toxicology
and Chemistry, 25: 2446-2454% °

Widder, P.M. & Bidwell, J.R. 2008. Tadpole size,obhesterase activity and swim
speed in four forg species after exposure to stifaleconcentration of
chlorpyrifos. Aquatic Toxicology, 88: 9-18.°

Xu, Q. & Oldham, R.S. 1997. Lethal and sublethdle@dt of nitrogen fertilizer
ammonium nitrate on common toadBufo bufg tadpoles. Archives of

Environmental Contamination and Toxicology, 32: Z@8.

344



Effects of chemical pollution on amphibians

anN anN an anN anN G/G2°0- 06ST TSEBO°0- G/9T'T- GG29°0- Sjueulweluod I8leMalse\
anN anN anN anN anN ax88 68.G°T- G/G8°0- 0L0GS'T- (A4 1 S1831-ap peoy
810 LYoy ¢- G6TC°0 ¢Sv8'T- 8Z18'0€0SD 98€6'0- G08.L°¢C GE08'¢- GTT0°0- srelaw AnesH
CGEY'0 90€5°0- 9¢S'0 €299°0- ¢890°0v¥6ED- 96TO'T- €G8E0- 7596°0- €G6/9°0- Sapnsad
anN an anN anN anN aveEC’0 €01 9.¢€T 861 T- 16S0°0- spunodwod snoloydsoyd
€GT8°0t08¢'¢- 710G 0- SEV'¢-  Z89%'T- 8L¥ED- ¥¥89'0- 688C SOTLO- Z¢L6v0- spunodwod snouaboJlN einjjod
87VE8'0  Gb6e- 9/02°0 ¢8G0'¢- €S9¢6°0- anN an anN an anN piei4
8G/8°0 €9T6°0- €89/2°0 6E66'0- 8ZTT0E€EEBD- 289v°'¢- €996°0- G8G0'¢- V216’1 Sainsojous
anN anN anN anN aN68¢0°0- ovT9°0- 0TTO00 €€G9°0- 112€°0- SWISOJ0SaN
¥612°0 L90°T- G2c00- T/¢C¢'T- 8¥290- LVSS0- LETB0- 0B} 00v8'0- v¥.9°0- Kioyeloqgen anuaA [eluswiadxy
T0EY'T- aecl- 606°€ LLIET - VvYTI9'T- anN an anN an anN SInpy
anN anN anN anN anN anN anN anN anN anN olydiowres
6v6°0 16S0°€- 8¥81°0 v/v0'¢- &I8.L €90S°0- 9¢8.°0- €691°0- G66.°0- €90 9eAleT]
€60 ¥998°0- 12€0°0 €/v6'0- 9.GV'0- 6.TY0O- 0S8T W9.v'0- LT/0°T- Tv..L0- sofiqu3 abels [euawdolanaq
an an an an an an an an an an aepipodolydeds
DZ80°0- G008'G- 19.€v 1289°/- €ES9'T- L9988 E9V6'T- 09’1 0c.LG°¢- 8€8Y°0- geplipuewees
¢/..0°0 8E€E6'0- G660°0 T988°0- €€6£'022S0- 69€6°0- 9661°0- 79T6°0- 080.°0- aepluey
anN anN anN anN N d S6S50- G/68°0- €8¢E0- LOET'T- G62.L°0- aepidid
y0,€0-  ¥.69°0- LEEE'0C  900¥'TC- VEES'@6.C0 9€TT0 L60€°E cL16'¢e- €96T°0 aepieqolad
anN anN anN an aN anN anN anN anN anN aepiyoelreqoAp
anN anN anN an anN anN anN an anN anN aepljAyoldiin
anN anN aN an anN anN anN anN anN anN aepnseulpouwA
[TOS 0- 9TTO'T- v¥91°0C v/9'T¢- 6@5. T9E00 0989°0- Y2110 G62.°0- 980€°0- aepllAH
500T'0-  LTvC'e- T9S6'T 8.¥8'¢- 8SY6'@M69S'0- TZ8E'T-  LOSY O- 888€'T- LBT6°0- aepluojng
anN an aN an anN 8T TV6E'T- €16¢°0- IZAYA vveL 0 aepnewolsAquy
[GSY'0- V9EV'E- 89.¥'0 vL2L'e- €GZ9'T- &GS €EGC'C [ARAAN) 0CeT’C- 7256°0- epiily Ajiwre
Jjoladns  Jousu]  Jouadns  JoLdu| 3 loadns  Jouwsyul Jouadns  Jousyu| E salobare)d dnoio
|1oseld 1D %56 |[oseld 1D %G6
yibua [eAIAINS
“elep ou

:dnis ssaid ay) 1oy sdnoib paunsp Loud eyl ul palepisusbAies yoes loj suelqiydwe uo swueinjiod Jo 10843 '€ XIANIddV

345



Capitulo 9

APPENDIX 3 (continued). Effect of pollutants on amphibians for each catggansidered in the priori defined groups for the present

study. ND: no data.

Weight Time to hatching
95% CI BiasClI 95% CI BiasClI
Group Categories E Inferior  Superior Inferior Superior E Inferior ~ Superior  Inferior Supe rior
Family Alytidae ND ND ND ND ND ND ND ND ND ND
Ambystomatidae ND ND ND ND ND 0.8536  0.4341 1273 0.4153 1.3067
Bufonidae -1.2728 -3.4394 0.8938 -2.3106  -0.0193ND ND ND ND ND
Hylidae -0.6392 -0.991 -0.2874  -0.9988 -0.3681 ND ND ND ND ND
Lymnodynastidae ND ND ND ND ND ND ND ND ND ND
Microhylidae -0.6129 -1.5231 0.2974 -1.0753 -@@2 ND ND ND ND ND
Myobatrachidae ND ND ND ND ND ND ND ND ND ND
Pelobatidae ND ND ND ND ND ND ND ND ND ND
Pipidae -0.7476 -1.1382 -0.3569  -1.2448 -0.3258 D N ND ND ND ND
Ranidae -0.286 -0.5066 -0.0653  -0.4673 -0.1101.451 -1.0092 0.105 -0.768 -0.2049
Salamandridae ND ND ND ND ND ND ND ND ND ND
Scaphiopodidae ND ND ND ND ND ND ND ND ND ND
Developmental stage = Embryos -1.533 -1.8511 -1.2151.8883  -1.2388 ND ND ND ND ND
Larvae -0.1852 -0.3461 -0.0244  -0.3217  -0.0289 ND ND ND ND ND
Metamorphic 0.1999 -6.044 6.4438 -0.0193 0.4262 D N ND ND ND ND
Adults ND ND ND ND ND ND ND ND ND ND
Experimental venue Laboratory -0.6342 -0.8083 0246 -0.8091  -0.4723 ND ND ND ND ND
Mesocosms 0.0132 -0.427 0.4534 -0.3758 0.4361 ND ND ND ND ND
Enclosures 0.5734 -0.3378 1.4847 -0.1739 1.228 ND ND ND ND ND
Field 0.1588 -1.9113 2.2288 0.0039 0.4262 ND ND DN ND ND
Pollutant Nitrogenous compounds -0.71 -0.926 -09493-0.9099 -0.4846 0.2631 -0.3234 0.8496 -0.2849 4619
Phosphorous compounds ND ND ND ND ND ND ND ND ND ND
Pesticides -0.1992 -0.462 0.0637 -0.3972 0.0341.52®  -0.1563 1.2112 0.1242 0.8466
Heavy metals -0.5056 -1.2287 0.2175 -1.2123 500 ND ND ND ND ND
Road de-icers ND ND ND ND ND ND ND ND ND ND
Wastewater contaminants 0.3985 -0.8743 1.6713 1320. 1.1744 ND ND ND ND ND
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APPENDIX 4. Funnel graphs showing the distribution of effezegid) as a function of

sample size (n). A) Survival (simple meta-analisB) Total length; C) Weight; D)

Time to hatching; E) Time to metamorphosis; F) Alomalities; G) Survival (factorial

meta-analysis): G1) dp, ns; G2) dp, s; G3) dn@4,ds, p; G5) dp; G6) ds; G7) di.
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APPENDIX 4 (continued). Funnel graphs showing the distribution of effezedid) as
a function of sample size (n). A) Survival (simpleta-analisis); B) Total length; C)
Weight; D) Time to hatching; E) Time to metamorpbpss) Abnormalities; G)
Survival (factorial meta-analysis): G1) dp, ns; @p) s; G3) dnp, s, G4) ds, p; G5) dp;

G6) ds; G7) di.
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APPENDIX 4 (continued). Funnel graphs showing the distribution of effezedid) as
a function of sample size (n). A) Survival (simpleta-analisis); B) Total length; C)
Weight; D) Time to hatching; E) Time to metamorpbpss) Abnormalities; G)
Survival (factorial meta-analysis): G1) dp, ns; @p) s; G3) dnp, s, G4) ds, p; G5) dp;

G6) ds; G7) di.
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APPENDIX 4 (continued). Funnel graphs showing the distribution of effezedid) as
a function of sample size (n). A) Survival (simpleta-analisis); B) Total length; C)
Weight; D) Time to hatching; E) Time to metamorpbpss) Abnormalities; G)
Survival (factorial meta-analysis): G1) dp, ns; @p) s; G3) dnp, s, G4) ds, p; G5) dp;

G6) ds; G7) di.
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APPENDIX 4 (continued). Funnel graphs showing the distribution of effeezeqid) as
a function of sample size (n). A) Survival (simpheta-analisis); B) Total length; C)
Weight; D) Time to hatching; E) Time to metamorpbpsc) Abnormalities; G)
Survival (factorial meta-analysis): G1) dp, ns; @B) s; G3) dnp, s, G4) ds, p; G5) dp;

G6) ds; G7) di.
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CAPITULO 10

CONCLUSIONS

(ENGLISH VERSION)

The current Doctoral Thesis provides empirical fsswbtained after analysing
experimentally the impact of nitrogenous compounasnly on larval stages of the
Iberian Water FrodPelophylax perezi, according to an increasing gradient of realism.
Moreover, the global impact of chemical pollutiom amphibians as a group has been
explored by bibliographic synthesis by meta-analySionsidering the results obtained,
the major conclusions reached are as follow, wlaoh organized according to the
blocks in which the different chapters were grougBbtbck | is not included in the
following list of conclusions becaused it dealshwihe introductory chapters and,

consequently, does not show any result).

Block I1. Analysis of the effects of nitrogenous compounds on Pelophylax perezin

laboratory experiments.

1) The exposure to increasing concentrations of amumonnitrite or nitrate, as
well as to raising exposure times, significantlcremsed larval mortality.
Consequently, the mean lethal concentration valll€%) obtained for the
nitrogenous ions mentioned decreased as time Eegpe

2) LCs values obtained after the exposure to ammoniutritenand nitrate for 24

h, 48 h, 72 h and, in the case of ammonium, 96dwsH that mortality was
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3)

4)

5)

6)

7)

356

mainly due to the chronic effect of continuous esqre, rather than to initial
exposure.

P. perez is rather tolerant to nitrite and nitrate, since ttGso values obtained
for these ions are much higher than ecologicallieviant concentrations.
However, ammonium may threaten this species, diizg values obtained for
this ion are lower than ammonium concentrationgated in the field in the
study area.

The results obtained suggest that the impact ofraéwitrogenous compounds
should be determined to assess whether a giveniespis; in general, more
tolerant than others. Thus, the tolerancePofperezi tadpoles to nitrate is
intermediate as regards others anurans, but thstaiese to ammonium and
nitrite is generally lower and higher, respectively

The exposure to high concentrations of ammoniurmiteniand nitrate, either
isolated or combined, both increased larval mdytalknd reduced food
consumption in relation to the control treatmenirtkermore, when the effects
of the nitrogenous ions were analysed separatety elmch compound, a
significant reduction in larval mass was observéchigher ammonium and
nitrite concentrations.

The exposure to low concentration of ammoniumiwité reduced the number
of censuses thaP. perezi larvae were detected either at the bottom of the
experimental beakers or inactive, respectivelysThlsponse was also detected
in the case of low concentration of nitrate andh& combination of low nitrite
concentration with nitrate and ammonium.

The combination of ammonium, nitrite and nitrateduced a more severe

impact, compared with the effect of these ionsaisal, on larval survival and



Conclusions

8)

9)

food consumption, inactivity level, habitat use awtn final mass (in the case
of separate analyses). The nature of the effeatitobbgenous mixtures was
different according to the response variable stlidigherefore, evidence for a
synergistic effect was detected for larval surviead final mass and food
consumption, whereas an additive impact was redoidethe case of the
behavioral endpoints.

Populations ofP. perezi inhabiting highly nitrogenous polluted habitats aer
more tolerant than those from less polluted envitents. Thus, larvae from
highly nitrogenous polluted habitats showed lowawdl mortality when they
were exposed to high concentration of ammoniunheeiisolated or combined
with nitrite and nitrate. This fact would suggebk tpotential ofP. perez
populations to adapt to environments polluted birogenous compounds.
However, no overall environment-specific resporseaitrogenous compounds
was detected in relation to behavior. This disagesg may be a consequence of
the different stress that behavioral traits anceolethal and sublethal effects
may suffer and which may have masked such enviratwspecific tolerance to
nitrogenous compounds.

The presence of ammonium in the water column, eigwated or combined
with nitrite and nitrate, did not affect habitateuby juveniles ofP. perez,
although significant inter-individual variation itreatment avoidance was

detected.
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Block 111. Analysis of the effects of nitrogenous compounds on Pelophylax perezin

mesocosm and field experiments.

10)Larval survival was unaffected by ammonium, eitisetated or combined with
nitrite and nitrate, in mesocosm conditions. Howetlee exposure to polluted
localities significantly increased larval mortality

11)The exposure to the combination of ammonium, eitaibd nitrate significantly
reduced body and tail depth, as well as final nmeass$ growth. Paradoxically,
surviving larvae exposed to polluted localities wbd higher values for
morphological traits, final mass and growth.

12)Neither distance swum by larvae nor swimming spees affected by
nitrogenous compounds or polluted localities.

13)The influence of morphological traits on swimmingrfermance varied greatly
across populations and treatments in the caseeghtsocosm experiment.

14)The exposure to high ammonium concentration acéitogpie and to polluted
habitats produced a positive trade-off between alargrowth and speed,
suggesting that the abilitiy to escape from predatbepends on how to get
larval size (i.e. growth), which is environmentallgpendent.

15)Considering the adverse effects produced by pohutin larval survival in the
field experiment, it is rather difficult to infehé positive effects that pollution-
induced morphologies may represent, as the adadpypethesis would suggest.

16) The impact of nitrogenous compounds in the mesoegraeriment and polluted
localities in the field experiment may be mediatgdhe food web, since, in the

first case, higher periphyton biomass was detefctethe polluted treatments, a
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scenario that is also probable in the case of fallocalities, considering the
higher nutrient concentration they showed duriregstudy period.

17)Population-specific reponses to nitrogenous comgsuwere recorded in
relation to morphology and larval final mass, sigjigey the existence of inter-
populational variation in tolerance to nitrogengosllution and even local
adaptation. Nevertheless, populations did not diffeheir response in the field
localities, which may be due to the fact that fildalities were not stressful
enough to highlight the eventual divergent respsnaeong larvae from
different populations of origin.

18)Larvae ofP. perezi from different populations of origin possibly haongar
vulnerability to predators, since their swimmingrfpemance did not differ

across populations.

Block V. Analysis of the effects of pollution on amphibians.

19)Overall, chemical pollution showed a moderate-tgéanegative impact on
amphibians.

20)Pollution increased larval mortality and the incide of abnormalities and
reduced final amphibian size, although neither titee hatching nor to
metamorphosis were affected.

21)The impact of pollution greatly varied between expental venues,
developmental stages and type of pollutant as dsgaurvival, size and

abnormality rates.
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22)Significant differences among amphibian families d anphylogenetic
autocorrelation were found only for time to hatahisuggesting that pollutants
affect the rate of cellular division in the caseanfbystomatids.

23)The interaction among different types of stressiics not significantly affect
survival, the exposure to a wide range of biotid abiotic stressors being more

harmful than the exposure to full pollutant streésso

General conclusions.

24)Chemical pollution is a major threat to amphibiasiace both larval survival
and other sublethal endpoints are affected.

25)Nitrogenous pollution, in particular, may be an ortant factor directing the
evolution in amphibians.

26)The results obtained in different experimental \vesnare very heterogeneous,
suggesting the great relevance of the context vasmessing the impact of a

stressor on amphibians.
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CONCLUSIONES

(VERSION ESPANOLA)

La presente Tesis Doctoral muestra los resultadgsireeos obtenidos tras analizar
experimentalmente el impacto de compuestos nitadmsn principalmente sobre
estadios larvarios de la rana conRelophylax perezisegun un gradiente creciente de
realismo. Ademas, se explor6 el impacto globaladedntaminacion quimica sobre los
anfibios como grupo mediante sintesis bibliografieatravés de meta-analisis.
Considerando los resultados obtenidos, se exponeontinuacion las principales
conclusiones extraidas de los mismos, las cuatés esganizadas de acuerdo con los
bloques en los que los diferentes capitulos fuergrupados (el Bloque | no esta
incluido en la siguiente lista de conclusiones deba que esta relacionado con los

capitulos introductorios y, consecuentemente, eegmta ningun resultado).

Bloque Il. Analisis de los efectos de compuesttvegenados ePelophylax perezen

experimentos de laboratorio.

1) La mortalidad larvaria aument6 significativamentin el incremento de las
concentraciones y del tiempo de exposicion a amonitsito o nitrato.
Consecuentemente, los valores correspondientes@ntntracion letal media
(LCs0) obtenidos para los iones nitrogenados menciondidosinuyeron con el

tiempo.
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2)

3)

4)

5)

6)

362

Los valores LG obtenidos tras la exposicion a amonio, nitritatyato durante
24 h, 48 h, 72 h'y, en el caso del amonio, 96 Hemdiaron que la mortalidad se
debié fundamentalmente al efecto cronico de la sixpin continuada, en lugar
de a la exposicion inicial.

P. perezies bastante tolerante a nitrito y nitrato, ya go® Valores LG
obtenidos para estos iones son mucho mayores queEerdoaciones
ecologicamente relevantes. Sin embargo, el amonexrg amenazar a esta
especie, ya que los valores Jybtenidos para este ion son inferiores a las
concentraciones de amonio detectadas en el camglcdesa de estudio.

Los resultados obtenidos sugieren que se debentie&grel impacto de varios
compuestos nitrogenados para establecer si unaiesfala es, en general, mas
tolerante que otras. Asi, la tolerancia de losaceaps deP. perezial nitrato es
intermedia en relacion a otros anuros, mientraslajuesistencia al amonio y al
nitrito es generalmente mayor y menor, respectivaene

La exposicion a altas concentraciones de amonigtony nitrato, aislados o
combinados, incremento la mortalidad larvaria yujea! consumo de alimento
en relacion al tratamiento control. Ademas, cualuwdo efectos de los iones
nitrogenados se analizaron separadamente paraoagalesto, se observo una
reduccion significativa de la masa larvaria patasatoncentraciones de amonio
y nitrito.

La exposicion a baja concentracidon de amonio dtamitedujo el nimero de
veces que las larvas & perezi se detectaron en el fondo de los contenedores
experimentales o inactivas, respectivamente. Esfauesta se detecté asimismo
en el caso de la presencia de baja concentraciditrdéo y de la combinacion

de baja concentracion de nitrito con nitrato y aimon



Conclusiones

7) La combinacion de amonio, nitrito y nitrato produjo impacto mas severo, en
relacion al efecto de estos iones aislados, s@mipervivencia larvaria y el
consumo de alimento, nivel de inactividad, usohddditat e incluso masa final
(en el caso de los analisis realizados separadajnéatnaturaleza del efecto de
las mezclas nitrogenadas fue diferente en funcetas variables de respuesta.
Asi, se detectaron evidencias de efectos sinérgsoiise la supervivencia
larvaria, masa final y consumo de alimento, mientyae se registrdo un impacto

aditivo en el caso de las variables etolégicas.

8) Las poblaciones de. perezique habitan ambientes altamente contaminados por

nitrogeno fueron mas tolerantes que aquéllas quganc ambientes menos
contaminados. Asi, las larvas procedentes de ateBi@attamente contaminados
mostraron menor mortalidad larvaria cuando se egpus a alta concentracion
de amonio de manera aislada o combinada con nitribitrato. Este hecho
sugeriria el potencial de las poblacionefPdperezipara adaptarse a ambientes
contaminados por compuestos nitrogenados. Sin gmpao se detectd una
respuesta general especifica del ambiente en gelaticomportamiento. Esta
discrepancia puede ser consecuencia del diferesiiéseque los rasgos
etoldgicos y otros efectos letales y subletaleslpaeufrir y el cual puede haber
enmascarado esta tolerancia a los compuestos entdgs especifica del
ambiente.

9) La presencia de amonio en la columna de agua, &asiemdlo como combinado
con nitrito y nitrato, no afecté al uso del habiatr parte de juveniles de.
perezj aunque se detectd una significativa variaciémreemdividuos en la

evitacion de los iones nitrogenados presentes ereéio acuatico.
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Bloque lll. Andlisis de los efectos de los commsesitrogenados eRelophylax perezi

en experimentos de mesocosmos y campo.

10) La exposicion a amonio no afectd a la supervierarvaria, ni aislado ni
combinado con nitrito y nitrato, en condicionestEsocosmos. Sin embargo, la
exposicion a localidades contaminadas incremengnifgativamente la
mortalidad larvaria.

11) La exposicion a la combinacion de amonio, nitrjo nitrato redujo
significativamente la altura del cuerpo y de laacalsi como la masa final y el
crecimiento. Paradojicamente, las larvas supemigge expuestas a localidades
contaminadas mostraron mayores valores para logogasnorfologicos
estudiados, masa final y crecimiento.

12) Ni los compuestos nitrogenados ni las localidastegaminadas afectaron a la
distancia nadada por las larvas ni a la velocidadatacion.

13) La influencia de los rasgos morfolégicos en laacégad natatoria vario en gran
medida en funcion de las poblaciones y tratamiecwosiderados en el caso del
experimento de mesocosmos.

14) La exposicion a alta concentracion de amonio dasiaa habitats contaminados
produjo una relacién positiva entre el crecimielavario y la velocidad de
natacion. Ello sugiere que la habilidad para escd@dos depredadores depende
de como se alcanza el tamafio larvario (i.e. creeito), lo cual es dependiente

del medio ambiente.

15) Los cambios morfolégicos inducidos por las locadiels contaminadas deberian
ser beneficiosos para las larvas que los presesggan sugiere la hipétesis

adaptiva. Sin embargo, es dificil inferir los beciek que dichos cambios
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representan, ya que la contaminacion incrementddealidad larvaria en el
caso del experimento de campo.

16) El impacto de los compuestos nitrogenados enpera@rento de mesocosmos y
de las localidades contaminadas en el experimentachpo pudo estar mediado
por la cadena trofica ya que en el primer casoetectb mayor biomasa de
perifiton para los tratamientos contaminados, emterprobable también en el
caso de las localidades contaminadas, dada la nsayoentracion de nutrientes
que presentaron durante el periodo de estudio.

17) Se registraron respuestas especificas de la palde origen a los compuestos
nitrogenados en relacion a la morfologia y masaaté final, lo que sugiere la
existencia de variacion interpoblacional en lareoteia a la contaminacion
nitrogenada, e incluso de adaptacion local. Sinaegtdy las poblaciones no
difirieron en su respuesta a las localidades dajpoa lo que puede ser debido a
que dichas localidades no fueron lo suficientemesdgesantes como para
inducir las eventuales respuestas divergentes datias procedentes de
diferentes poblaciones de origen.

18) Las larvas deP. perezi procedentes de diferentes poblaciones de origen
posiblemente tuvieron una similar vulnerabilidatbs depredadores, ya que la

capacidad natatoria no difirié entre poblaciones.

Bloque IV. Andlisis de los efectos de la contamdraen los anfibios.

19) En general, la contaminacién quimica mostré unaictgp negativo moderado-

grande en los anfibios.
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20) La contaminacion incrementd la mortalidad larvagiala incidencia de
malformaciones y redujo el tamafio final, aunqueafeetd ni al tiempo hasta la
eclosion ni hasta la metamorfosis.

21) El impacto de la contaminacién vari6 en gran medahtre condiciones
experimentales, estadios de desarrollo y tipo ageaooinante para las variables
supervivencia, tamafio y tasas de malformacion.

22) Se encontraron diferencias significativas entrenilfas de anfibios y
autocorrelacion filogenética solo para tiempo héastaclosion, lo que sugiere
que los contaminantes afectan a la tasa de divisgfular en el caso de los
ambistomatidos.

23) La interaccion entre diferentes tipos de agentsgesantes no afectd
significativamente a la supervivencia, siendo lpasicion a una amplia gama
de agentes estresantes bidticos y abioticos maéssaste que la exposicion

exclusivamente a contaminantes.

Conclusiones generales.

24) La contaminacion quimica es una de las principabesnazas para los anfibios,
al afectar tanto a la supervivencia larvaria conotr@s parametros subletales.

25) La contaminacion nitrogenada en particular puedaus importante factor que
conduzca la evolucion de los anfibios.

26) Los resultados obtenidos en ensayos realizadasmaticiones experimentales
diferentes son muy heterogéneos, lo que eviderwigran relevancia del

contexto al establecer el impacto de un agentessstte sobre los anfibios.
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